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Preface 

Guidebooks have been part of the exploration of the American West since Oregon Trail days. Geologic 
guidebooks with maps and photographs are an especially graphic tool for school teachers, University classes, 
and visiting geologists to become familiar with the temtory, the geologic issues and the available references. 

It was in this spirit that we set out to compile this two-volume set of field trip descriptions for the Annual 
Meeting of the Geological Society of America in Salt Lake City in October 1997. We were seeking to produce 
a quality product, with fully peer-reviewed papers, and user-friendly field trip logs. We found we were buck- 
ing a tide in our profession which de-emphasizes guidebooks and paper products. If this tide continues we 
wish to be on record as producing "The Last Best Geologic Guidebook." 

We thank all the authors who met our strict deadlines and contributed this outstanding set of papers. We 
hope this work will stand for years to come as a lasting introduction to the complex geology of the Colorado 
Plateau, Basin and Range, Wasatch Front, and Snake River Plain in the vicinity of Salt Lake City. Index maps 
to the field trips contained in each volume are on the back covers. 

Part 1 "Proterozoic to Recent Stratigraphy, Tectonics and Volcanology: Utah, Nevada, Southern Idaho and 
Central Mexico" contains a number of papers of exceptional interest for their geologic synthesis. Part 2 
"Mesozoic to Recent Geology of Utah" concentrates on the Colorado Plateau and the Wasatch Front. 

Paul Link read all the papers and coordinated the review process. Bart Kowallis copy edited the manu- 
scripts and coordinated the publication via Brigham Young University Geology Studies. We would like to 
thank all the reviewers, who were generally prompt and helpful in meeting our tight schedule. These included: 
Lee Allison, Genevieve Atwood, Gary Axen, Jim Beget, Myron Best, David Bice, Phyllis Camillen, Marjorie 
Chan, Nick Christie-Blick, Gary Christenson, Dan Chure, Mary Droser, Ernie Duebendorfer, Tony Ekdale, 
Todd Ehlers, Ben Everitt, Geoff Freethey, Hugh Hurlow, Jim Gamson, Denny Geist, Jeff Geslin, Ron Greeley, 
Gus Gustason, Bill Hackett, Kimm Haw, Grant Heiken, Lehi Hintze, Peter Huntoon, Peter Isaacson, Jeff 
Keaton, Keith Ketner, Guy King, Me1 Kuntz, Tim Lawton, Spencer Lucas, Lon McCarley, Meghan Miller, 
Gautarn Mitra, Kathy Nichols, Robert Q. Oaks, Susan Olig, Jack Oviatt, Bill Perry, Andy Pulharn, Dick Robison, 
Rube Ross, Rich Schweickert, Peter Sheehan, Norm Silberling, Dick Smith, Barry Solomon, K.O. Stanley, 
Kevin Stewart, Wanda Taylor, Glenn Thackray and Adolph Yonkee. In addition, we wish to thank all the dedi- 
cated workers at Brigham Young University Print Services and in the Department of Geology who contributed 
many long hours of work to these volumes. 

Paul Karl Link and Bart J. Kowallis, Editors 



Triassic and Jurassic macroinvertebrate faunas of Utah: 
Field relationships and paleobiologic significances 

CAROL M. TANG 
Department of Geology, Arizona State University, Tempe, Arizona 85287-1404 

DAVID J. BOTTJER 
Department of Earth Sciences, University of Southern California, 

Los Angeles, Calqornia 90089-0740 

ABSTRACT 

Analysis of marine faunas from understudied strata of the Triassic and Jurassic of the western United States 
have made contributions to our understanding of the Mesozoic, a critical time period in the history of life on 
earth. Paleobiological study of the Lower Triassic Sinbad and Virgin Members of the Moenkopi Formation have 
provided significant information on the pace and style of ecological recovery after the Permian-Triassic mass 
extinction. The Middle Jurassic C a m e l  Formation has yielded some unique hard-substrate assemblages as well 
as low-diversity soft-substrate paleocommunities which have been used to evaluate paleocommunity evolution 
in the Jurassic western interior seaway. This field trip will allow participants to visit several significant expo- 
sures of marine Triassic and Jurassic strata in southern Utah. 

INTRODUCTION GEOLOGICAL SEITING 

The Mesozoic is considered to be a critical transitional 
period in the history of life on Earth as faunas recovered 
and proliferated after the Permian-Triassic mass extinction, 
the largest extinction in Earth history when 90% of marine 
genera were estimated to have gone extinct (Erwin, 1993). 
Many globally significant oceanographic and biological 
events occurred through the Mesozoic. Biologically, the 
Mesozoic was a time of rapidly increasing faunal diversity 
which occurred with the origination of many major groups 
of organisms (e.g., heart urchins, planktonic foraminifera), 
1981). During this time interval, organisms of the "Modern 
Fauna" (i.e., bivalves, gastropods) replaced the 'ilrchaic 
Fauna" of the Paleozoic (i.e., crinoids, bryozoans) (Sepkoski, 
1981). These ecological changes have been referred to as 
the "Mesozoic Marine Revolution" which was brought on 
by escalation of the "arms race" between predators and prey 
(Vermeij, 1977). 

While Cretaceous marine strata of the western United 
States have received a great deal of paleontological research, 
marine Triassic and Jurassic faunas of the U.S. have been 
largely neglected. Thus, recently renewed paleoecological 
and paleobiological research on these faunas provides much 
insight into the recovery after the Permian-Triassic extinc- 
tion as well as evolutionary patterns during the Mesozoic 
Marine Revolution. 

Mesozoic rocks in the southwestern United States gen- 
erally overlie the Late Permian Kaibab Formation uncon- 
formably. During intervals of Triassic and Jurassic time, the 
western interior was the site of marine, marginal marine, 
and non-marine deposition; at times, southwestern Utah was 
the site of marine deposition along the edge of the epiconti- 
nental seaways (Caputo et al., 1994). Strata deposited in 
this region include shallow normal-marine, marginal-marine, 
sabhka, erg, and fluvial facies. Although the Triassic and 
Jurassic western interior seaways were mixed carbonate- 
siliciclastic depositional systems, the Lower Triassic and 
Middle Jurassic fossiliferous strata examined during this 
field trip will all be limestones which were deposited dur- 
ing times of major transgressions within the seaway; how- 
ever Triassic and Jurassic siliciclastic fluvial and erg deposits 
will be seen in Zion and Capitol Reef National Parks as well 
as surrounding areas. 

PALEOBIOLOGY AND PALEOECOLOGY 

Both the Early Triassic and Middle Jurassic benthic 
marine faunas in southern Utah are characterized by low 
diversities and fairly simple paleoecological structure. The 
depauperate nature of the faunas within the Lower Triassic 
Moenkopi Formation is thought to reflect the slow, pro- 
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longed faunal recovery after the Permian-Triassic mass 
extinction (see Bottjer and Schubert, this volume). The 
Sinbad Member contains predominantly bivalves and gas- 
tropods while the younger Virgin Member exhibits a slight- 
ly more diverse and complex association with the addition 
of regular echinoids and the oldest known articulate 
crinoid. 

In the Middle and Upper Jurassic of the western interior 
seaway, the regional (gamma) dversity of trace fossils and 
benthic marine organisms is low compared to other Jurassic 
faunas (Wilson and Palmer, 1994; Tang, 1996). In addition, 
both hard- and soft-substrate assemblages exhibit fairly low 
diversities within paleocommunities (alpha diversity) and 
between paleocommunities (beta diversity, i.e., low differ- 
entiation between communities) (Tang, 1996; Tang and 
Bottjer, 1996). The faunas are heavily dominated by bivalves 
although gastropods, crinoids, echinoids, bryozoans, corals, 
and serpulids are present as well. 

The low-diversity nature of some level-bottom paleo- 
communities within the Middle Jurassic Carmel Formation 
may reflect their deposition within margnal marine envi- 
ronments. For example, the Carmel Formation hardground 
associations found near Gunlock Reservoir exhibit much 
lower diversities and complexities than do those from com- 
parable hardgrounds in other parts of the world, possibly 
due to their deposition under marginal marine conditions 
(Wilson and Palmer, 1994; Wilson, this volume). However, 
the presence of crinoids and other echinoderms associated 
with other low-diversity assemblages-such as those found 
at Mount Carmel Junction-indicate that low-diversity 
paleocommunities were common in normal marine settings 
as well (see Tang and Bottjer, this volume). Thus, the low- 
dversity of Middle Jurassic marine faunas of southern Utah 
is probably the result of many factors including biogeogra- 
phy, oceanographic conditions, the level of environmental 
disturbance, the restricted nature of the seaway, and the 
abundancelpatchiness of suitable environments for colo- 
nization. 

ROAD LOG 

This field trip will go south out of Salt Lake City to St. 
George before heading northeast to Green River through 
Zion, Bryce Canyon, and Capitol Reef National Parks (fig. 
1). There will be a total of nine geological stops of which 
five will be paleontological in nature. 

StoDs Mileage Mileage Description and directions 
(cumul) interval 

Day 1 
0 Salt Lake City. Junction of Inter- 

states 15 and 215. Go south on 
15. 

84.4 84.4 Third Nephi exit. 

Figure 1. Route of this field trip through Utah. Stop 1: Gunlock 
reservoir-Cannel Formation. Stop 2: Hurricane Cliffs-Virgin 
Limestone Member of Moenkopi Formution. Stop 3: Zion National 
Park. Stop 4: Checkerboard Mesa-Navajo Fomation. Stop 5: 
Mount Carmel Junction, west-Camel Formation. Stop 6: Mount 
Camel Junction, east-Camel Formation. Stop 7: Bryce Canyon 
National Park-Clarion Formation. Stop 8: Capitol Reef National 
Park. Stop 9: San Rafael SwelbSinbad Member of Moenkopi 
Fmmution. 

Day 2 
0 

34.7 (Exit for Scipio and US High- 
way 50.) 

41.4 (Interstate 70.) 
5.5 Rest Area. 
39.1 Rest Area. 
43.6 Rest Area. 
4.6 (Kolob Canyon entrance of Zion 

National Park.) 
31.5 St. George Boulevard exit. Exit 

and proceed northwest. 

Intersection between Bluff 
Street and St. George Boule- 
vard. Go northeast on Bluff 
Street. Zero odometel: 

1 Sunset Boulevard. Turn left. 
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Stop 1 20.1 0.7 

Stop 2 68.7 2.9 

(Highway 300) 
Crossroad. Turn right toward 
Gunlock Reservoir: 
BLM dirt road. Turn left and 
cross Santa Clara River: 
Large gully on left side. Pull into 
gully and turn around. Walk 
along gully tofind C a m l  hard- 
ground su$ace. Trace fossils and 
ostreoliths found in exposures of 
C a m l  on right side of gully. 
Pull out of gully and turn right 
on dirt road. 
Santa Clara River. Cross river: 
Intersection with paved road. 
Turn right. 
Intersection. Turn le f .  
Bluff Street. Turn right. 
St. George Boulevard. Turn left. 
Interstate Highway 15. Take 15 
north-east. 
Highway 9. Take 9 east. 
Junction with Highways 17 and 
59. Take 59 east. 
BLM dirt road. Turn right. 
(Cattleguard.) 
(Ostrich Farm.) 
Fork in road. Bear right toward 
Arizona border 
Virgin Limestone Member is ex- 
posed in cliff along right side of 
road. Road is on a bedding 
plane full of bivalves and occas- 
sional crinoid stems. Turn 
around and park a h g  the road. 
Fork in road. Bear to the left. 
End of dirt road onto highway 
59. Turn left on 59. 
Junction between Highways 9, 
59, and 17. Go north on High- 
ways 1 7 and 9 by turning right. 
Crossroads. Continue east on 17 
and 9 toward Zion. 
(Entering Zion National Park.) 
Zion National Park visitors' cen- 
ter. Park. 
Intersection with Zion Canyon 
Road. Bear right to continue east 
on Zion-Mt. C a m l  Highway. 
(Zion Tunnel.) 
(Exit Zion Tunnel.) 
Checkerboard Mesa Viewpoint. 
Park in parking lot. 

113.6 
Stop 5 126.1 

Stop 6 126.7 

Stop 7 26.2 
31.7 
43.9 

(Zion National Park east en- 
trance booth.) 
(Zion National Park boundary.) 
Mount Carmel Junction be- 
tween Highways 9 and 89. 
Carmel Formation encrinite is 
located on the northwest cor- 
ner of the junction. Pull into RV 
parking lot or gas station park- 
ing lot. Outcrop is located across 
small gully. 
Pull out of parking lot onto High- 
ways 9 and 89 east. Go straight 
through intersection on Highway 
89 south east past Thunderbird 
resort and g o y  course. 
Dirt road leading to highway 
maintenance yard and gravel 
pit. Turn left and cross Virgin 
River 
Maintennance yard and gravel 
pit. Turn left at the end onto 
paved road. 
Extensive outcrop of Carmel 
Formation. Turn vans around 
and park near end of paved 
road near river 
Turn right off paved road onto 
dirt road. 
Highway 89. Take 89 Northwest 
by turning right. 
Mount Carmel Junction. Con- 
tinue on Highway 89 north by 
taking a right turn. 
(Intersection with Highway 14.) 
(Intersection with Highway 12.) 
Panguitch. 
Panguitch. 
Highway 12. Take 12 East by  
turning left. 
State Road 63 to Bryce Canyon 
National Park. Turn right to go 
south on 63. 
Fairyland viewpoint. Park. 
Highway 12. Turn left. 
(Turnoff to Kodachrome Basin 
State Park.) 
(Escalante Petrified Forest State 
Park.) 
(Escalante.) 
(Intersection with Hell's Back- 
bone Road.) 
(Anasazi Indian Village State 
Park.) 
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141.9 

Stop 8 151.9 

253.7 
255.2 
257.4 

Stop 9 264.1 

Intersection with Highway 24. 
Turn right to go east on 24. 
Capitol Reef National Park Visi- 
tors' Center. Park and view ex- 
hibits, book store, and the 
Castle. 
Exiting Capitol Reef National 
Park. 
Hanksville. Intersection with 
Highway 95. Turn left and con- 
tinue rwrth on 24. 
Junction with Interstate High- 
way 70. Take 70 west. 
(Pass over San Rafael River.) 
(Rest Area. Note San Rafael 
Swell flatironshogbacks.) 
Exit #129, Farm Road. Exit 
highway, bear right (north) onto 
Frontage Road, a graded BLM 
road.) 
(Cattleguard.) 
(Dirt road to Hyde Draw.) 
(Dirt road to Jackass Benches.) 
Outcrop of Sinbad Member on 
east side of graded road. Turn 
around, pull of road, and stop. 
Interstate Highway 70. Take 70 
west. 
Rest Area at Exit 114. 
Highway 50. Exit freeway, go 
north on 50. 
(Salina.) 
Junction with Interstate High- 
way 15. Take 15 north. 
Junction between Interstate 
Highways 15 and 215. 

BRIEF DESCRIPTIONS OF  
FIELD TRIP STOPS 

Detailed descriptions of the stratigraphy, sedimentology, 
fauna and paleobiological significances of Stops 1, 2, 4, 5, 
and 8 are found in the following chapters in this volume. 
Several good references for Mesozoic depositional systems 
within the western interior can be found within Caputo et 
d. ,  (1994). 

Stop 1 Camel  Formation-Gunlock Reservoir Locality 

We will examine outcrops of the marine and marginal- 
marine strata of the Middle Jurassic Carmel Formation 
with emphasis on (1) a horizon of extensive hardground 
development with abundant Liostrea strigilecula encrusters 
and Gastrochaenolites borings; (2) facies with abundant 

trace fossils, especially those of Gyrochorte and Neonere- 
ites; and (3) ostreoliths ("oyster balls") which are spherical 
accumulations of free-rolling Liostrea colonies. Wilson (this 
volume) provides a more detailed account of the facies and 
faunas found in this section of the Carmel Formation 
("Member D"). 

Stop 2 Virgin Limestone Member Hurricane Cliffs 
Locality 

We will examine one laterally-extensive outcrop and bed- 
ding plane of the Early Triassic Virgin Limestone Member 
of the Moenkopi Formation which contains numerous 
bivalves and occassional crinoid stems from Holocrinus? 
smithi, the oldest-known articulate crinoid. This deposit 
represents the one of the first examples of the re-develop- 
ment of relatively complex paleocommunities following the 
Permian-Triassic mass extinction. A more detailed discus- 
sion is contained within Bottjer and Schubert (this volume). 

Stop 3 Zion National Park Visitors' Center 

In addition to several natural history displays, the visitors' 
center affords a good view of some of the Mesozoic sand- 
stone formations such as the Kayenta and Navajo Forma- 
tions which make up Zion and which will be visible during 
our drive through the park. The fossil-bearing marine and 
marginal marine Carmel Formation can also be seen cap- 
ping some of the taller structures in the park. 

Stop 4 Checkerboard Mesa Viewpoint 

Excellent view of Checkerboard Mesa which exhibits 
jointing, cross-bedding, and trough cross-bedding in Lower 
Jurassic erg sandstones of the Navajo Formation. 

Stop 5 Carmel Formation-Mount Carmel Junction 
Locality, northwest 

An outcrop of shallow-water, nearshore carbonates of 
the Co-op Creek Member of the Carmel Formation con- 
tains one of the youngest crinoidal limestones in the fossil 
record. The encrinite is composed of partially-articulated 
stems of Zsocrinus nicoleti, the first non-endemic crinoid 
identified in the Jurassic western interior (Tang et al., in 
pep) .  Fairly abundant and well-preserved examples of the 
bryozoan Euystrotos duofluvina can be found from units 
just above the encrinite. More information is included in 
Tang and Bottjer (this volume). 

Stop 6 Carmel Formation-Mount Carmel Junction, 
northeast 

A laterally-extensive exposure of the Carmel Formation 
underlain by the Temple Cap Member of the Navajo For- 
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mation can be found along the northside of Highway 89. 
The dominant fossils are bivalves which can be well-pre- 
served and include Liostrea, Lima, and Camptonectes, but a 
number of other rare taxa such as gastropods, echinoids, 
serpulids, and crinoids can be found as well. The trace fos- 
sil Gyrochorte can be found on bedding planes. Details 
about this locality are provided in Tang and Bottjer (this 
volume). 

Stop 7 Bryce Canyon National Park Fairyland 
Viewpoint 

Fairyland Viewpoint is the northernmost viewpoint with- 
in the park and offers a view of the Pink Cliffs and the 
Aquarius Plateau in the distance. Bryce Canyon is not a 
canyon but a series of amphitheaters eroded from the 
Paunsaugunt Plateau. The colo&l hoodoos and spires are a 
result of erosion of the Paleogene Claron Formation (for- 
merly referred to as the Wasatch Formation). 

Stop 8 Capitol Reef National Park Visitors' Center 

The visitors' center contains a small geological display 
and offers a picturesque view of "The Castle" eroded from 
the Triassic Wingate Formation (fig. 2). Other Mesozoic for- 
mations exposed through the park in the Waterpocket Fold 
include the Moenkopi, Chinle, Kayenta, Navajo, Carmel, 
Entrada, and Curtis Formations. 

Stop 9 Sinbad Member-San Rafael Swell Locality 

We will examine Early Triassic gastropods and bivalves 
from the Sinbad Limestone Member of the Moenkopi 
Formation. The gastropods, originally described by Batten 
and Stokes (1987), are good examples of Early Triassic 
"Lazarus taxa." More information can be found in Bottjer 
and Schubert (this volume). 
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Trace fossils, hardgrounds and ostreoliths in the Carmel 
Formation (Middle Jurassic) of southwestern Utah 
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INTRODUCTION hypichnia on the soles of thin-bedded carbonate units. The 

The Middle Jurassic Carmel Formation in southwestern 
Utah is a diverse unit with a fascinating array of sedimenta- 
ry facies. It is approximately 250 meters thick in the area 
north of St. George, and is particularly well exposed just 
north of the Gunlock Reservoir. Here the most paleontolog- 
ically and stratigraphically interesting portion is "Member 
D" (sensu Nielson, 1990), which is a shallowing-upward se- 
quence of ooid-rich carbonate shoal deposits, lagoonal muds, 
and intertidal and supratidal carbonate and siliciclastic 
sands, silts and clays. The low diversity, mollusk-rich fossil 
assemblage in Member D supports the hypothesis that this 
area was a marginal marine environment at the southern 
end of the Carmel-Twin Creek Seaway in the Middle 
Jurassic (Imlay, 1980; Nielson, 1990). These restricted con- 
ditions led to the development of a unique and diverse set 
of trace fossils, along with extensive carbonate hardgrounds 
and unusual free-rolling oyster assemblages termed ostre- 
oliths, or colloquially as "oyster balls." This contribution 
introduces these elements of the marine portion of the 
Carmel Formation and places them within a stratigraphic 
and regional context. 

TRACE FOSSILS 

Trace fossils are abundant and diverse in the carbonates 
and fine-grained siliciclastic units in Member D of the 
Carmel Formation in southwestern Utah. Only a few geolo- 
gists have examined this ichnofauna. Blakey et al., (1983) and 
Nielson (1990) briefly noted some of the prominent soft- 
sediment burrow systems, and Wilson and Palmer (1992, 
1994) described the bivalve and phoronid borings in the 
carbonate hardgrounds and their associated shelly fauna. 
Smail and Wilson (1993) presented the most extensive 
analysis of the ichnofauna in a study which continues. 

The ichnogenera identified in Member D of the Carmel 
Formation include, in alphabetical order: Asteriacites (Fig. 
3), Chondrites, Gastrochaenolites, Gyrochorte, Lockeia, 
Monocraterion, Neonereites, Palaeophycus, Planolites, Sko- 
lithos, Taenidium, Talpina, and Teichichnus. These traces 
are for the most part very well preserved, especially as 

most prominent ichnofossil is Gyrochorte comosa Heer 
(1865), which is a sinuous, bilobate intrastratal trackway 
preserved as both convex epichnia and concave hypichnia 
in oolitic and peloidal siltstones and grainstones formed in a 
shallow lagoon. Heinberg (1970, 1973) interpreted Gyro- 
chorte as the product of an elongate worm, such as a poly- 
chaete, which tunneled obliquely through the sediment. 
Fiirsich (1974) considered Gyrochurte to be a tunnel pro- 
duced by a burrowing amphipod. Gyrochorte is common to 
abundant in Jurassic shallow-water carbonate and siliciclas- 
tic sequences around the world, including west-central 
India (Howard and Singh, 1985; Kulkarni & Ghare, 1991; 
Fiirsich et al., 1991), eastern Greenland (Heinberg & Birke- 
lund, 1984), and western Europe (Fiirsich, 1974, 1975). 

The marine facies in Member D of the Carmel Forma- 
tion have distinct ichnological assemblages. The oolitic 
shoal deposits represent the highest environmental energy 
in the member. These coarse grainstones and packstones 
contain relatively few trace fossils, which is probably a 
function of preservation. The trace fossils present in this 
facies include Lockeia, Palaeophycus and Taenidiurn. The 
lagoonal sedments (mostly peloidal and ooid-rich siltstones 
and grainstones) have the highest diversity and abundance 
of trace fossils, including Asteriacites, Chondrites, Palaeo- 
phycus, Monocraterion, Teichichnus, and the especially 
abundant Gyrochurte and Neonereites. The carbonate hard- 
grounds are most common in this facies; their trace fossils 
are covered below. The subtidal and intertidal facies (repre- 
sented primarily by calcareous mudstones) contain Plano- 
lites, Chondrites and ?Skolithos. No trace fossils have been 
found in the supratidal sediments (siltstones and mudstones 
with desiccation cracks, anhydrite nodules and halite crys- 
tal casts), almost certainly because these evaporative condi- 
tions did not support much life. 

Smail and Wilson (1993) suggested that the more basin- 
ward facies of Member D, include the seaward sides of the 
lagoons, contained ichnogenera generally larger in size and 
deposit feeders usually working the strata parallel to bed- 
ding. More vertically-oriented and domichnial forms char- 
acterize the landward lagoonal and intertidal environments. 
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Figure 3. Asteriacites lumbricalis uon Schlotheim, 1820. Trace fossil 
of a burrowing ophiuroid echinoderm from Member D, Carmel 
Formution, near Gunlock, Utah. Natural size. 

HARDGROUNDS 

Carbonate hardgrounds and their associated fossils are 
prominent in the lagoonal facies of the Carmel Formation's 
Member D. Hardgrounds are synsedimentarily lithified car- 
bonate sea-floors that became hardened in situ by the pre- 
cipitation of a carbonate cement in the primary pore spaces 
(Wilson and Palmer, 1992, p. 3). They are found in the rock 
record from the Cambrian through the Recent, most abun- 
dantly in the Cambrian and Jurassic (Palmer, 1982; Wilson 
and Palmer, 1992). The intervals of common hardground 
formation coincide with the "Calcite Seas" postulated by 
Sandberg (1975, 1983). During Calcite Sea times, low mag- 
nesium calcite was the primary inorganic precipitate from 
seawater, and hence the most common hardground cement. 

Several hardground horizons are present in Member D 
of the Carmel, but one described in detail by Wilson and 
Palmer (1994) is very extensive and seen over several kilo- 
meters. It is between 110 and 120 meters above the base of 
the Carmel in the Gunlock area. The hardground is at the 
base of a regressive sequence; it probably formed during a 
brief sea level highstand. This hardground varies in its 
composition from an interbedded silty micrite and sandy 
oolitic grainstone, with only occasional mollusk shell fiag- 
ments and micritic intraclasts, to a packstone with thin intr- 
aclasts of silty micrite and abundant ooids and bioclastic 
debris. The hardground was formed in a lagoonal complex, 
from ooid-rich shoals seaward to a subtidal shelly facies 
landward. 

The most extensive Carmel hardground in the Gunlock 
area is often heavily encrusted by the oyster Liostrea strig- 
ilecula (White, 1877), with minor numbers of the cement- 
ing bivalve Plicatula sp. The boring Gastrochaenolites lapi- 

dicus Kelly and Bromley (1984) is very common in the 
hardground upper surfaces. The mytilid bivalve Lithophaga 
is sometimes preserved inside the Gastrochaenolites exca- 
vations, which it apparently produced. The mytilid bivalve 
Modiolus subimbricatus (Meek, 1873) is also occasionally 
found in the borings, most likely as a nestler. Wilson and 
Palmer (1994) also described a rare bioimmuration of the 
soft-bodied bryozoan Arachnidiurn which encrusted the 
hardground upper surface and was covered by oysters. Some 
Carmel hardgrounds were undermined by currents while 
on the seafloor, producing shallow cavities beneath the 
cemented horizon as uncemented sediments below were 
removed. These small caves had their own cryptic hard- 
ground fauna, including the common Gastrochaenolites. 
thecidean brachiopods, cycIostome bryozoans, and serpulid 
worm tubes. 

The Carmel hardgrounds resemble most other carbon- 
ate hardgrounds in the Jurassic, especially those of western 
Europe. For example, a Bathonian hardground in England 
described by Palmer and Fiirsich (1974) is very similar, 
from the carbonate petrography to the differences between 
the exposed fauna on the upper surfaces to the cryptic fau- 
nas below. The Carmel hardgrounds are unusual, though, 
in their lack of encrusting echinoderms and cementing 
foraminiferans. This may be due to the restricted marine 
conditions under which the Carmel hardgrounds formed. 

OSTREOLITHS 

Two horizons in Member D of the Carmel Formation in 
the Gunlock area contain some unusual fossils which are 
worth special notice. They are radial accumulations of oys- 
ters which formed around a nucleus and rolled freely on 
the seafloor (Fig. 4). Nielson (1990) was the first to describe 
them, calling them "oyster colonies'' and "oyster bound- 
stones." Wilson et al., (1997) prefer the term "ostreolith," 
and have interpreted their formation in detail. Ostreoliths 
such as these have not been described fiom anywhere else. 

The Carmel ostreoliths are made primarily of left valves 
of the oyster Liostrea strigilecula, the same species which is 
the most common encruster on the Carmel hardgrounds. 
The most common ostreoliths average about 15 cm in diarn- 
eter and have a calcite-filled cast of a formerly aragonitic 
bivalve (such as Isognomon or Astarte) as a nucleus, and 
then sequential layers of Liostrea. Other encrusters are rare, 
but they include Plicatula, and the cyclostome bryozoan 
Euystrotos duofluvina (Cuffey and Ehleiter, 1984). The 
oyster framework is frequently penetrated by Gastrochaeno- 
lites lapidicus, sometimes with the nestler Modiolus suhim- 
hricatus in place. A less common but larger group of ostre- 
oliths (up to 50 cm in diameter) has similar borers and 
encrusters (along with the inarticulate brachiopod Discin- 
isca), but has pieces of carbonate hardground as the nuclei. 
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Figure 4. Ostreolith rnarle primaril!~ of lefc valves of the o!yster 
Liostrea strigilecula (White, 1877). From Meml7er D, Cannel For- 
mation, near Gunlock, Utah. Natural size. 

In the interpretation of Wilson et al., (1997), the Carmel 
ostreoliths formed in two ways. The smaller ostreoliths 
formed on a soft, ooid-rich substrate as oysters encrusted 
loose mollusk valves. The larger ostreoliths developed as 
oysters accumulated on dislodged blocks of carbonate hard- 
ground. Liostrea preferred the upward-facing, exposed sur- 
faces of the nuclei, and Plicatula, Euystrotos and Gastro- 
chaenolites accumulated on the cryptic undersurfaces. The 
ostreoliths were frequently overturned, allowing the frame- 
work oyster Liostrea to cover all surfaces, producing the 
nearly-spherical objects. The form of these ostreoliths is a 
direct function of the morphology of Liostrea strigilecull, 
especially its rapid growth, deep left valve, and calcitic 
composition. 

The Carmel ostreoliths are found in two laterally exten- 
sive horizons in the top half of Member D. Like the hard- 
grounds, these horizons cross facies boundaries from ooid- 
rich sediments to otherwise unfossiliferous muds. It 
appears that the ostreoliths formed in oolitic shoal environ- 
ments and were later washed into muddy lagoons by large 
storms. 
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ABSTRACT 

Laterally-extensive outcrops of Middle Jurassic normal marine carbonate strata are present at Mount 
Carmel Junction in southwestern Utah. These fossil-bearing limestones are part of the Co-op Creek Member 
of the Carmel Formation and include ooid grainstones, crinoidal grainstones, peloidal packstones, and bivalve- 
dominated packstones. These facies are interpreted to represent deposition in a nearshore, shallow-water 
lagoon-shoal setting. 

The paleocommunities found in this southern end of the Middle Jurassic North American epicontinental 
seaway are low-diversity and exhibit low levels of complexity and tiering. Soft-bottom macrofossil assemblages 
are heavily dominated by oysters, limids, and pectens although serpulids, crinoids, echinoids, bryozoans, gas- 
tropods, possible stromatolites, and the trace fossil Gyrochorte can be found as well. One paleobiologically sig- 
nificant deposit is a crinoidal limestone composed of partially-articulated stems of Zsocrinus nicokti, the first 
non-endemic crinoid reported in the western interior. This deposit represents one of the youngest shallow- 
water encrinites in the fossil record and may provide evidence for unique conditions in this seaway. 

INTRODUCTION the theses and dissertations which included paleontological 

The Jurassic is a time of many significant global changes 
in the lithosphere, hydrosphere, atmosphere, and biosphere. 
For example, the breakup of Pangaea and the opening of 
the Atlantic Ocean first occurred during Jurassic times and 
greatly influenced oceanographic and climatic patterns. In 
the biosphere, the Jurassic saw the origination of many 
signficant groups of modem taxa, the rapid increase in 
familial diversity (Sepkoski, 1981), and many ecological 
changes of the Mesozoic Marine Revolution (Vermeij, 1977). 
Thus, the study of the evolutionary paleoecological changes 
which occurred through this critical time interval may shed 
light on the response of the biota to global change processes. 
Surprisingly, despite centuries of intense study of Jurassic 
fossils in Europe (especially in England) (see Arkell, 1933), 
the Jurassic marine fauna of North America has been large- 
ly ignored. After the initial discovery and identification of 
Jurassic fossils by federal surveys in the 1800's, most mod- 

aspects were conducted in consultation with Imlay. 
One possible reason for the lack of attention to these 

faunas may be that these Jurassic marine strata are not 
highly fossiliferous and are low-diversity in comparison to 
other Jurassic faunas around the world. In addition, the 
Jurassic seaway which covered the U.S. western interior 
was a unique biological province with its own succession of 
ammonites (Taylor et al., 1984) , thus mahng biostratigra- 
phy and global correlation difficult. Even regional strati- 
graphic correlations across short distances are difficult due 
to the general lack of good biostratigraphic fossils and the 
large variability of rock lithologies resulting from such 
things as local changes in terrestrial sediment input, sea 
levels, and topography (Brenner and Peterson, 1994; 
Peterson, 1994). 

PALEOGEOGRAPHIC SETTING 

em paleontological work on this fauna was conducted by During the Jurassic in the U.S. western interior, a series 
Ralph Imlay of the U.S. Geological Survey. Even many of of marine and marginal marine rocks were deposited in a 
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shallow seaway during a 20 million year interval from 
Middle to Late Jurassic times (Imlay, 1980). The seaway 
was very shallow, probably never deeper than 100 meters, 
had many topographic highs, and had only one restricted 
opening to the open ocean in the north (Imlay, 1980) (Fig. 
5). The seaway experienced several major sea level changes 
(reviewed by Brenner and Peterson, 1994; Peterson, 1994). 
Although much of the strata is fully marine, there are also 
many deposits indicative of terrestrial, brackish, high salini- 
ty, and marginal marine conditions (Brenner and Peterson, 
1994; Peterson, 1994). Thus, the Jurassic western interior 
seaway is a unique system in which to examine ecological 
and evolutionary changes through the Mesozoic Marine 
Revolution. 

STRATIGRAPHY OF CARMEL FORMATION 

The Carmel Formation was first formally described by 
Gregory and Moore (1931) . It was deposited in and adja- 
cent to an epicontinental seaway which formed during a 
Middle Jurassic transgression across the western interior of 
the United States (Imlay, 1980). A stratigraphic column is 
shown in Figure 6. The Carmel Formation overlies Uncon- 
formity J-1 and Navajo Formation. In the type area near 
Mount Carmel Junction where this field trip will stop, the 
Temple Cap Member of the Navajo Formation underlies 
the Carmel Formation. The Carmel Formation is laterally 
equivalent with the Twin Creek Formation of northern Utah, 
Idaho, and Wyoming and the Arapien Shale of central Utah 
(Imlay, 1980). 

The nomenclature of the members within the Carmel 
Formation has changed many times and differs among 
regions; for example, Wilson (this volume) adopts the infor- 
mal member names used by Nielson (1990). The unit we 
will examine at Mount Carmel Junction is the limestone 
unit in the lower section of the Carmel Formation. In the 
literature, it has been referred to as the lower limestone 
member (Cashion, 1967), Kolob Limestone (Thompson and 
Stokes, 1970), Judd Hollow Member (Wright and Dickey, 
1962), and most recently, the Co-op Creek Member (Doel- 
ling and Davis, 1989). In this discussion, I have adopted 
the terminology of Doelling and Davis (1989). 

The Co-op Creek Member consists of a thin lower unit 
of non-marine pink and green clastics and a sequence of 
marine and marginal marine carbonates which are inter- 
preted to have been deposited during a transgression (Peter- 
son, 1994; Taylor, 1981). The Co-op Creek Member has 
been interpreted to have been deposited in subtidal to 
supratidal conditions in low- to moderate-energy regimes 
(Taylor, 1981). The lower Co-op Creek carbonates are com- 
posed of thin beds which have been interpreted as possible 
stromatolites (Taylor, 1981). Most of the fossils found from 
the Carmel Formation come from the middle carbonate 

Figure 5. Stippled region represents the extent of the Mzddle Jurassic 
western interior epicontinental seaway during deposition of the 
Carmel Formation. Mount Carmel Junction is the site of Field Trip 
Stops 5 and 6 on Day 2 where we will examine an encrinite and 
low-diversity bivalve communities in the Co-op Creek Member of 
the C a m 1  Formation. (Modijied from Nielson, 1990) 

unit of the Co-op Creek Member which is composed of 
interbedded ooidal grainstones, peloidal packstones, and 
bivalve packstones representing deposition within a lagoon- 
al-ooid shoal environment. The presence of echinoids and 
abundant crinoids indicate that these fossiliferous beds 
were most likely deposited under normal marine salinities. 

PALEOBIOLOGY AND PALEOECOLOGY 

Mount Carmel Junction (northwest corner): 

On the west side of Mount Carmel Junction, there is an 
outcrop of the Co-op Creek middle limestone unit which 
includes a dense accumulation of partially-articulated 
crinoid stems measuring about 1 meter in thickness with a 
restricted lateral extent of about 100 meters. Crinoid 
columnals identified as Pentacrinus asteriscus Meek and 
Hayden were reported by John Wesley Powell from 
Jurassic deposits of southern Utah as early as 1876 and by 
Gregory and Moore in their original descriptions of the 
type locality of the Carmel Formation (1931). However, cur- 
rent work indicates that the crinoid at Mount Carmel 
Junction is Zsocrinus nicoleti, a species described from 
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Figure 6. Schematic stratigraphic column depicting the Lower and 
Middle Jurassic formations of southern Utah. 

European Jurassic strata (Tang et al., in prep). This crinoid 
occurence in the Carmel Formation would represent the 
first non-endemic species described from the Jurassic of 
the U.S. western interior. 

Based on sedimentological evidence at outcrop and thin- 
section scales, the crinoidal limestone has been interpreted 
as a tidally-influenced deposit, possibly representing accu- 
mulation in a tidal channel (Tang et al., 1994; Tang, 1996). 
The articulated nature of stems (Fig. 7) and some arms indi- 
cates that the crinoids experienced little transport after 
death and were buried fairly rapidly; it appears that these 
crinoids were living either in a tidal channel or on a tidal 
bar and used taphonomic feedback mechanisms to colonize 
a shifting sand-gravel sea floor which excluded most other 

Figure 7. Well-preserved, partially-articulated crinoid columnuls are 
exposed on a bedding plane within the Cannel Formation crinoidal 
limestone (encrinite) at Mount CarmelJunction (Stop 5). Scale is in 
centimeters. 

organisms. This crinoid accumulation is one of the young- 
est shallow-water crinoidal limestones (encrinites) in the 
fossil record. Thus, it represents one of the last "stands" of 
stalked crinoids in shallow-water environments and may 
suggest unusual oceanographic and ecological conditions 
leading to the development of a rehgium. If crinoids were 
excluded from shallow-water environments due to increas- 
es in predatory pressures during the Mesozoic Marine 
Revolution as suggested by Meyer and Macurda (1983), the 
presence of this encrinite suggests that predatory pressures 
may not have been intense in this southernmost extent of 
the Jurassic epicontinental seaway (Tang et d., 1994). 

Well-preserved specimens of the cyclostome Eurystrotos 
duofluvina--one of a handhl of bryozoans described from 
the Jurassic of the western interior--can be found in 
wackestones overlying the encrinite. This species was origi- 
nally described as Berenicea duofluvina by Cuffey and 
Ehleiter (1984) based on rare specimens from the Twin 
Creek Formation near Kemmerer, Wyoming. They can also 
be found on Carmel Formation ostreoliths from Gunlock, 
UT (Wilson, this volume). 

Mount Carrnel Junction (northeast): 

At this locality, we will focus on the two lowermost 
ledge-forming carbonate units of the Co-op Creek Member 
(Fig. 8). The lowest resistant unit is composed of thin beds 
which have been interepreted as stromatolites (Taylor, 
1981). However, without detailed study, this interpretation 
remains unsubstantiated. 

Above this first ledge is a talus slope which is capped by 
a second resistant carbonate unit which is interpreted to 
have been deposited within a lagoonal-ooid shoal environ- 
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Figure 8. Outcrop of lower section of the Co-op Creek Member of 
the Carme1 Formation at Mount Carmel Juncticm (Stop 6). At the 
base, interbedded pink and green siltstones are overlain hy the first 
ledge-forming limestone unit. Fossil-bearing carbonate beds are 
seen at the top of the photograph. 

ment. While most of the beds in this unit are not highly fos- 
siliferous, echinoderm fragments, algae, ostracodes and 
molluscan fragments can be identified in thin section. Rare 
spherical colonies of polychaete worms are about 20 cm in 
diameter and appear to be composed of radially-arranged 
smooth polychaete worm tubes with diameters of about 1 
cm. One bed contains many good examples of the trace fos- 
sil Gyrochorte which is also found at the Gunlock locality of 
the Carmel Formation (Wilson, this volume) and in other 
parts of the world. 

In this limestone unit, one bed does contain abundant 
well-preserved fossils and is interpreted to have been 
deposited in much quieter waters than the other horizons 
as evidenced by the presence of large amounts of micrite, 
very large and complete bivalves, unoriented valves, and 

other sedimentological, petrological, and taphonomic evi- 
dence (Tang, 1996). Based on this information, the fossils 
are interpreted to represent a para-autochthonous (dis- 
turbed neighborhood) assemblage. In this fossiliferous unit, 
common body fossils are Liostrea strigilealh, Camptonectes 
stygius., and Lima occidentalis. Less common fossils include 
Modiolus, Vaugonia, Zsognomon and others listed by Imlay 
(1964). 

Paleoecologically, the fauna at Mount Carmel Junction 
exhibits low within-community (alpha) diversity and low 
between-community (beta) diversity similar to faunas across 
the entire Jurassic western interior seaway (Tang, 1996). 
The trophic nuclei of the Carmel Formation paleocommu- 
nities-the taxa which make up 80% of the assemblage- 
were usually composed of only two species, Liostrea strig- 
ilecula along with either Lima occidentalis or less commonly, 
Camptonectes stygius. However, numerically, Liostrea strig- 
ilecula individuals dominated almost all soft-bottom assem- 
blages. Non-bivalve taxa are rarely found associated with 
the bivalve paleocommunities: rare encrusters can be found 
on bivalve shells and very rare crinoid and echinoid frag- 
ments can be present. Thus, these assemblages are heavily 
dominated by epifaunal suspension-feeding bivalves. Not 
only are these faunas low-diversity in nature, they also ex- 
hibit very low levels of trophic and tiering complexity. The 
Carmel Formation taxa have been interpreted as being gen- 
eralists since they do not appear to be greatly partitioning 
their resources nor exhibiting habitat specialization (Tang, 
1996). In this sense, the Camel Formation fauna is congru- 
ent with low-diversity generalist faunas found throughout 
the entire western interior seaway from Middle to Late 
Jurassic times (Tang and Bottjer, 1996). 

DISCUSSION 

Fossiliferous limestones of the Co-op Creek Member of 
the Carmel Formation provide a glimpse into the paleoeco- 
logical conditions which existed in the southern end of the 
Middle Jurassic western-interior epicontinental seaway. 
The presence of one of the youngest examples of an encri- 
nite in the fossil record suggests that there may have been 
unique conditions in this area which may have created a 
short-lived refugium for Mesozoic stalked crinoids. 

Paleoecological analyses of soft-bottom, para-autochto- 
nous fossil assemblages indicate that the Co-op Creek Mem- 
ber fauna was heavily dominated by epifaunal suspension- 
feeding bivalves which formed very low-diversity paleo- 
communities. The Carmel Formation fauna provides a dra- 
matic example of the generalist nature of the fauna found 
throughout the entire Jurassic western interior seaway and 
suggests that this seaway may be a unique laboratory in 
which to examine the development and evolution of low- 
diversity generalist taxa and their paleocommunities. 
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ABSTRACT 

Paleoecologic study of benthic invertebrate faunas from successive Early Triassic seaways reveals that biotic 
recovery from the end-Permian mass extinction event was slow, and that full recovery did not occur until after 
the Early Triassic. Simple, cosmopolitan, opportunistic generalists, and low-diversity low-complexity paleo- 
communities were characteristic of the entire Early Triassic in the southwestern USA. An increase in guild and 
taxonomic diversity is observed with the addition of several new higher taxa in the late Early Triassic 
(Spathian), to the almost exclusively molluscan faunas of the earlier early Triassic (Nammalian). Comparison 
with data on faunas from the Permian and Triassic suggests that, worldwide, even the most diverse Early 
Triassic faunas (in the Spathian) were rather low in guild diversity and species richness. These characteristics of 
genera and paleocommunities in the Early Triassic may be typical of mass extinction aftermaths. 

INTRODUCTION 

The mass extinction at the Permian-Triassic boundary 
constitutes the most devastating biotic crisis of the Phaner- 
ozoic, and punctuates the transition from Paleozoic to 
Mesozoic life. Overall, marine families experienced a 49% 
reduction (Erwin, 1993,1994), and an estimated 90% of the 
marine genera present in the late Permian disappeared 
(Erwin, 1993). A spectrum of causal mechanisms for the 
Permianflriassic mass extinction has been proposed, from 
extensive flood basalt volcanism to abrupt extraterrestrial 
phenomena, with effects ranging from prolonged climate 
deterioration, to changes in ocean stratification, circulation 
and cycling (Erwin, 1993). However, the aftermath of this 
mass extinction is virtually unhown. Although comprehen- 
sive bi~stratigra~hic work has been done, paleoecologic 
studies examining faunas as a whole are just beginning. 
This study (first reported in Schubert, 1993; Schubert and 
Bottjer, 1995) of benthic invertebrate recovery in the Early 
Triassic of the western USA has as a hndarnental goal the 
identification of characteristics of this post-extinction fauna 
and its ecology that might be distinctive of mass extinction 
aftermaths. 

STRATIGRAPHIC AND 
PALEOENVIRONMENTAL CONTEXT 

The latest Permian and earliest Triassic are times of 
emergence and non-deposition in much of the western USA, 

with a significant time gap of 1-6 m.y. commonly accepted 
for the Paleozoic-Mesozoic boundary (Paul and Paull, 1986). 
In the Early Triassic, both subsidence of the area and global 
sea level increases caused transgressive pulses from the 
northwest, bringing marine conditions recorded by fossilif- 
erous limestones (Paull and Paull, 1986). The first of these 
(Griesbachian) transgressive events is recorded in the north 
by the Dinwoody Formation (Carr and Paull, 1983) (Fig. 9). 
The second (Nammalian) transgression is marked by a 
widespread marine carbonate unit containing ammonoids 
(Meekoceras), which defines the base of the Thaynes Forma- 
tion (Kummel, 1954) (Fig. 9). This Nammalian transgression 
was geographically more extensive, and is recorded in south- 
central Utah by the Sinbad Limestone Member of the 
Moenkopi Formation (Fig. 9). The third (Spathian) trans- 
gression in the Early Triassic is recorded by thick sequences 
in the field area of the Virgin Limestone member of the 
Moenkopi (Paull et al., 1989) (Fig. 9). 

The Moenkopi Formation in southeastern Nevada and 
southwestern Utah contains three limestone members (Fig. 
9). The lower limestone member, the Timpoweap, is only 
very sparsely fossiliferous and is primarily a marginal marine 
deposit (Larson, 1966). The middle Virgin Limestone Mem- 
ber contains limestone units (Fig. 10) deposited under nor- 
mal marine conditions during the Spathian transgression, 
intercalated with fine-grained siliciclastics and less com- 
mon sandstones, representing marginal and subtidal envi- 
ronments (Larson, 1966; Rief and Slatt, 1979). The upper 
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Figure 9. Stratigraphy of the Lower Triassic in the Western USA, 
compiled and simplijied from Larson (1966) and Hintze (1973); 
mod@ed from Schubert and Bottjer (1995). 
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limestone, the Schnabkaib Limestone, is unfossiliferous and 
mainly evaporitic. 

The Moenkopi changes in both lithology and nomencla- 
ture from southwestern Utah to the southeast-central part 
of the state, where the Lower Triassic section is dominated 
by terrigenous red and yellow siliciclastics (Blakey, 1974; 
Dean, 1981). Four members are recognized (Fig. 9), the 
Black Dragon, the Sinbad Limestone, the Torrey Member, 
and the Moody Canyon Member, which represent a range 
of environments, including bar, beach, delta, lagoon and 
shallow subtidal (Blakey, 1974; Dean, 1981). The Sinbad 
Limestone, deposited during the Narnmalian transgression, 
is considered to be a major southern tongue of the lower 
Thaynes Formation (Kummel, 1954). The Sinbad Limestone 
is a thin yellow silty fossiliferous marine limestone and 
dolomite (Blakey, 1974; Dean, 1981). Sinbad depositional 
environments produced evaporitic tidal flat deposits, inter- 
tidal oolites, and subtidal and lagoonal pelletal mudstones 
as well as bioturbated skeletal wackestones from lagoon, tidal 
channel, and sub-wave-base shelf settings (Dean, 1981). 

METHODS OF  STUDY 
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Figure 10. The Virgin Limestone Member is exposed at the top of a 
cliff near Hurricane, Utah (Stop 2). Person is standing on the bed- 
ding plane pictured in Figure 11. (Photo by C. Tang) 

western United States (Schubert and Bottjer, 1996). In par- 
ticular, study was made of localities of the Virgin Limestone 
in the Hurricane Cliffs area (Figs. 10,11), as well as locali- 
ties of the Sinbad in the San Rafael Swell area, the two 
stops to be visited during this field trip. Collection of bulk 
sample faunal data involved removal of about 8000 cm3 of 
rock from intervals 15 cm or less in thickness. Fossils freed 
from the matrix and exposed on broken surfaces were iden- 
tified and counted. Paleocommunities were defined from 
tallies of generic abundance of Virgin and Sinbad samples 
based upon cluster analysis (Schubert and Bottjer, 1996). 
Paleoecologic studies also included an analysis of the adap- 
tive strategies of organisms in these paleocommunities. 
Bambach (1983) introduced this approach, and each of the 
major adaptive strategies that he defined have been termed 
"Bambachian megaguilds" (Droser et al., 1997). 

PALEOCOMMUNITY ANALYSIS 

Characteristics of the paleocommunities in these Lower 
Triassic strata indicate that ecologic recovery from this mass 
extinction was not achieved in the Early Triassic (e.g., 
Schubert and Bottjer, 1995; Bottjer et al., 1996). Diversity 
at high taxonomic levels is very low; only bivalves, crinoids, 
plus in some cases, echinoids, gastropods, and brachiopods, 
are represented. Diversity at low taxonomic levels is low as 
well; most of these groups are represented by only one 
species (e.g., crinoids and echinoids) or a few species (e.g., 
brachiopods). Bambachian megaguild diversity is relatively 
low and few taxa are represented in each megaguild. 
Examination of the nature and timing of recovery through- 
out the Early Triassic of the western USA reveals that it 
was slow and uneven. 
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Figure 11. A bedding plane of the Virgin Limestone with numerous 
cross-sections of bivalves and occasional columnals of the crinoid 
H.  smithi (Stop 2, near Hurricane, Utah). (Photo by C. Tang) 

Nammdian Sinbad Limestone paleocommunities exhibit 
a greater diversity at higher and lower taxonomic levels 
than the older Dinwoody Formation to the north (Schubert 
and Bottjer, 1995); a larger variety of bivalves and several 
species of microgastropod are typically present. The increase 
in taxic diversity also signals an increase in megaguild 
diversity, particularly the addition of grazingIdetritovore 
and predatory life habits represented by the gastropods. 
However, relatively few tiers (e.g., Bottjer and Ausich, 
1986), or levels of vertical space, are occupied in these Sin- 
bad paleocommunities. Suspension-feeding bivalves, as well 
as the microgastropods, lived at the sediment surface, semi- 
infaunally, and as shallow burrowers (Arenicolites, observed 
in the Sinbad, also records shallow burrowing). None of the 
organisms represented by body fossils found in these paleo- 
communities lived elevated above the sediment surface, or 
burrowed deeply within it. 

Sinbad paleocommunities can be very high in dominance, 
with one or two species of microgastropod or bivalve extra- 
ordinarily numerous, and a relatively small number of indi- 
viduals of other species present. These micrograstropods are 
typical of and limited to the Nammalian Sinbad Limestone 
(Batten and Stokes, 1987), and are neither abundant nor 
diverse in faunas of the Spathian Virgin Limestone. This 
waxing and waning of microgastropods may represent vola- 
tility in the process of ecologic recovery. Possibly, ecologic 
rebound cannot be described as an increasing linear func- 
tion, but is in part a fitful unpredictable process. The boom/ 
bust behavior exhibited by the microgastropods, which were 
extremely abundant in the Sinbad, but almost unknown 
from seemingly similar environments of the Virgin, could 
also be a hnction of the kinds of genera that are character- 
istic of mass extinction aftermaths: opportunists known for 
blooms and crashes in their population dynamics. 

Although bivalves remain dominant in Spathian Virgin 
paleocommunities (Fig. l l ) ,  different bivalve genera occur 
in different relative abundances than in Nammalian Sinbad 
paleocommunities. A more diverse assemblage of higher 
taxa is known from the Spathian. For example, Virgin paleo- 
communities are characterized by the first appearance (in 

- - 

the western USA) of representatives of important Mesozoic 
clades, Holocrinus (?) smithi (crinoids) and Miocidaris utah- 
ensis (echinoids). H. smithi is the earliest known member of 
its clade and served as the stem group for all post-Paleozoic 
crinoids. Representing the brachiopods is one terebratulid 
genus. Because the terebratulids and rhychonellids are the 
only articulate orders to persist into the present, these two 
genera are important as a link between Permian and Triassic 
brachiopods, and as potential ancestral stock for post-Paleo- 
zoic brachiopods. 

The presence of these taxa in the Spathian of the western 
USA is also of ecologic significance, since it represents the 
re-appearance of life habits previously absent from the 
dominantly molluscan paleocommunities of earlier Triassic 
settings. ShaIlow infaunal, semi-infaunal, and epifaunaI sus- 
pension-feeding bivalves were prominent members of Gries- 
bachian, Nammdian, and Spathian invertebrate paleocom- 
munities in the western USA (Schubert and Bottjer, 1995). 
The stemmed crinoid represents the addition in the Spa- 
thian of not only a new guild but also a new tier in the ver- 
tical space partitioning of the community, since its feeding 
activity occurs above the substrate at the raised calyx. As a 
mobile epifaunal grazer and detritovore, the Spathian echi- 
noid also belongs to a different guild. Though more com- 
plex than paleocommunities in the Sinbad, these Spathian 
paleocommunities are still simple in structure and vary little 
in terms of dominant genera over the vast geographic area 
of the Early Triassic Virgin seaway; the same handful of 
bivalves and a single crinoid species recur in paleocommu- 
nities throughout the western USA (Schubert and Bottjer, 
1995). 

CONCLUSIONS 

Paleoecologic study of invertebrate faunas from succes- 
sive Early Triassic seaways in the southwestern USA reveals 
that biotic recovery from the end-Permian mass extinction 
event was slow and incomplete. Simple, cosmopolitan, 
opportunistic generalists, and low-diversity, low-complexity 
paleocommunities were characteristic of the entire Early 
Triassic throughout this region (Schubert and Bottjer, 1995). 
An increase in guild and taxonomic diversity was observed 
with the addition of other higher taxa in the late Early 
Triassic (Spathian) to the almost exclusively molluscan faunas 
of the earlier Early Triassic (Nammalian). Comparison with 
data on faunas from the Permian and Triassic suggest that 
even the most diverse Early Triassic faunas (in the Spathian) 
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were rather low in megaguild diversity and species richness 
(Schubert and Bottjer, 1995). 

A remarkable aspect of the ecology and biota of the 
Early Triassic aftermath is the apparent small part played 
by radiation during this 4-5 m.y. time period. Groups such 
as crinoids, echinoids, and articulate brachiopods that even- 
tually appeared in Spathian paleocommunities probably did 
not evolve there. Rather, this most probably simply reflects 
their migration into the area, and does not represent much 
evolutionary innovation. These Spathian taxa, like the Laza- 
rus taxa for which the Triassic is so noted (e.g., Hallam, 
1991), are groups that vanish from the fossil record of the 
western USA during the mass extinction interval and reap- 
pear later in the Triassic without being much (if at all) dif- 
ferent from those in the Paleozoic. They must have persisted, 
or originated from very similar forms, in unknown refuges. 
What we see here is a slow trickling back of survivors, scat- 
tered over megaguilds and taxa, that would serve as the 
basis for radiations that occurred, not in the Early Triassic, 
but much later in the Triassic and Jurassic. 

ACKNOWLEDGEMENTS 

Supported by grants to DJB from the University of 
Southern California Faculty Research and Innovation Fund, 
the National Geographic Society and the National Science 
Foundation (EAR-90-04547), as well as grants to JKS from 
the Paleontological Society, the Geological Society of Amer- 
ica, the American Association of Petroleum Geologists, 
Sigma Xi, the Theodore Roosevelt Memorial Fund of the 
American Museum of Natural History, and the University 
of Southern California Department of Earth Sciences. We 
thank D.H. Erwin, EB. Wigndl, A. Hallarn, M.L. Droser, 
and A.G. Fischer for advice and encouragement during the 
course of this study. 

REFERENCES CITED 

Bambach, R.K., 1983, Ecospace utilization and guilds m manne communi- 
ties through the Phanerozoic, in Tevesz, M.J.S , and McCall, PL., eds., 
Biotic interactions in recent and fossil benthic commun~tles. New 
York, New York, Plenum, p. 719- 746 

Batten, R.L., and Stokes, W.M.L., 1987, Early Tnassic gastropods from the 
Sinbad Member of the Moenkopi Formabon, San Rafael Swell, Utah 
American Museum Novitates, v. 1864, p. 1 3 3 .  

Blakey, R.V, 1974, Stratigraphic and depositional analysis of the Moenkop~ 
Formation, southeastern Utah Utah Geological and Mineralogical 
Survey Bulletin, v.104, p. 1 4 1 .  

Bottjer, D.J., and Ausich, W.I., 1986, Phanerozoic development of tienng 
in soft substrata suspension-feeding communities: Paleobiology, v. 12, 
p. 400412. 

Bottjer, D.J., Schubert, J.K., and Droser, M.L., 1996, Comparative evolu- 
tionary palaeoecology. Assessing the changing ecology of the past, zn 
Hart, M.B., ed., Biotic recovery from mass exhnction events: Geological 
Society Special Publicabon 102, p. 1-13 

Carr, T.R., and Paull, R.K., 1983, Early Triassic stratigraphy and paleo- 
geography of the Cord~llera miogeocline, in Reynolds, M.W., and 
Dolly, E.D.,eds., Mesozoic paleageography of the west-central United 
States, Rocky Mountain Paleogeography Symposium 2: Denver, Colo- 
rado, Society of Economic Paleontologists and Mineralogists, Rocky 
Mountain Sectlon, p 3% 55 

Dean, J.S , 1981, Carbonate petrology and depos~t~onal environments of 
the Slnbad Limestone Member of the Moenkopi Formation In the 
Teasdale Done area, Wayne and Garfield Counties, Utah. Bngham 
Young University Geology Series, v. 28, p. 1951.  

Droser, M.L., Bottjer, D.J., and Sheehan, F!M , 1997, Evaluating the eco- 
logical architecture of major events in the Phanerozoic history of 
marine invertebrate hfe. Geology, v 25, p 167-170. 

Erwm, D.H., 1993, The great Paleozoic crisis. life and death In the 
PermIan New York, New York, Columb~a University Press, 327 p. 

Erwin, D H , 1994, The Permian-Triassic extinctlon. Nature, v 367, p 
231-236 

Hallarn, A ,  1991, Why was there a delayed radlahon after the end-Palaeo- 
zoic extinctions?. Historical Biology, v. 5, p. 257-262. 

Hmtze, L.E, 1973, Geologcal history of Utah. Brigham Young University 
Geology Studies 20, 181p. 

Kummel, B., 1954, Triassic stratigraphy of southeastern Idaho and adja- 
cent areas. Un~ted States Geological Survey Professlonal Paper, v. 254- 
H, p. 164-194. 

h s o n ,  A.R., 1966, Strahgraphy and paleontology of the Moenkopi Forma- 
tion in southern Nevada [Ph.D. thes~s]. Los Angeles, Unlverslty of 
California at Los Angeles, 257 p. 

Paull, R.K., P a d ,  R.A. and Kraemer, B.R., 1989, Depos~honal history of 
Lower Triassic rocks in southwestern Montana and adjacent parts of 
Wyoming and Idaho,in French, D.E., and Grabb, R.E, ed., Montana 
Centenn~al Edition: Field Conference Guidebook. Montana Geological 
Society, p. 6%90. 

Paull, R.K., and Paull, R.A., 1986, Ep~logue for the Permian in the western 
Cord~llera-a retrospective view from the Triassic. Contnbutions to 
Geology, University of Wyomlng, v. 24, p. 242-252. 

Rief, D.MK., and Slatt, R.M., 1979, Red bed members of the Lower 
Triasslc Moenkopi Format~on, southern Nevada, sedimentology and 
paleogeography of muddy tidal deposlts Journal of Sedimentary 
Petrology, v. 49, p 869-889. 

Schubert, J.K., 1993, Rebound from the Permian-Tnassic mass extinctlon 
event paleoecology of Lower Triassic carbonates in the western U.S. 
[Ph.D. thesis]: Los Angeles, Univers~ty of Southern Califomla, 396 p. 

Schubert, J K., and Bottjer, D.J., 1995, Aftermath of the Permian-Tnassic 
mass extinctlon event paleoecology of Lower Triassic carbonates in 
the western USA. Palaeogeography, Palaeochmatology, Palaeoecology, 
v 116, p. 1 3 9 .  



Structure and Kinematics of a Complex Impact Crater, 
Upheaval Dome, Southeast Utah 

BRYAN J. KRIENS 
Department of Earth Sciences, Cal$ornia State University, Dominguez Hills, 

Carson, Cal$ornia 90747 

EUGENE M. SHOEMAKER 
L! S. Geological Survey and Lowell Observatory, Flagstafi Arizona 86001 

KEN E. HERKENHOFF 
Jet Propulsion Laboratory, MS 183-501, Pasadena, Cal$ornia 91 109 

ABSTRACT 

Two vastly different phenomena, impact and salt diapirism, have been proposed for the origin of Upheaval 
Dome, southeast Utah. Detailed geologic mapping, seismic refraction data, and the presence of shock meta- 
morphosed rocks indicate that the dome originated by collapse of a transient cavity formed by impact. 
Evidence is: (1) the occurrence of a lag deposit of rare impactites, (2) fan-tailed fracture surfaces (shatter sur- 
faces) and rare shatter cones are present near the center of the structure, (3) the top of the underlying salt hori- 
zon is at least 500 m below the surface at the center of the dome and there are no exposures of salt or associated 
rocks of the Paradox Formation in the dome to support the possibility that a salt diapir has ascended through it, 
(4) sedimentary strata in the center of the structure are pervasively imbricated by top-toward-the-center thrust 
faulting and are complexly folded as well, (5) top-toward-the-center normal faults are found at the perimeter of 
the structure, and 6) clastic dikes are widespread. 

We show that the dome formed mainly by centenvard motion of rock units along listric faults. Outcrop-scale 
folding and upturning of beds, especially common in the center, are largely a consequence of this motion. We 
have also detected some centenvard motion of fault-bounded wedges resulting from displacements on subhori- 
zontal faults that conjoin and die out within horizontal bedding near the perimeter of the structure. The 
observed deformation corresponds to the central uplift and the encircling ring structural depression seen in 
complex impact craters. 

INTRODUCTION 

Upheaval Dome, located in Canyonlands National Park, 
southeast Utah, is a structure that has stimulated controver- 
sy regarding its origin (Bucher, 1936; Boon and Albritton, 
1938; McKnight, 1940; Shoemaker and Herkenhoff, 1983, 
1984; Schultz-Ela et al., 1994). Although considered by many 
to be the result of salt diapirism, our study shows Upheaval 
Dome to be an eroded impact crater. It is the best-exposed 
complex crater in the world and thus one of the best places 
to study impact mechanics. Much of the three dimensional 
structure of Upheaval Dome is revealed in the deep canyons 
that have been cut into it. This field trip guide presents data 

and interpretations resulting from our study, and a brief 
discussion of the development of complex craters. 

Field studies of terrestrial impact structures and the 
morphology of craters on the other terrestrial planets and 
on the Moon has led to the recognition of a variety of struc- 
tural classes of craters. Small impact craters typically have a 
simple bowl-shape, and the rocks of their walls preserve 
much of the structure developed during passage of the 
shockwave and opening of an initial or transient cavity 
(Shoemaker, 1960). Above a certain threshold size, the tran- 
sient cavity collapses, and a complex crater is formed. 
Rocks of the walls and rim of the transient cavity subside 
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and are transported inward, generally along listric faults. STRUCTURAL GEOLOGY OF 
The convergent flow forces the rocks underlying the tran- UPHEAVAL DOME 
sient cavity floor to rise in a structurally complex central 
uplift. The amplitude of this structural uplift, SU, is given 
approximately by SU = 0.06 D l  1, where D is the final 
crater diameter in krn (Grieve et al., 1981; Grieve, 1991). 
For a crater with the diameter of the Upheaval Dome struc- 
ture, the expected uplift is approximately 350 m. On Earth, 
the transition from simple to complex craters occurs at 
crater diameters of about 2 km in sedimentary rocks and 
about 4 km in strong crystalline rocks (Grieve, 1991). 
Upheaval Dome is an example of a complex crater some- 
what above the transition size. The dome and surrounding 
ring structural depression provide a particularly clear 
example of the deformation that accompanies transient cav- 
ity collapse. 

GEOLOGIC BACKGROUND 

Upheaval Dome is located in the canyon lands region of 
the Colorado Plateau in southeast Utah (fig. 1). Most of the 
region is underlain by nearly flat-lying to gently deformed 
sedimentary strata of Pennsylvanian to Cretaceous age. Salt 
anticlines occur within the Paradox depositional basin of 
Pennsylvanian and Permian age (e.g. Doelling et al., 1988). 
Normal faults and small salt diapirs (300-400 m across) are 
found in The Grabens area at the south end of Canyonlands 
National Park (Huntoon et al., 1982). Upheaval Dome, a 2.5 
km-diameter complex structural uplift surrounded by a 5- 
km diameter annular structural depression lies near the 
north end of the park (fig. 2). The dome is located near the 
western margin of the Paradox Basin. The presence of known 
salt structures in the region influenced early interpretations 
that Upheaval Dome resulted from salt diapirism, although 
cryptovolcanic and impact origins were also considered 
(Bucher, 1936; Boon and Albritton, 1938; McKnight, 1940). 

Rock units exposed in the dome range from the upper- 
most formation of the Cutler Group (the White Rim Sand- 
stone) of Permian age to the middle of the Navajo Sand- 
stone of Jurassic age (fig. 3). Strata shown in figure 3 older 
than the White Rim Sandstone have been penetrated by 
drilling. On the basis of subsurface strata encountered in a 
drill hole in the eastern part of the ring structural depres- 
sion, the top of the highest salt lies more than 500 m below 
the lowest exposed surface outcrops (D.L. Baars, written 
communication, 1984). A recent seismic refraction experi- 
ment confirmed that no salt is present within 500 m of the 
surface in the central area of the dome (Louie et al., 1995). 
No trace of salt or associated rocks of the Paradox Forma- 
tion has been found among the complexly faulted rocks in 
the center of the dome to support the suggestion that a salt 
diapir has ascended through the dome. 

With the exception of the talus slopes below the Wingate 
Sandstone, quality of exposure at Upheaval Dome is rough- 
ly 75-90% bedrock. Along canyon walls, the exposure of 
structural features is remarkably complete. Faults, folds, and 
clastic dikes are conspicuous, and were mapped at a scale 
of 1:6,000. A highly simplified map is presented in figure 2. 

In general, the structure of Upheaval Dome is marked 
by a complexly faulted and folded central uplift in which 
the Moenkopi Formation and White Rim Sandstone have 
been raised approximately 350 m in elevation compared to 
outcrops in the undeformed perimeter of the dome. The 
White Rim Sandstone occurs as beds and clastic dikes. 
Proceeding outward from the central uplift to the vicinity of 
a major syncline that encircles the uplift (the ring structural 
depression), there are circular outcrop bands of Chinle, 
Wingate, Kayenta, and Navajo units, respectively. In these - 

outcrops, the Chinle and Kayenta formations are primarily 
folded and thrust faulted, whereas the Wingate and Navajo 
sandstones are mainly folded. Clastic dikes derived from 
Navajo to Wingate units are found in these outcrops, and 
some of the Wingate Sandstone appears to have flowed as 
tongue-shaped masses into or overlapping the Chinle For- 
mation. All rock units for the most part dip away from the 
central uplift until the axis of the syncline is reached. 
Outward from the syncline axis, rock units of the Navajo 
Sandstone to the Moenkopi Formation are exposed and dip 
toward the central uplift. In this vicinity there are faults that 
omit stratigraphic section. A few clastic dikes presumably 
derived from Navajo Sandstone are found in the Navajo 
and Kayenta units here. Further outward, the rock units 
flatten at the axis of a regional encircling monocline. This 
monocline is the outermost structure associated with Up- 
heaval Dome. The region outward from the monocline is 
characterized by essentially flat-lying strata. 

Our map data agree with that reported by Schultz-Ela et 
al., (1994), who interpret their data to support the passage 
of a salt diapir through the dome. However, the structures 
seen in the dome are remarkably similar to those found in 
known complex impact craters (e.g. Wilshire et al., 1972; 
Ofield and Pohn, 1979). Below, we describe the structural 
features of Upheaval Dome in more detail. 

Faults 

The pattern of faulting at Upheaval Dome is character- 
ized by low-angle normal faults in the perimeter and thrust 
faults in the central area (fig. 2). Owing to limitations of 
scale, only about a third of the faults near the center are 
shown in figure 2. Kinematic data from offset bedding, drag 
folds, and slickensides indicate top-toward-the-center ver- 
gence on both normal and thrust faults (fig. 4). Some thrust 
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faults display top-away-from-t11e-ce11ter vergchnce, Iro~7ever. 
Along Upheaval Canyon (the Itreach west of the clori-te cen- 
ter), listric normal faults can be traced into rising thrrtst 
faults OII tlle flank of tlie cexltra~l usplift. Near the perimeter, 
sonre fadts have f:acilitated omission of strata, 1)ltt die out 
alotlg berldi~tg plmes r~itlrer tlii~n ran112 I I ~  section as they 
are traced into undefonned rocks. Rock units generally are 
structundly tliickencd by repetitiol~ dong fa~~tlts in the ccn- 
tral area al-td structurally tlii~~srcd in the outer area. it high 
densit) of fa~llts iri tlie ccr~tral area has led to thickeni~ig 
mainly Ity tht~tstil-tg. 

Folds 

fiolcls of 1Ii:iny scales and orientations are tlxpressed 
throughortt Upheaval Do~nc (fig. 2). IIalf-wavelc~rtgths vary 
fro111 0.5 ern to 1 km, and fold u i s  orientations are generally 
circumfc~rential (parallel to c i r c r ~ e r t i  seg1nc311ts drawn 
around the center) or rdial (parallel to radii drawn ouhvarcl 
fi-orrr the center). The largest fold5 have circrt~nferc~ritid axial 

fCirllted arcas. Sniallcr folds with half-wavelength, on the 
order of tens of meters arc well cuposed in tlie \Ving,ite 
Sandstone cliff ancl are dorninarttly closc~l, upright folds of 
radial orientatiol~ (fig. 5). Olttcrop-wale folds , re  colnrtrorr ill 
the Krryenta lJorniation, atid 'ire prewrlt to a le\srr eutont ill 
the (:ltidr wlti filoc,~lkopi Rtrnr;itio~ts. These foltXs ,we open 
to isoclinal, upright to inclinc~d, and are ~q~proxiniatel) cir- 
crtmfercntial or ndial in oritwtiition. Circrt~nfc.rt~tltial fitltls 
in the Kayenta hrniation in placcs are asymmetric or sho\w 
drag whtart related to faults. LVhert~ clisecrnihlt~, top-tow,irtl- 
the-center vcrgenee is usrttill) snclicatcd, I I I I ~  a fcwv folds 
recorcl top-away-fi.om-cttt-tt<>r \. cbrgcince. 

Cla$tic dikes are found thrortgl-tol~t L'pIit~avid nornil it1 
all wok units ancl comprise. roughl! 5-25% of the outcrops. 
Ffigh perccArttag,rchs of dikes are hnnd it1 tlte ctnter of the 
stnictrsre and their nunlber tlccrt.usc\ raclially orrtwvaril. I i t  

  no st cases, tlie dikes have intrttdt~ti along faults ,mtl tt.11- 
sional fractures, and range in thickrtess ti-on1 less than a 
centirncter to several nietc.rs. h f c ~ w  'Ippear to h ,~ \c  fletw\c~l 
into the ho\t nick without tlrc aid of a fracture. T l ~ ~ s t .  dikes 
have contacts that aue lo1,att~ or reserd)lc flarrre stntctrtre\, 
5uggesting local plastic btlltavior of tbrt, host rock tlt~rirlg 
intrusicm. Cross-cutting relations sltoww that at le'nt somc of' 
the dike irxjcction yrecetletl fitulting (fig. 6), b11t the ocertr- 
rertce of dil\cs along faiult p1aric.s inclic~itcs synkincrn,it~c to 
post-kinematic i11jcctio1-t. No systcnratic orientdt~on of dikes 
is ~ ippn r~~ i t .  

'Thrh clikes are conrposecl of onulgc,, red, or wltite qn,irt- 
~ o s c  ~asrdstone, White dikt-,s arc. fi)t~ncl ntairtl? in tlic cc-rttc'r 
of the clome and tlte orange ant1 rctl dikes occur near tl-tc, 
center to the perinietcr of the c1ornc. Some show contortclcl 
flow stntcturt, in orstcrop (fig, ti). 111 thin section, s;trrrplt~s 
show a broatl range of gr'iin fractrtring. The mo\t highlk 
fractured grains arc welt in saniples fi.orn the ct,ntctr of thc 
dome. 

Orange-ctrlorcd c1ikt.s it1 t h t h  Cliinle Fomiation lt,ivc l ) c ~ c ~ r i  
physically trlicecl to a source at the bast, of the LVii-tgdte 
Satrdstoni~, but in gc%ner,d, protolitlts for tlic cl,t\tic. tlil\t.\ 
rnlsst lte inft>~-red o ~ i  the basis of color; ininer,llog, 'lrrd the 
assumption tl-tat they ale not fil-trawcled. M'liitcx tlihcs In 
the ccsitt1r wereL ctcrived h n r  tltt, \Vhite Rinr S;lultlctor~r~ (top 

Ion of tlie Cutler C~mrtp); or~utgc clikcs in tlte kl!e~tta IJonr~ t '  
are fi.0111 thc IVingate Sanclstoiie or Navajo Santlstorrc. ,irlcl 
the orangeL dikt.5 in thc- Naw,$o Snudstonr ;irtd r t ~ l  dihc.4 in 
the Kayenta liornlatiol-t are clcrivccl hortt the forntatiorr\ in 
wlcvlriclt the! occrrr: 

traces amcl are: (1) a monoclinr~ which delimits the I-torttrdat-). 
1ntell)rctation of Structt~ral Fi.at11re5 

behvecn Upheaval 13orne and the surrounding nearly flat- 
lying strata. arourtd most oftlie structure, and (2) a syncline D i s p l ~ ~ ~ t i ~ ~ i ~ t  ;i1011g 1lor111;tl fii~tlt~ ancl str~rc~ttrnrl tliin- 
lying in the region of tt-ansitiosi between norrnal ;tntl thrust ning of strata i ~ i  the perirrreter; aittl occllrrencr ot' tllr~trt 
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faults, radial folds, and structurally thickened strata in the 
center all demonstrate motion of rock from the perimeter 
toward the center of the structure (fig. 7). As shown by con- 
tinuous exposure in Upheaval Canyon, the normal and thrust 
faults are coeval and connected components of a listric fault 
system that facilitated gravitational sliding of rocks toward 
the center (fig. 8). Some centerward motion of fault-bound- 
ed wedges evidently also occurred on subhorizontal faults 
that conjoin and die out within horizontal bedding near the 
perimeter of the structure. The large-scale circumferential 
syncline and monocline were formed chiefly by the removal 
of underlying rock units of the Kayenta to Moenkopi forma- 
tions from the axial region of the syncline. Some of the syn- 
clinal folding could also be due to relatively minor flow of 
salt at depth (fig. 8). This syncline is interpreted to be the 
ring structural depression of a complex crater. 

The prevalence of faults in the dome illustrates that the 
rocks largely behaved brittley during impact and subsequent 

gravitational sliding, but the occurrence of folds and clastic 
dikes indicates some fluid to plastic behavior. Massive to 
thick-bedded relatively homogeneous sandstone formations 
such as the Wingate Sandstone and Navajo Sandstone are 
relatively free of faults within each formation, whereas thin- 
ner-bedded, lithologically heterogeneous formations are cut 
by numerous faults. Local plastic to fluid behavior of the 
Wingate and, to a lesser extent, other units may be due to 
the presence of fluids and/or a low degree of lithification, 
since the deformation in many places resembles that seen 
in soft-sediment landslides. 

In summary, the development of Upheaval Dome began 
with fracture and local fluidization (clastic diking) of rocks 
during impact, followed by convergent flow of brittle to 
plastic material toward the center and some continued em- 
placement of clastic dikes. This convergent flow formed the 
central uplift and ring structural depression. 

IMPACTITE S 

A lag deposit of resistant quartzose impactites occurs in 
patches and as individual fragments scattered along a minor 
drainage within the ring structural depression, near its east- 
em  margin. The impactites rest on the Navajo Sandstone 
and on colluvium and wind-blown sand derived from the 
Navajo. 

Much of the impactite material is in the form of rounded 
cobbles 5 to 15 cm in diameter, but many angular fragments 
and broken cobbles are also present. Where they are bro- 
ken open, the large cobbles are found to be stream-worn or 
wind-abraded vesicular bombs with nonvesicular to weakly 
vesicular quenched rims (fig. 9). Although they are now 
largely crystalline, these objects appear to have been once 
partly and perhaps largely molten. A few bombs have stub- 
by tails formed in the process of pull apart and break up of 
the impact melt. Some impactites are dense or have few 
vesicles, and some of the dense specimens are strongly flow- 
banded. All of the impactites that we have examined so far 
are composed predominantly of quartz and evidently are 
derived from quartzose sandstone protoliths. The vesicles 
are lined with tiny quartz crystals. Curiously, the impactites 
seem to be entirely or almost entirely recrystallized. Thin 
sections that we have examined revealed little or no glass, 
although some of the rock is sufficiently fine grained to 
impede easy identification under the microscope (fig. 9). 

SHA'ITER SURFACES AND 
SHA'ITER CONES 

Shatter cones are conical fracture surfaces decorated 
with "fan-tailed patterns of ridges and grooves that diverge 
away from the apices of the cones. They were first described 
from the Steinheinl Basin, Germany (Branco and Fraas, 
1905) and have been found at many other, but not all, 
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COLUMNAR SECTION -WILLOW FLAT AREA, 
CANYONLANDS NATIONAL PARK. UTAH 

Navajo Sandstone - Thick-bedded eolian sandstone. 

Kayenta Formation - Fluvial sandstone and siltstone. 

Wingate Sandstone - Thick-bedded eolian sandstone. 

Chlnle Formation - Fluvial sandstone, siltstone. 
and shale. 

1250 - Moenkopi Formation - Fluvial and tidal flat siltstone 
Y? and sandstone. 
3 
E - 
V) 

'000 1 "1. 1 Cutler Group - Fiuvial sandstone 

0 - 

Honaker Trail Formation - Marine limestone, shale, 
and sandstone. 

500 

1 0 Paradox Formation - Salt, anhyd.e, hestom, shale, 
and sandstone. 

Figure 3. Stratigraphic column showing rock units and their thick- 
nesses from an u n d e f m d  area near the perimeter of Upheaval 
Dome. Column was constructed primarily from a gamma log locat- 
ed near Willow Flat campground, approximately 5 k m  southeast of 
Upheaval Dome, and published stratigraphic fild studies of u d -  

formed rocks at other localities near the perimeter of the dome 
(McKnight, 1940; Stewart et al., 1972a; Stewart et al., 1972b; D.L. 
Baars, written communication, 1984). Older Paleozoic rocks and 
pre-Cambnan crystalline basement lie below the Paradox Forma- 
tion but are not shown here. L e d g e - f m r  shown at top of Cutler 
Group (labeled wr) is the White Rim Sandstone, the lowest strati- 
graphic unit exposed at Upheaval Dome. Ledge-fonner shown at 
base of Chink Formation (bc) is a conspicuozrs gray conglomeratic 
sandstone. Resistant unit in the middle of the Chinle Formation (bl) 
is the Black Ledge Membec The top of the Navajo Sandstone is not 
exposed in or around Upheaval Dome, but estimated thickness 
based on the closest exposure is shown as a dashed line. 

impact structures (Dietz, 1963, 1968). They also have been 
produced by high speed impact experiments and by deto- 
nation of chemical and nuclear explosives (Shoemaker et 
al., 1961; Bunch and Quaide, 1968; Schneider and Wagner, 
1976; Roddy and Davis, 1977). Milton (1977) estimates that 
shatter cones may be formed over a range of shock pres- 
sures from about 2.5 to 25 gigapascals. 

Shatter cones were reported by Shoemaker et al., (1993) 
from thin sandstone beds of the Moenkopi Formation near 
the center of Upheaval Dome. These cones are rare and not 
as finely decorated and grooved as shatter cones found at 
many other impact structures (fig. 10). In places on the cen- 
tral uplift, however, thin beds of siltstone and very fine 
sandstone of the Moenkopi are pervasively cut by roughly 
planar fractures decorated with fan-tailed patterns of grooves 
and ridges. We refer to these fractures as shatter surfaces. 
Generally, the shatter surfaces are inclined at angles of 
about 45" to 60" to the bedding. Multiple sets of shatter sur- 
faces are present in individual beds. Locally, shatter sur- 
faces can be traced with varying strike over arcs with radii 
of curvature of tens of centimeters. The shatter surfaces 
along these arcs appear to be segments of large cones 
whose apices point in the stratigraphically up direction. We 
suggest that the shatter surfaces observed at Upheaval Dome 
have been formed in response to shock pressures within 
part of the range over which typical shatter cones are 
formed. 

DISCUSSION AND CONCLUSION 

Detailed geologic mapping at Upheaval Dome has yielded 
several lines of evidence for an impact origin. The structure 
of Upheaval Dome corresponds to that expected for a com- 
plex crater. The pattern of faulting, folding, and clastic dike 
injection at Upheaval Dome resembles that seen in other 
known impact structures, such as the Sierra Madera struc- 
ture of southwest Texas (Wilshire et al., 1972). Shock effects 
include shatter cones and shatter surfaces and impactite 
fragments and bombs. 

Figure 4. (A) Thrust fault in Kayenta Formation. Outcrop is located 
in NNE area of the circular band of Kayenta outcrops shown on 
figure 2. View is looking west at top-toward-the-center vergence. 
On a smaller scale, some top-away-from-the-center vergence is 
also visible above the main fault. (B) Low-angle normal fault 
exposed in SW perimeter of the dome. View is to the NU: center of 
the dome lies to the right of the photo. Fault can be seen just right 
of photo center, dipping NE and cutting down through the Wingate 
Sandstone cliff Note Kayenta-Wingate contact near top of cliff 
(bedded Kayenta above, mussive Wingate below) is offset by top- 
toward-the-center vergence. Although dificult to see here, the 
Kayenta Fonnation has been signzjkantly thinned. 
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Figure 5 .  Looking NNE at ra(lin1 folds i t 1  hrr.~nl MJingntc Snnclstone. Width ofcic.tc i~ cr/~/~ro.~it,~cctcIr/ 300 111. 

Shoemaker and Hel-kenhoff (1984) suggested that, since 
the time of in~pact, one to two k ~ n  of strata might havc been 
removed from the vicinity of Upheaval Dome and that the 
crater likely was fonned in late Cretaceous or Paleogene 
time. Their suggestion implied that the crater-like head of 
Upheaval Canyon, located in the center of Upheaval Dome, 
is strictly the result of differential erosion long after the 
impact c t ~ ~ ~ c t u r e  was formed. Our su1,sequent tliscovery of 
an impactite lag deposit and reexamination of unusual lobes 
of Wingate Sandstone along the walls of Upheaval Canyon 
now lead us to a rather diflerent perspective on tlie depth 
of erosion and age of the impact structure. 

The discovery of eroded impactite I )on~l~s  resting on 
Navajo Sandstone within the ring st~wctural depression was 
a complete surprise. Even though these quurtzose cobble- 
size objects are much more resistant to weathering than the 
Navajo Sandstone or other higher santlstone formations that 
might have been present at tlie time of impact, it is difficult 
to imagine that the land su~face where they are found could 
have heen denuded inore than 100 or 200 m hefore the 

impactites were entirely washed away. Indeed, the impac- 
tites may have been initially deposited on a sul-filcc clirectlv 
underlain 1)y tlie Navajo Sandstone. 

Lobate or tongue-like structurally coherent masses of 
Wingate Sandstone and adjacent beds of the upper Chinle 
Formation occur low on the wall of the crater-like topo- 
graphic feature at the head of Upheaval Canyon (see fig. 2).  
At least one of these masses is displaced down tlic wall 
across lower l~eds  of the Chinle along a contact tl~at is rough- 
ly parallel with tlie wall. Elsewhere, one of the Wingate 
lobes penetrates into the underlying Chinle. \Ve suggest 
that these lol,rs may represent partly fluiclizetl sandstone 
that slumped along tlie walls of the initial transient cavity. If 
so, the walls of the present topogl-aphic crater must be 
close to the final position of the transient cavity walls after 
their inward migration during crater collapse. This innel; 
constrictetl crater has been breached on the west sitle and 
all strongly sliockctl rocks evidently liave I,clen rcnioved 
from the center I)y erosion. The total erosion of the center, 
however, might 1)r n o  more than a few hundred nlctcrs. 



KRIENS, SHOEMAKER, HERKENHOFF: COMPLEX IMPACT CRATER, UPHEAVAL DOME, SE UTAH 27 

sufficient to remove any deposits filling the initial crater 
and any strongly shocked material and to produce the high- 
ly dissected central topography we see today. 

The deep canyons in the landscape surrounding Upheaval 
Dome and incised into the impact structure have been cut 
subsequent to impact. This episode of canyon cutting is no 
older than integration of the upper with the lower Colorado 
River drainage at about 5 Ma and the cutting of the lower 
Grand Canyon (Lucchitta, 1972). Recent work suggests that 
deep canyon cutting in the center of the Colorado Plateau, 
upstream from the Grand Canyon, has occurred chiefly in 
the last half million years (Lucchitta et al., 1994). Upheaval 
Dome probably has been formed late in the history of 
denudation of the central Colorado Plateau, possibly as late 
as a few million years ago. It is also possible, but in our 
view much less likely, that impact occurred in the Jurassic 
not long after deposition of the Navajo Sandstone. Isotopic 
studies of the impactites at the U.S. Geological Survey and 
fission-track investigations at the University of Pennsylvania 
of shocked apatite from the center of the Dome are cur- 
rently underway to further constrain the age of Upheaval 
Dome. 

Our field study of Upheaval Dome has permitted us to ex- 
amine the mechanical behavior of rocks and the kinematics 
of structures associated with collision and subsequent forma- 
tion of the central uplift and ring structural depression in 
sedimentary target bodies. It appears that even at relatively 
shallow depth below the transient crater and zone of impact 

Figure 6. (A) Outcrop from perimeter of Upheaval Dome, looking east. West-dipping normal fault at top truncates near-vertical sanclstone 
dike. At some other localities, dikes intrwle faults. (B) Looking NW at clastic dike in Kayenta Formation. Hammer rests on county rock, 
dike is to the right. Note contwtedflow structure, and lohate contact with country rock. (C) Looking cloum at sandstone dike with sand- 
stone clasts and flow structure. Contact is at hammer, light-colored host rock at lower right is Kayenta Formation. 
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meltirig, plaliclr tlefomlat~o~r fe,itures are not well clcvt~lol3ed 
in sediment'uy rocks. Shatter conc.5 ar-e only kveakly de~c.1- 
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Figure 9. (A-D) Eroded impactite homhs from lag deposit on 
Navajo Sandstone. Note vesicular interiors and quenched rims in A, 
B, and D. Bombs are approximately 10 x 15 cm except for C, which 
is 4 x 8 crn. Note "pull apart" tail on C. (E) Photomicrograph offlow 
banded impactite (crossed polars). Long axis of photo is 3 mm. Fine- 
grained quartz, gaques, arul possibly some glass are present in the 
matrix surrounding nuclei of courses polygonal quartz. 
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Figure 10. Shatter cone in sandstone of the Moenkgi Formation. 
Scale is in centimeters. 

such a way as to create tongue-shaped outcrops which ex- 
tend into or overlap the Chinle Formation. 

Locality 1-2. Looking north at the upper cliff face, we can 
see thrust faults in the Kayenta Formation and upper Win- 
gate Sandstone. Motion is top-toward-the-center based on 
this exposure and two outcrop-scale drag folds found 100 m 
north of the cliff. 

Locality 1-3. We are now located in the undeformed 
zone outside of Upheaval Dome. Looking WNW, we see 
part of the monocline and, further right, a low-angle normal 
fault which shows top-toward-the-center offset (same cliff 
face is also shown in figure 4B). The Kayenta-Wingate con- 
tact is at the top of the lower massive cliff and provides the 
best offset marker. The Navajo Sandstone, exposed in the 
upper massive cliff, is also in fault contact with the Kayenta 
Formation. Although difficult to see from here, the Navajo 
Sandstone displays reverse drag of bedding at its southern 
end (or left end of outcrop). 

Day 2 

Locality 2-1. In this general area there are faults, folds, 
and clastic dikes to observe closehand. The largest fold in 
this area is a radial anticline which has a reverse fault on its 
southern limb. Other faults are found in the north limb and 
further north. Many of these faults are nearly parallel to bed- 
ding and have drag folds associated with them, but some of 
the folds are disharmonic and thus yield ambiguous sense-of- 
shear. Some drag folds indicate top-away-from-the-center 
vergence. 

Continuing north along the trail, we come to an outcrop 
of clastic dikes. Note that clasts are either angular rock frag- 
ments or blebs and stringers with flow structure. This illus- 
trates the local fluid behavior of the sandstones. 

Locality 2-2. To the north we see two low-angle faults 
dipping west. One cuts out the top of the Wingate Sand- 

Figure 11. Field trip localities. 

stone and is analogous to the normal fault seen at locality 1- 
3. The other fault is at the base of the Wingate cliff and 
truncates the top of the Chinle Formation. Although the 
exposures here do not show this, the lower fault in most 
places never ramps up-section in the hanging wall but 
instead dies out in the Wingate-Chinle contact or within 
the Chinle Formation as it is traced away from the center of 
the dome. Bedding cutoffs in basal Wingate and upper 
Chinle elsewhere indicate that a wedge-shaped fault block 
has been removed by centerward lateral extrusion in this 
lower fault zone. 
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ABSTRACT 

The Sevier orogenic belt in central Utah comprises four north-northwest trending thrust plates and two 
structural culminations that record crustal shortening and uplift in late Mesozoic and early Tertiary time. 
Synorogenic elastic rocks, mostly conglomerate and sandstone, exposed within the thrust belt were deposited 
in wedge-top and foredeep depozones within the proximal part of the foreland-basin system. The geologic rela- 
tions preserved between thrust structures and synorogenic deposits demonstrate a foreland-breahng sequence 
of thrust deformation that was modified by minor out-of-sequence thrust displacement. Structural culminations 
in the interior part of the thrust belt deformed and uplifted some of the thrust sheets following their empIace- 
ment. 

Strata in the foreland basin indicate that the thrust sheets of central Utah were emplaced between latest 
Jurassic and Eocene time. The oldest strata of the foredeep depozone (Cedar Mountain Formation) are 
Neocomian and were derived from the hanging wall of the Canyon Range thrust. The foredeep depozone sub- 
sided most rapidly during Albian through Santonian or early Campanian time and accumulated about 2.5 krn of 
conglomeratic strata (Indianola Group). The overlying North Horn Formation accumulated in a wedge-top 
basin from the Campanian to the Eocene and records propagation of the Gunnison thrust beneath the former 
foredeep. The Canyon Range Conglomerate of the Canyon Mountains, equivalent to the Indianola Group and 
the North Horn Formation, was deposited exclusively in a wedge-top setting on the Canyon Range and Pavant 
thrust sheets. 

This field trip, a three day, west-to-east traverse of the Sevier orogenic belt in central Utah, visits localities 
where timing of thrust structures is demonstrated by geometry of cross-cutting relations, growth strata associat- 
ed with faults and folds, or deformation of foredeep deposits. Stops in the Canyon Mountains emphasize geom- 
etry of late structural culminations and relationships of the Canyon Range thrust to growth strata deposited in 
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the wedge-top depozone. Stops in the San Pitch Mountains illustrate deposits of the foredeep depozone and 
younger, superjacent wedge-top depozone. Stops in the  Sanpete Valley and western part of the Wasatch 
Plateau examine the evolution of the foreland-basin system from foredeep to wedge-top during growth of a 
triangle zone near the  front of the Gunnison thrust. 

INTRODUCTION 

The Sevier orogenic belt is part of a linear zone of late 
Mesozoic thin-skinned deformation that extends northward 
from the vicinity of Las Vegas, Nevada, through the Cana- 
dian Rocky Mountains, and into northern Alaska. Although 
the term, Sevier orogenic belt, has been applied to fold- 
and-thrust deformation as far north as Montana (e.g., Schmitt 
et al., 1995), the name was originally proposed by Arm- 
strong (1968) for that part of the deformed belt, consisting 
of thrust faults and related folds, that lies between southern 
Nevada and the northern boundary of Utah. Armstrong 
(1968, p. 451) recognized that the thin-skinned deformation 
was primarily a Cretaceous event and therefore older than 
basement uplifts of the Laramide orogeny that began to 
form near the end of the Cretaceous. He intended that the 
term discriminate, both temporally and kinematically, the 
thrust-related deformation at the eastern edge of the Basin 
and Range from the basement-involved structures of the 
central Rocky Mountains. The exact timing of initiation of 
thrusting remains somewhat controversial (e.g., Heller et al., 
1986; DeCelles and Cume, 1996), and there is significant 
overlap in age of late thrust movement and Lararnide base- 
ment uplift to the east (e.g., Lawton and Trexler; 1991; Law- 
ton et al., 1993); however, the Sevier orogeny was a major, 
distinct episode of crustal shortening recorded both by its 
structural geometry and by the stratigraphic record of the 
Cretaceous foreland (e.g., Kauhan ,  1977). 

Since the general geologic community's most recent visit 
to the Sevier orogenic belt in central Utah in 1982 (Nielson, 
1982 and papers therein), a tremendous amount of field 
research has taken place in central Utah. In addition, thrust 
belts and foreland basins have enjoyed a scientific renais- 
sance; general concepts have blossomed and advanced 
greatly in the last 17 years. Tools and concepts applied uni- 
versally today that were nascent or nonexistent in the early 
1980s include balanced cross sections (e.g., Dahlstrom, 1969; 
Woodward and Boyer, 1985), geometric models for thrust 
belts (e.g., Bally et al., 1966; Boyer and Elliott, 1982), criti- 
cal-wedge theory (Davis et al., 1983), provenance modeling 
(Graham et al., 1986; DeCelles, 1988), subsidence of fore- 
land basins as a result of flexure (Beaumont, 1981; Jordan, 
1981), and growth-stratal analysis (Riba, 1976; Suppe et al., 
1992). Application of these tools has advanced our under- 
standing of thrust timing and foreland-basin origins, both in 
the Cordilleran fold-and-thrust belt and elsewhere in the 
world. The trip through the central Utah part of the Sevier 

orogen will examine some aspects of the thrust belt and 
proximal foreland basin that were unknown in 1982. 

Geologic Setting 

Four thrust sheets and two structural culminations, the 
Sevier and Canyon Range culminations, are presently de- 
fined in the central Utah segment of the Sevier orogenic 
belt (fig. 1.). The thrust belt to be visited on the field trip 
represents only a frontal zone of imbricate thrusts that lies 
cratonward of the Sevier culmination. The Sevier culmina- 
tion is a stack of basement blocks inferred to lie mostly in 
the subsurface of the Sevier Desert beneath a Miocene 
basin, although it is partly exposed in the House and Con- 
hsion ranges (DeCelles et al., 1995; Coogan and DeCelles, 
1996). In the Late Cretaceous, the Sevier culmination con- 
stituted a strong wedge of competent Precambrian crys- 
talline basement and Proterozoic strata, dominantly quart- 
zite, at the rear of the orogen (fig. 1; DeCelles et al., 1995; 
Mitra, in press). The upper part of the culmination that was 
available for erosion during the Cretaceous probably con- 
sisted of Paleozoic and Mesozoic strata. The Canyon Range 
culmination lies roughly 5-10 km to the west of the frontal 
trace of the Canyon Range thrust and caused uplift and 
stripping of much of the frontal part of the Canyon Range 
thrust plate (fig. 2; Sussman and Mitra, 1995). 

Three exposed thrust plates overlie the Canyon Range, 
Pavant, and Gunnison thrusts, from west to east. The Canyon 
Range thrust emplaces Proterozoic sedimentary rocks above 
Cambrian through Devonian strata and the Cretaceous 
Canyon Range Conglomerate (Christiansen, 1952; Millard, 
1983; Holladay, 1984). The Pavant thrust structurally under- 
lies the Canyon Range thrust and emplaces Cambrian 
through Ordovician strata over Jurassic strata (Burchfiel and 
Hickox, 1972; Millard, 1983; Hintze, 1991a). The Gunnison 
thrust is a frontal detachment in Jurassic evaporite east of a 
ramp that emplaces Paleozoic over lower Mesozoic strata 
(Standlee, 1982; Lawton, 1985; Coogan et al., 1995). A 
wedge-top or piggyback basin developed on the Gunnison 
thrust sheet during latest Cretaceous and Paleogene time 
(Lawton and Trexler, 1991). Some workers infer the pres- 
ence of an additional thrust, the Paxton thrust, in the sub- 
surface based on analysis of stratigraphy and structure in 
boreholes (fig. 1; Royse, 1993; Coogan et al., 1995; Mitra, in 
press). The thrust structure of the central Utah part of the 
Sevier orogenic belt terminates at a structural cross-strike 
discontinuity at Leamington Canyon (Moms, 1983). North 
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of the Learnington cross-strike discot~tin~rity arc tlrrttst 
plates with difierent 11ii11ging-wall stratigrapl-tic\ and kinc- 
rrlatic historichs (klitra, in prclss). 

Tlirw\t fa~tlting is ge~ierally believed to have Eollowctl a 
foreland-breaking prigression (fig. 4; i~wttrrr, 1986; DeC:elles 
et al., 1995; Mitrn, it1 press), althotigli dternirtive scenarios 
have been yroposctl (Villien ancl Kligficld, 1986; Set~\vans, 
1995). Rcccrlt tlctailed work on prosinla1 brclartd-lxtsirr 
stratigraphy and co~~sicIc*nitiotr of cross-cnttirrg iultl refitltf- 
iilg relatiorisl~i~x nulong tlrlrists has sho\;vn that nrinor out- 

of-sequence tllrttitlng \;VLL\ colnrnorr (IleCcllrs et ill., 1995: 
hlitra and Su\sman, 199'7; Xlitra, in pres5). I;ix emnlplc, the 
Cartyo~l Kangc Corlglomerate rests unco~~fitrrriiddy on 1)oth 
the Canyon k ~ ~ ~ g c  autcl Pt~vat~t thrust \hcets along tlie ea\t 
flank of tlle Can)on Xlountnin, ancl i11 the Pavant Range 
(fig. 1 ;  hlilli~rd, 198.3; I-iollacla): 1983; ITintzr., 1991a). Prior 
to dtj>ositioil of' the Cartyo11 Range Co~igloi-r~erate, 5ignifi- 
cant uplift of the C:artyor~ I<;it~ge \beet w7ai cartsect by dis- 
pl i~m~wnt on ~mcic~rlying tIknt\ts, iitclirdi~~g tlre Pa\~;mt tltrt~st 
(fig. 1; I~iwton 1986). TIie (:anyot~ Rangc (C:ondn~~~erntta was 
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Figure 2. Schematic, generalized cross section through northern 
Canyon Mountains, showing relationships of Canyon Range thrust, 
Canyon Range culmination (ant$onnal stack exposed beneath 
thrust), and Canyon Range conglomerate (CRC). Stippled units in 
conglomerate are quartzite petrofacks; unpatterned units are car- 
bonate and mixed (Ml ,  M2) petrofacies. Stratigraphic units: pCp, 
Pocatello Group; pCb, Black Rock Canyon Limestone; PCc, Caddy 
Canyon Quartzite; pCi, Zndom Furmution; pCm, Mutual Furmution; 
Ct, Tintic Quartzite; Cp, Pioche Formution; Cu, Cambrian undtger- 
entiated (limestone, shale and dolostone); 0 - S ,  Ordovician and 
Silurian carbonates and siliciclustics; D, Devonian carbonates. 

deposited on the Canyon Range and Pavant thrust sheets 
and subsequently was overthrust several hundred meters 
by the Canyon Range thrust sheet, although the amount of 
thrust displacement was minor compared with initial dis- 
placement of the Canyon Range thrust that emplaced Pre- 
cambrian strata over Devonian strata (see additional discus- 
sion in text at stop 3). Thus, the Canyon Range thrust expe- 
rienced a small amount of out-of-sequence displacement 
following emplacement of the Pavant thrust (Villien and 
Kligfield, 1986; DeCelles et al., 1995). 

Thrust-related uplift contributed detritus to a foreland 
basin that lay immediately east of the orogen. Even before 
the structural characteristics of the Sevier belt were under- 
stood, the presence of coarse-grained Cretaceous deposits 
west of the Wasatch Plateau lead early workers to postulate 
the presence. of orogenic uplift to the west. On the evidence 
of conglomeratic deposits and angular unconformities, 
Spieker (1946) defined three orogenic events in western 
Utah during Cretaceous and early Tertiary time. He termed 
these orogenic episodes the mid-Cretaceous movement of 
early Late Cretaceous age, the early Laramide movement 
of latest Cretaceous age, and the pre-Flagstaff movement of 
Paleocene age. In defining these events, he recognized the 
temporal separation of Sevier and Laramide deformation. 
Spieker (1949; p. 21) was also first to recognize an unroof- 
ing sequence, consisting of abundant Paleozoic limestone 
clasts in the lower part of the conglomeratic section and 
abundant quartzite clasts in the upper part, in the stratigra- 
phy of the foreland basin. The source of the clasts in west- 

em Utah was delineated by Hams (1959), who recognized 
that Mesozoic and some Paleozoic formations correspond- 
ing to clast types in the conglomerate are absent beneath 
Tertiary volcanic strata of the Basin and Range. He termed 
this uplifted terrane the Sevier arch (Harris, 1959), the 
source of the term subsequently employed by Armstrong 
(1968). 

The stratigraphic record of thrusting in the proximal 
part of the foreland basin, or that part of the basin lying 
between the Canyon Mountains and the Wasatch Plateau 
(fig. 5), consists primarily of conglomeratic strata that range 
in age from Neocomian through Paleocene (figs. 5, 6). 
Synorogenic strata of the foreland basin include five major 
stratigraphic units (fig. 6): The Cedar Mountain Formation; 
the Indianola Group; the South Flat Formation, a fine- 
grained unit of sandstone, shale, and minor conglomerate 
generally excluded from the Indianola Group (Hunt, 1954); 
the Price River Formation; the North Horn Formation. 
Based on physical correlation and unpublished palynomorph 
data (G.L. Waanders, written communications, 1981, 1982, 
1983,1991,1992,1993,1994), the Canyon Range Conglom- 
erate of the Canyon Mountains is interpreted as equivalent 
to all or part of these units (e.g., Stolle, 1978). Ages of these 
units are interpreted primarily from a few localities where 
palynomorphs have been recovered, coupled with regional 
correlation. Correlation is difficult and involves interpreta- 
tions of physical stratigraphic sequence and clast popula- 
tion (e.g., DeCelles et al., 1995; Schwans, 1995). Recent 
regional work on the proximal stratigraphy has yielded a 
preliminary correlation of units in the foreland basin 
between the Canyon Mountains and Castle Valley, east of 
the Wasatch Plateau (fig. 6). Considered in terms of the 
foreland-basin system of DeCelles and Giles (1996), these 
rocks were deposited in the wedge-top and foredeep depo- 
zones. The wedge-top depozone includes basins, such as 
piggyback basins, formed on thrust sheets of the orogen. 
The foredeep depozone represents the thick deposits of the 
basin immediately adjacent to the tip of the thrust wedge. 
The Canyon Range Conglomerate, deposited directly on 
the Canyon Range and Pavant sheets, represents deposits 
of the wedge-top depozone. Strata of the Indianola Group 
in the San Pitch Mountains were deposited in the foredeep 
depozone, whereas strata of the North Horn Formation at 
the same locality are wedge-top deposits that accumulated 
on the hanging wall of the Gunnison thrust after it propa- 
gated beneath the former foredeep. Correct interpretation 
of the relationships among these proximal strata and the 
thrust faults is essential to understanding the evolution of 
the thrust belt, both in terms of lanematics and timing. 

Each thrust sheet of the Sevier orogenic belt contains a 
stratigraphic section originally deposited in the Proterozoic- 
early Mesozoic Cordilleran miogeocline. Although parts of 
the miogeoclinal stratigraphy are common to all thrust 
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DISPLACEMENT 
QUARTZITE CARBONATE =QUARTZ ARENITE SANDSTONE-SILTSTONE 

Figure 1. Proijenance of Cretaceous-P(ileorerze corzglorneratic units ancl proposetl sequence of Sevier thrust faulfirlg in centrcil C'trih 
(DeCelles et al., 1995). Conglurnerate provenance panel shows likely source strutigml,hic units (ages of units are along bottom of purrel) 
cind lithologies, iizdicatecl by pattertas, rlit)uk.d cmzong Jive principal souce terrane~. SC, Seaier culmination, CR?: Canyon Range sheet, 
PV?: Parant sheet, PAX, Parton sheet, GUN, Gurinisort sheet. Ages of corzglornerate source-rock units: PC, Proterozoir, PL, Paleozoic, 
I.PZ, ltrwer l'alf~ozoic, UPZ, upper P(tleozoir, MZ, Mesozoic. 

sheets, some parts are unique to a given thntst plate (figs. 3, Field Trip Road Log and Stops 
4). This is particularly true if the stratigraphy is considered 
in terms of what parts of each sheet were exposed in the The field trip traverses the central Utah part of the Sevier 

Cretaceous and early Tertiary during thrusting. Stratigraphic orogenic belt from west to east, beginning in the Canyon 

units still extant in some thnist plates never produced detri- Mountains and proceedi~tg to the San Pitch Mountaills and 

tus for synorogenic deposits of the foreland basin, whereas Sanpete Valley (fig, 5). Stops in the Canyon Mountains 

tl,c,y Lvel-e prodigious contributors from other thr,lst sheets. illustrate the structure of the Canyon Range culmination 

hr example, lower paleozoic strata of the canyon R~~~~ and thrust sheet, superb examples of growth strata deposit- 

sheet in the llouse R~~~~ and in c ; ~ ~ ~ ~ ) ~  ~~~~~~i~~ ed during folding (e.g., Suppe et al., 1982), tlepositional 

of ~ ~ ~ ~ i ~ ~ t ~ ~  canyon contributed abundant clasts faeiesiin the proximal conglomerate and the nature of the 

( ~ ~ ~ ~ 1 1 ~ ~  et :J., 1995); on the other hand, the paleo- Leamington cross-strike discontinuity where the Sevier 

zoic section of die pavant sheet was ,lever exI,osed to era- River crosses between the Gilson and Canyon mountains 

sion (figs, 1, 3).  In addition, only the Callyon Range sheet (fig. 5). Stops in the western San Pitch Mountains illustrate 
contains Precambrian strata that were ever exposed to era- deposits of the foredeep depozone a d  the temporal transi- 
sion (fig. 1); therefore, essentially d l  first-cycle Proterozoic tion between foredeep and wedge-top depozones. Stops in 
quartzite clasts and lower Paleozoic quartzite clasts in the and near the Sanpete Valley illustrate early foreland-basin 
central Utah part of the proximal foreland basin were stratigraphy and interaction of syntectonic foreland-basin 
derived from the hanging wall of the Canyon Range tllnist. deposition with an actively growing frontal triangle zone. 
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San Canyon Pavant Pitch Sanpete Castle 
Mtns Range Mtns Valley Valley 

plain text, distance since previous comment. Stops are 
shown on figure 5. 

Quaruose conglomerate Hiatus 

Figure 6. Correlation of strata in proximal part of fweland basin 
between the Canyon Mountains and Colorado Plateau (Castle 
Valley). Correlations based on palynology, stratigraphic sequence, 
and petrographic characteristics of conglomerate. Patterns indicate 
if conglomerate of a particular is composed only of quartzite clasts 
(quurtzose conglomerate) or quartzite and carbonate c h t s  (mixed- 
c h t  conglomerate). Unpatterned units are of uncertain composi- 
tion, except in Canyon Mountains, where lack of pattern indicates 
undi&reneiated conglomerate units. Formations that contain growth 
strata are underlined. 

Note on geographic nomenclature: The Canyon Moun- 
tains of current topographic maps were formerly known as 
the Canyon Range, and the San Pitch Mountains were for- 
merly named the Gunnison Plateau. The names Canyon 
Range and Gunnison Plateau are more commonly encoun- 
tered in the geologic literature than the current cartograph- 
ic names. 

Geologic maps of field trip stops in the Canyon Moun- 
tains are available in open-file form at a scale of 1:24,000 
(Hintze, 1991b, 1991c) from the Utah Geological Survey 
Published geologic maps of field trip stops in the San Pitch 
Mountains and San Pete Valley area are available at a scale 
of 1:1OO,OOO (Witkind et al., 1987; Witkind and Weiss, 
1991). Geologic coverage of the stop in Salina Canyon (stop 
10) is available at a scale of 1:24,000 (Willis, 1986). 

The field trip and road log begin at the Best Western 
Hotel on U.S. Highway 6 in Delta, Utah. Numbers in paren- 
theses indicate mileage: bold face, cumulative distance; 

Day 1. Canyon Range. 

(0.0) Depart Best Western Motel in Delta, Utah. 
Right (south) on U.S. Highway 6. 

(0.1 0 . 1  Left (east) on U.S. Highway 50. 
(3.6,3.5) Intersection of U.S. Highway 50 and Utah 

Route 125. Continue straight east on Utah 
Route 125. Canyon Mountains are straight 
ahead at 12:OO; Pavant Range is to the south- 
east at 1:003:00; Gilson Mountains, north of 
Leamington Canyon, are to the northeast at 
10:OO. The Sevier River enters the Sevier 
Desert basin by way of Learnington Canyon. 
The Sevier Desert basin has been interpreted 
as a supradetachment basin above the low- 
angle Sevier desert detachment (Allmendinger 
et al., 1983; Coogan and DeCelles, 1996), which 
may intersect the surface along the west side 
of the Canyon Mountains and Pavant Range 
(Otton, 1995); however, the connection be- 
tween the range-bounding fault and a low- 
angle detachment at depth has been ques- 
tioned (Anders and Christie-Blick, 1994). 

(8.2,4.7) Barchan dunes to south of road. Whereas most 
of the dunes in the basin are vegetated and 
inactive, some dunes such as these are locally 
active. 

(11.9,3.7) Entering Oak City. 
(12.5,0.6) Right (east) on Center Street. Upon departing 

Oak City, outcrops of the Miocene Oak City 
Formation are visible on both sides of the 
road. 

(13.5,l.O) Stop 1. Brief orientation, west flank of Can- 
yon Range. 

Outcrops are visible on the low ridge to the south imme- 
diately after leaving town. These are made up of highly 
brecciated beds of Cambrian Tintic, Cambrian Pioche, and 
Cambrian carbonate rocks. The beds are extensively frac- 
tured but nevertheless preserve cohesive internal stratigra- 
phy The attitudes of beds indicate an upsection decrease in 
dips eastward along the ridge, interpreted as progressive 
rotation of beds above a curved normal fault. Older second- 
order fold hinges are also preserved in these rocks. These 
beds, which have been previously mapped as part of the 
Miocene Oak City Formation (Otton, 1995), are actually 
brittlely deformed hanging-wall rocks in the breakaway 
zone of the Sevier Desert detachment. They record exten- 
sional unroofing of the Canyon Mountains during westward 
displacement of the upper plate of the Sevier Desert detach- 
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ment. Apatite fission-track data from the western part of the 
range suggest rapid uplift and denudation of the Canyon 
Mountains at 18 Ma, possibly as a result of exhumation by a 
major low-angle detachment (Stockli and Linn, 1996). 

Closer to the mouth of Oak Creek Canyon and north of 
the road, the front of the range is defined by fault scarps, 
expressed as small triangular facets, that represent seg- 
ments of a steeply west-dipping normal fault system (Otton, 
1995; Sussman and Mitra, 1996). The normal faults have 
downdropped the folded Canyon Range thrust so that it is 
not exposed anywhere along the western flank of the range 
(figs. 7, 8; Sussman and Mitra, 1995). Gently dipping Pro- 
terozoic Pocatello Formation in the hanging wall of the 
Canyon Range thrust is exposed on low hills west of the 
normal fault trace. Beyond and east of the break in slope, 
the footwall of the normal fault preserves a connecting 
splay duplex antiformal stack that developed in the footwall 
of the Canyon Range thrust and resulted in folding of the 
thrust (Mitra and Sussman, 1997). The duplex contains re- 
peated slices of Proterozoic Mutual through Cambrian car- 
bonate rocks; some repeated slices of the Cambrian Tintic 
Formation can be seen from here. Also visible near the top 
of the ridge is the western end of Paul's Meadow, the loca- 
tion of Stop 2. 

(15.8,2.3) Cattleguard, not far beyond Fishlake National 
Forest sign on right, marks entrance to National 
Forest. 

(17.4, 1.6) Limekiln Canyon. Turn left (north) on Forest 
Road 419. This road requires high clearance 
and four-wheel drive. It is narrow, locally 
rough, and turnaround spots are few after the 
first half-mile. 

(19.4,2.0) Stop 2. Canyon Range culmination and Can- 
yon Range syncline. Two mile strenuous walk 
uphill, approximately 3 hours round trip. 

From the end of the road, climb northward (up the valley) 
to Paul's Meadow at the gap between the Cambrian Tintic 
quartzite ridge to the west and the Cambrian carbonate 
ridge to the east. From Paul's Meadow, climb to the top of 
the carbonate ridge to the east. Here we are in the footwall 
of the folded Canyon Range thrust. 

The knob immediately east of this point along the east- 
west ridge is made up of Proterozoic Pocatello Formation in 
the hanging wall of the Canyon Range thrust. The thrust 
dips to the east here, and hanging-wall rocks have been 
transported to the east. The eastward dips are seen in the 
west limb of the Canyon Range syncline which has folded 
the entire Canyon Range thrust sheet; Proterozoic Poca- 
tello through Cambrian Tintic formations are exposed on 
the west limb. The far end of the east-west ridge is Fool 

Figure 7. Map of part of westflank of Canyon Mountains, showing 
thrust slices that fonn the antiformu1 stack in the footwall of the 
Canyon Range thrust. Explanation: pCp, Pocatello Formation; 
pCm, Mutual Fonnation; Ct, Tintic Quartzite, Cc, Cambrian car- 
bonate rocks, undzgerentiated, 0, Ordovician rocks, Toc, Oak City 
Fonnation. CRT, Canyon Range thrust. 

Creek Peak whose west face is a dip slope composed of 
Canyon Range Conglomerate overlying Cambrian Tintic 
Formation in the east limb of the Canyon Range syncline. 

Looking north, we see that the west limb of the syncline 
becomes progressively steeper and eventually overturned 
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Figure 8. Down-plunge projections tlzror~gh the arztifitnnal stack in the footwall o f t h ~  Canyon Range thrust r.xposed on the west side of 
the Canyon ilfoilntains. Explanation: PCrrz, Mzift~al Fonnation; Ct, Tintic Qzrcirtzite, clicidrcl into lower (Ctl), miclrlk (Ctmn), ard upprr 
(Ctu) rnernhers, Cp, Pioclze Formation. CR2: Ca~zyon Rnrzge thrust. 

(fig. 9a). At the northern end of the range, bedding strike Conglol~ierate, which we will visit at Stop 4. The west limb 
swings northeastward at Leamington Canyon, which sepa- of the syncline also exposes the east-dipping Canyon Range 
rates the Canyon Mountains from the Gilson Mountains. thrust and its footwall. The footwall exposes the core of the 
The east limb of the syncline has u~liform dips, shown by dip Canyon Ri.ulge ar~ticlinal culminatio~~ made up of an antifor- 
slopes of the Caddy Canyon, Mutual and Tintic quartzites. mal stack that repeats Proterozoic and C:an~brian quartzites 
The core of thc syncline exposes folded Canyon Range (fig. 7); one of the faults repeating the Cambrian Tintic 
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Figure 9. Panoramasfiom Paul's Meadow of Canyon Range thrust, Canyon Range culmination, and Canyon Range syncline. A. View north. B. View south. Symbols as infigure 7 with 
following additions: pCc, Caddy Canyon Quartzite; Kc, Canyon Range Conglotnerate. Lower two panels merlup at Canyon Range thrust, which is duplicated on adjacent photos. A o 
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stratigraphy is clearly visible on the east-west ridge imme- 
diately north of here (fig. 9a). 

Looking south (fig. gb), we see the southward-plunging 
closure of the antiformal culmination defined by the Lime- 
kilm Canyon slice of the antiformal stack, on which we are 
standing. The underlying slices of the stack are all exposed 
west of the Tintic ridge to our right (west). East of the anti- 
cline is the Canyon Range syncline made up of hanging- 
wall rocks of the Canyon Range thrust. The west limb of 
the syncline exposes Proterozoic Pocatello through Mutual 
formations. The east limb of the syncline contains Protero- 
zoic Blackrock Canyon through Mutual formations, with the 
Blackrock Canyon and Caddy Canyon formations emplaced 
above Devonian rocks and Cretaceous conglomerate along 
the Canyon Range thrust, which we will visit at Stop 3. 

Return to road in Oak Creek Canyon. 

Turn left (east). 
South Walker Canyon on right. Cross western 
exposure of Canyon Range thrust, which em- 
places Proterozoic Pocatello Formation of the 
hanging wall on Ordovician Pogonip Group of 
the footwall (fig. 10; Millard, 1983). 
Contact of Proterozoic Caddy Canyon Quart- 
zite and Proterozoic Blackrock Canyon Lime- 
stone exposed on north side of canyon. 
Picnic area. Proterozoic Inkom Formation, a 
shale unit above the Caddy Canyon Quartzite, 
crosses the canyon here. 
Dark red exposures are of Proterozoic Mutual 
Formation in core of syncline in hanging wall 
of Canyon Range thrust. 
Inkom strike valley at Lyman Creek (south of 
road). Canyon Range Conglomerate caps Fool 
Creek Peak to the north (9:00), where it over- 
lies Cambrian Tintic Quartzite in the core of 
the syncline. 
End of road. 

Stop 3. Canyon Range thrust and Canyon Range Con- 
glomerate. Three mile walk (round trip). The first part is 
leisurely on good trails to Oak Creek summit where views 
are available; after that the walk is moderately strenuous 
south to a vantage point on a sloping meadow in the Black- 
rock Canyon Limestone, where views are extraordinary. 
Approximately 2.5 hours. 

The view northward from the high meadow at stop 3 
(fig. 11) encompasses the entire Canyon Range syncline, 
the frontal trace of the Canyon Range thrust, and growth 
structures in the Canyon Range Conglomerate. The summit 
of Fool Creek Peak is located near the axis of the syncline 
and is occupied by a quartzite-boulder conglomerate facies 
of the Canyon Range Conglomerate resting in angular 
unconformity upon gently west-dipping beds of the Lower 

Cambrian Tintic Quartzite. A minor out-of-the syncline 
thrust cuts the Tintic Quartzite and the conglomerate (fig. 
lo), but the conglomerate also overlaps the thrust. This 
thrust thus developed during deposition of the conglomer- 
ate. East of Fool Creek Peak, the 30" west-dipping eastern 
limb of the Canyon Range syncline comprises the Tintic, 
Mutual, Inkom and Caddy Canyon formations. The eastern 
limb of the folded Canyon Range thrust is visible in the 
foreground, where it places Caddy Cayon Quartzite on top 
of the Canyon Range Conglomerate. Beds in the lower part 
of the conglomerate are tightly folded beneath the thrust, 
but stratigraphically higher beds overlap the thrust. Several 
hundred meters of eastward displacement is visible along 
the thrust. A closer inspection of the conglomerate above 
the thrust tip reveals a prominent growth anticline in the 
east limb of which bedding dip decreases progressively 
upsection. This is an example of a "progressive syntectonic 
unconformity" (Riba, 1976). These relationships indicate 
that the Canyon Range Conglomerate was deposited during 
late-stage reactivation of the Canyon Range thrust; however, 
it is important to remember that the conglomerate in the 
footwall rests on Devonian strata. This means that the Can- 
yon Range thrust must have had an earlier, major phase of 
displacement that juxtaposed Proterozoic strata with Paleo- 
zoic strata at this location. Subsequently, both the hanging 
wall and footwall must have been deeply eroded. The foot- 
wall alone must have been stripped ofseveral kilometers of 
middle Paleozoic to Jurassic strata (Royse, 1993; DeCelles 
et al., 1995). The uplift needed to sustain this major erosional 
event probably took place during the emplacement of under- 
lying thrust sheets such as the Pavant, Paxton, and Gunni- 
son thrusts. Although we have no firm handle on when the 
Canyon Range thrust sheet was initially emplaced, regional 
provenance data from the Cedar Mountain Formation (figs. 
4, 6) indicate that lower Paleozoic and upper Proterozoic 
rocks were exposed by Early Cretaceous time. J.K Linn 
(personal communication, 1996) recently reported an apatite 
fission-track age of 146 Ma from the Tintic Formation in the 
hanging wall of the Canyon Range thrust at the north end 
of the Canyon Mountains, near stop 6. Thus, the relation- 
ships in the Canyon Mountains in combination with region- 
al stratigraphic data suggest that the Canyon Range thrust 
experienced its main phase of displacement during Early 
Cretaceous or latest Jurassic time and was subsequently 
folded and reactivated during emplacement of younger, 
underlying thrusts during Late Cretaceous-Paleocene time 

(fig. 4). 
A west-trending oblique ramp in the Pavant thrust, 

termed here the Oak Creek ramp, crosses the range at this 
point. South of the ramp, Proterozoic rocks in the hanging 
wall structurally overlie Devonian dolostones of the foot- 
wall (Millard, 1983). Northward from the ramp, the Canyon 
Range Conglomerate is preserved beneath Proterozoic 
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Figure 10. Geologic m a p  of the northern part of the Canyon Mountains. Pre-Cretaceous geology modijled from Millard (19831, Holladay 
(1 984) and Hintze (1 991 b, c). 
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- v , .  hanging-wall rocks and unconformably overlies Devonian 

* f strata in the footwall (Millard, 1983). The leading edge of 
V) the Canyon Range thrust descends in elevation from south 
a 
Q) 

to north, but is less deformed than footwall rocks, which 
dip north as much as 60" at the ramp. Structural relation- 
ships thus indicate the ramp formed prior to late emplace- 

1 ment of the Canyon Range thrust over the conglomerate. 
Retrace route to vehicle and return west down Oak Creek 

k Canyon. 

(32.7,8.1) Center and Main (Utah Route 125) Streets, 
Oak City. Turn right (north) on Utah Route 
125. 

(37.5,4.8) Intermountain Power Plant in the Sevier 
Desert at 9:00 (west). The flats in near dis- 
tance are Pleistocene Lake Bonneville beds 
dotted with partially vegetated dunes. 

(39.6,2.1) Low hills at 3:00 (east) are underlain by Oak 
City Formation (Miocene). 

(40.3,0.7) Dirt road to Fool Creek Canyon on right. 
(42.1, 1.8) Leamington Pass road (gravel). Turn right 

(east). Red strata of Mutual Formation form 
the base of the Canyon Mountains north of 
Pass Canyon. 

(43.3, 1.2) Cattle guard at entrance to Fishlake National 
Forest (Forest Road 086). Strike ridge at 3:00 
(south) is Proterozoic Caddy Canyon Quart- 
zite. A gravel pit is present to the southwest in 
the alluvial fan at the mouth of Pass Canyon. 
All clasts in this fan are Precambrian and 
Paleozoic lithic types derived from the nearby 
Canyon Mountains, demonstrating that the 
Sevier River, which transports volcanic clasts, 
has never flowed through Leamington Pass. 

(43.6,0.3) Turn right on Forest Road 425 (dirt) and pro- 
ceed south along the strike valley in Inkom 
Formation. 

(44.1, 0.5) Bear left (south) at Y intersection formed by 
power line road. 

Figure 11. Panorama of Canyon Range thrust (CRT) and progres- 
sive syntectonic unconformity in Canyon Range conglomerate (Kc) 
at stop 3, Little Oak Canyon. Thrust, carrying Caddy Canyon 
Quartzite ~ C C )  in its hanging wall, cuts lower part of conglomerate 
in center of photo, hut younger part of conglomerate is folded to 
form a tip anticline over thrust (center skyline). Canyon Range con- 
glomerate on Fool Creek Peak (upper lef) uncon fmbly  overlies 
Tintic Quartzite (Ct) in core of Canyon Range syncline. 
Conglotnerate on Fool Creek Peak is duplicated by a minor out-of- 
the-syncline thrust @g. 10). Mutual Formation (pCm) is in east 
flank of Canyon Range syncline. 
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(45.2, 1.1) Bear right (south) at small side canyon. Pass- 
ing outcrops of the Mutual Formation on the 
left (east). 

(45.7,0.5) Left at T intersection at mouth of Wild Horse 
Canyon. Proceed east. 

(46.4,0.7) Gate. Crossing contact between Proterozoic 
Mutual Formation and Cambrian Tintic 
Quartzite. 

(47.0,0.6) Contact of Tintic Quartzite and Lower 
Cambrian Pioche Formation is exposed in the 
saddle on the right. In the next 0.3 mile, 
ridges of Middle Cambrian limestone forma- 
tions alternate with strike valleys composed of 
eroded, poorly exposed shale formations. 
Beds are vertical, with stratigraphic tops to 
the east. The succession above the Pioche 
Formation is Howell Limestone, Chisholm 
Formation, Dome Limestone, Whirlwind 
Formation, and Swasey Limestone (fig. 12). 
The Paleozoic section on the west limb of the 
Canyon Range syncline in the main drainage 
of Wild Horse Canyon is truncated above the 
Swasey Limestone where it is thrust over the 
Canyon Range Conglomerate (figs. 10, 12). 
North of the the main drainage, the Middle 
Cambrian Wheeler and Pierson Cove forma- 
tions are present in the hanging wall of the 
thrust (fig. 12). 

(47.3,0.3) Stop 4. Canyon Range syncline, Wild Horse 
Canyon. Moderately strenuous one-half mile 
walk up ridge to south, approximately 1 hour. 

Units of the Canyon Range Conglomerate at stop 4 are 
compositionally distinct with sharp contacts, malang it pos- 
sible to confidently differentiate units acording to their 
clast populations (fig. 12). Red-weathering, quartzite-cob- 
ble conglomerate (Kcq4) dominated by Tintic and Pioche 
clasts forms the basal conglomerate of the Canyon Range 
Conglomerate at the stop. Pioche clasts are purplish-red 
and contain muscovite and glauconite; Tintic clasts are tan 
and white. The overlying conglomerate (Kcm3) contains 
limestone and dolostone pebbles mostly from Devonian and 
Mississippian formations, but Cambrian units of mottled Figure 12, Geologic map of Canyon Mountains in vicinity of stop 4, 
gray and tan limestone are present as well. This unit forms Wild Horse Canyon to Pass Canyon. Explanation; pCm, Mutual 
an upward-coarsening succession with wave ripples and Formation; Ct, Tintic Quurtzite; Cp, Pioche Fonnation; ~ h ,    ow ell 
hummocky cross sh-a&cation interpreted by DeCelles et Limestone; Cc, Chisholm Fonnation; ~ d ,  Dome Limestone; CW, 

(1995) as a fan-delta deposit,  hi^ unit is postulated to rep- Whirlwind Formation; Cs, Swasey Limestone; Cwh, Wheeler For- 

resent deposits of the Turonian sea-level high stand in the mation; Cpc, Pierson Cove Formation; Cm, undifferentiated Middle 
Cambrian rocks; Cu, undzfferentiated Upper Cambrian rocks. Pz, 

Interior, an physical und$erentiated rock-aValarU:he deposib composed of lower p a h -  
correlation with Cenomanian-Turonian strata present in the ,,iC rocks; Q, undzyerentiated surficial deposits. Units of canyon 
subsurface of the Valley Mountains and Pavant Range to Range Conglomerate are in figure 10 explanation. Geology of 
the southeast of this locality (figs. 5,6). Follow the carbonate Paleozoic units modijied from Hol2aday 0984) and Hintze (1991b). 
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conglomerate exposures upslope to a saddle for views of the 
Canyon Range syncline. 

The syncline at this locality consists of a vertical to over- 
turned west limb and a moderately dipping east limb. 
Older conglomerate beds are more deformed that younger 
beds; on the ridge north of Wild Horse Canyon, bedding 
dips decrease within a quartzite-boulder conglomerate 
(Kcq7) in the hinge of the syncline (fig. 12). These features 
indicate that conglomerate was deposited during tightening 
of the syncline. The fold in the Canyon Range Conglom- 
erate plunges northward at Wild Horse Canyon, with 
plunges decreasing in progressively younger units (fig. 13). 
The plunge is inferred to result from an oblique ramp in 
the Canyon Range thrust (Pequera et al., 1994), termed the 
Wild Horse ramp. At this point, the Canyon Range and 
Pavant thrusts apparently dip northward, resulting in pres- Poles to Paleozoic bedding (n=55) 
ervation of progressively younger strata northward in the Pi fold axis: 352, 40 

hanging wall of the Canyon Range thrust. As a result of the 
northward dip of the thrusts, the region between here and 
Leamington Canyon to the north was the structurally low- 
est part of the thrust belt. Fluvial conglomerate was trans- 
ported through this zone from the interior part of the thrust 
belt (Lawton et al., 1994; DeCelles et al., 1995). Imbrication 
in fluvial facies of the Canyon Range Conglomerate indi- 
cates southeast dispersal in this region (Lawton, unpub- 
lished data). 

Retrace route to Utah Route 125. 

(52.4,5.1) Right (north) on Utah Route 125. For the next 
1.2 miles, the road traverses Fool Creek Flats, 
a surface on Pleistocene Lake Bonneville beds. 

(53.6, 1.2) Descending terrace into valley of Sevier River 
cut to post-Pleistocene level of Sevier Lake. I 

(54.9, 1.3) Turn right (west) on Utah Route 132, pass Poles to Kc@-Kcm4 (n=36) 
through downtown Learnington, and return to Pi fold axis: 358, 39 - - 
Delta via Lynndyl, approximately 21 miles. 
End of Day 1 road log. 

Figure 13. Equal area stereonet plots of bedding poles and pi axes 
of stratigraphic units in syncline at Wild Horse Canyon. Pi axes are 
coincident for upper two plots that summarize poles to bedding for 
Paleozoic strata and lower four conglomerate units exposed in 
Wildhorse Canyon. Pi axis for younger conglomerate beds (bottom 
plot) has approximately 200 shallower plunge, indicating that ramp 
affected Paleozoic strata and older conglomerate equally, whereas 
younger conglomerate was affected less, probably as a result of 
depositim during ramp formation. 

Poles to Kcq6-Kcq7 (n=i 1) 
Pi fold axis: 351. 13 
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Day 2. Learnington cross-strike discontinuity, Cow Can- 
yon, Western San Pitch Mountains. Road log begins at 
junction of Utah Routes 132 and 125 immediately east of 
Leamington. 

(0.0) Depart junction with Utah Route 125, head- 
ing east on Utah Route 132. 

(0.9,O.g) Steeply dipping Caddy Canyon Quartzite at 
9:00 (north of Sevier River) is in hanging wall 
of the Canyon Range thrust. 

(1.4,O.S) Charcoal-making ovens on left side of road. 
(2.0,0.6) Saddle at 4:00 contains Inkom Formation; 

brown hill on left is Caddy Canyon Quartzite. 
Exposures of the Mutual Formation are on 
the left (red exposures). 

(3.3, 1.3) Millard County line. Lake Bonneville beds in 
roadcut on right. On right immediately ahead, 
bedding surfaces of vertical Tintic beds and 
Mutual-Tintic contact are exposed. 

(4.5, 1.2) Passing under cement conveyor. Ash Grove 
Cement Company quanies Swasey Limestone 
from vertical beds to the south. 

(5.5, 1.0) Pull over on right onto old highway right-of- 
way. Vertical beds of Tintic Quartzite face 
south. 

Stop 5. Canyon Range Conglomerate at Learnington 
Canyon. Easy one-half mile climb up hillside. Approxi- 
mately 1 hour. 

Boulder conglomerate with abundant Caddy Canyon, 
Mutual, Tintic, and Pioche clasts overlies Tintic Quartzite 
at this locality (fig. 14). This clast assemblage is typical of 
conglomerate derived from the hanging wall of the Canyon 
Range thrust, which contains the only nearby exposures of 
Proterozoic strata. Angular unconformities within the con- 
glomerate cause northward thinning here and nearer the 
cement plant, and suggest that these are growth strata. 
These quartzite-clast conglomerates rest on Paleozoic strata 
at this locality, but lateral equivalents of these units overlie 
mixed-clast conglomerate west of the cement plant (fig. 14), 
nearer the axis of the Canyon Range syncline. The boulder 
conglomerate represents alluvial-fan deposits locally sourced 
from rocks in the hanging wall of the Canyon Range thrust. 
The alluvial-fan deposits interfinger westward with imbri- 
cated pebble conglomerate composed of lower Paleozoic 
limestone and dolostone clasts derived from the strata now 
exposed in the House Range to the west (DeCelles et al., 
1995). Large slide blocks and debris-avalanche deposits of 
Cambrian limestone are present in the zone of interfinger- 
ing with the fluvial strata. We tentatively correlate one of 
these units (Kcq4; fig. 14) with the Dakota Sandstone of the 
Colorado Plateau (fig. 6). Angular unconformities between 
conglomerate beds, coarse grain size of the conglomerate 

Figure 14. Geologic m a p  of Leamington Canyon area, vicinity of 
stops 5 and 6. Pre-Cretaceous units and su7ficial deposits mod$ed 
from Higgins (1982). See figure 12 for explanation of map units. 
Additional unit: Pzu, upper Paleozoic sedimentary rocks. 

facies, and slide blocks in conglomerate along strike indicate 
that the steep attitudes associated with the Leamington 
cross-strike discontinuity began to form early in the deposi- 
tional history of the Canyon Range Conglomerate, perhaps 
at the beginning of the Late Cretaceous; therefore, this 
cross-strike discontinuity is not a late feature in the history 
of thrust kinematics in central Utah. We infer that folding 
associated with the formation of the Learnington cross-strike 
structural discontinuity took place during the deposition of 
the quartzite-clast conglomerate at Stop 5. 

The Leamington cross-strike discontinuity is probably 
the Canyon Range thrust folded to a near-vertical attitude. 
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The structural discontinuity is expressed as a juxtaposition 
of northeast-striking Proterozoic and Cambrian strata with 
Upper Paleozoic strata of the Gilson Mountains (fig. 14). 
North of stop 5, across the Sevier River, vertical, south-fac- 
ing beds of the Mutual Formation are in fault contact with 
Pennsylvanian Oquirrh Group strata (Higgins, 1982). The 
fault has a steep southward dip in Leamington Canyon 
(Higgins, 1982). This structure was interpreted as a trans- 
current fault by Morris (1983); however, Precambrian, Cam- 
brian, and Cretaceous strata south of the fault change strike 
to north-south near the western flank of the Canyon Moun- 
tains, and are continuous with strata in the hanging wall of 
the Canyon Range thrust throughout the Canyon Mountains, 
indicating the likelihood that this fault is contiguous with 
the Canyon Range thrust. If one accepts that the fault in 
Leamington Canyon is indeed the Canyon Range thrust, 
three conclusions may be drawn: 1) The Leamington cross- 
strike discontinuity is a folded hanging-wall ramp in the 
Canyon Range thrust that cuts upsection eastward from the 
Caddy Canyon Quartzite (west of figure 14) to the Tintic 
Quartzite (fig. 14); 2) there is a footwall ramp north of Wild 
Horse Canyon on which the Canyon Range thrust rises 
from Precambrian to Pennsylvanian strata; 3) the Canyon 
Range thrust was folded and uplifted by propagation of a 
deeper thrust during deposition of the alluvial-fan deposits 
at stop 5. 

Continue east on Utah Route 132. 

(6.6, 1.1 Bridge over Sevier River. Quarry on south 
bank in vertical beds of Tintic Quartzite, fac- 
ing west. J.K. Linn (personal communication, 
1996) reported an apatite fission-track age of 
146 Ma from the quartzite at this locality. 

(6.9,0.3) T L I I ~  right (south) on dirt road. Bear left after 
0.3 mile and proceed upstream for 0.2 mile. 

Stop 6. Progressive unconformity at Sevier River. 
Northeast-clipping and -thickening beds of conglomer- 

ate are present across the river at this point (fig. 15). Similar 
features consisting of wedge-shaped, unconformity-bound- 
ed bodies of conglomerate that thin onto the flanks of folds 
or basement uplifts in the Ebro basin of Spain were termed 
progressive syntectonic unconformities by Riba (1976) and 
interpreted by him to have formed as a result of deposition 
during on-going deformation and uplift. These conglomer- 
ate beds are part of the youngest coarse quartzite-clast con- 
glomerate lithosome (Kcq8) in the the Canyon Mountains 
(fig. 14). At Leamington Pass to the south, near the axis of 
the Canyon Range syncline, Kcq8 overlies a very thick 
interval of mixed-clast conglomerate (Kcm5) of fluvial ori- 
gin (figs. 10, 12, 14). The base of Kcq8 cuts down section to 
the northeast, causing this distinctive, orange-weathering, 
Tintic-clast conglomerate to rest on somewhat older con- 
glomerate (Kcq7) at Leamington Canyon (fig. 14). The de- 

Figure 15. Progressive unconfomnity in the Cunyon Range Con- 
glornercite along the Sevier River, north end of  the Canyon Moun- 
tains at stop 6. Conglomerate beds on light-gray face in center of 
photo clip steeply toward viewer; beds on lefi thin onto older con- 
glomerate and decrease in dip upsection. 

formation that caused this angular discordance was likely 
displacement of the leading edge of the Canyon Range thrust 
or a related splay. North of the progressive unconformity, 
overturned mixed-clast conglomerate dips shallowly west- 
ward, and appears to be beneath Tintic Quartzite exposed 
northward along the river and at the quarry near the high- 
way bridge (fig. 14). We interpret these exposures as Tintic 
thrust above overturned conglomerate and onlapped by 
younger conglon~erate (Kcq5) derived from the hanging 
wall of the Canyon Range thrust. This may be the northern- 
most exposure of the leading edge of the Canyon Range 
thrust. Similar relationships are better exposed at the next 
stop. 

Return to highway and retrace route westward to Utah 
Route 125 at Leamington. 

(13.8,6.9) Tun1 left (south) on State Route 125. 
(16.3,2.5) Turn left (east) at Leamington Pass road 

(gravel). 
(17.4, 1 . 1  West-vergent, out-of-syncline reverse fault at 

3:00 (south) emplaces Howell Limestone over 
Pioche Formation. 

(18.9, 1.5) Leamington Pass. Leaving Fishlake National 
Forest. The road descends a valley north of 
Wild Horse Peak, which is underlain by Tintic- 
clast conglomerate (Kcq8) of Stop 6. Red con- 
glomeratic beds on the east flank of Wild 
Horse Peak have been assigned to the upper 
member of the Canyon Range Formation 
(Holladay, 1984). The road winds through Flag- 
staff Limestone beveled by a pediment sur- 
face that was graded to the Sevier River when 
it flowed into Pleistocene Lake Bonneville. 

(26.2,7.3) Cuesta straight ahead to the northeast is under- 
lain by North Horn Formation (red) and Flag- 
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staff Limestone (white). Mt. Nebo, composed 
of Paleozoic strata, is slightly to the left and 
beyond the cuesta. 
Intersection with road to Mills, Utah. Proceed 
straight (south). 
Ascend grade through Sevier River delta of 
Lake Bonneville highstand. Top of grade at 
elevation 1520 m. Pebbles of this gravel accu- 
mulation include silicic welded tuffs, interme- 
diate volcanic rocks, subordinate dark gray 
chert, sandstone, and oolitic chert. Provenance 
is Tertiary Marysvale volcanic field and Meso- 
zoic and Tertiary strata exposed in the upper 
drainage basin of the Sevier River to the south. 
Pass road to Wide Canyon on right (west). 
Continue straight. 
Turn right (west) at fenceline. 
Crossing from Lake Bonneville deposits to 
alluvial-fan deposits. The lake beds form bot- 
tomless dust or mud, depending upon time of 
year. Quaternary fans are graded to this level. 
In wet years in the spring, this grassland is a 
vast expanse of green. It is common to see 
Fermginous Hawks and Long-Billed Curlews 
migrating through. 
Bear left (west). Road to right goes to Wide 
Canyon, by way of a gate that is nearly impos- 
sible to close. A gate is also present on the 
field trip route in 0.1 mile. Be sure to leave 
gates as they are found, whether open or 
closed. 
Gate at Fishlake National Forest Boundary 
Folded Canyon Range Conglomerate on ridge 
to north. Road becomes increasingly steep as 
it climbs the proximal part of the Cow Canyon 
alluvial fan. 
Turn right at 3-way intersection deep in 
Gambel Oak thicket. 
Park at watering trough on left (south side of 
road). 

Stop 7. Cow Canyon: Footwall Canyon Range Conglom- 
erate, Canyon Range thrust. Walk uphill to the north, 
approximately 1 mile. 2 hours. 

At Cow Canyon (fig. lo), quartzite-boulder conglomer- 
ate derived from the the Canyon Range sheet is interbed- 
ded with mixed-clast conglomerate of interior thrust belt 
provenance. Conglomerate lithosomes are easily differenti- 
ated by composition, and paleosols are developed on the 
tops of most lithosomes, particularly on the mixed-clast 
conglomerates at this locality. Alluvial-fan lithosomes, rep- 
resented by the quartzite-boulder units, can be traced to 
paleovalleys eroded into the hanging wall. These paleoval- 

leys were backfilled with conglomerate, and folded over the 
tip of the thrust during its late phases of displacement (fig. 
10). The alluvial-fan lithosomes have along-strike dimen- 
sions of 5-10 krn; their edges break up and interfinger to 
the north with the more distal, fluvial conglomerates. To 
the northwest, Caddy Canyon Quartzite of the hanging wall 
overrides the quartzite-clast lithosomes, and mixed-clast 
units thin toward the thrust (fig. 16). Each of three folded 
alluvial-fan deposits on the north side of Cow Canyon has a 
separate, distinct axial surface, indicating that fold growth 
was spatially discontinuous and may have involved both 
kink-band migration and progressive limb rotation. 

From a vantage point on the ridge north of Cow Canyon, 
the conglomerate on the south side of the canyon can be 
seen to steepen from 100 east &ps to form a fold that prob- 
ably represents a tip anticline, possibly on a splay of the 
Canyon Range thrust. As discussed at stop 3, the impres- 
sive exposures here record only late and minor (several 
hundred meters) displacement on the Canyon Range thrust. 
Prior to deposition of the Canyon Range Conglomerate, 
Proterozoic rocks were emplaced on strata as young as 
Devonian, and both the hanging wall and the footwall of 
the Canyon Range thrust (the latter being also the hanging 
wall of the Pavant thrust) were deeply eroded. Conglom- 
erate was then deposited on Devonian strata of the foot- 
wall. The conglomerate in the footwall is approximately 600 
m thick on the ridge north of Cow Canyon. We tentatively 
correlate this conglomerate with middle to late Albian 
beds, also unconformable on Devonian strata of the hang- 
ing wall of the Pavant thrust, that were encountered in drill 
holes, including the Placid WXC USA 1-2 (fig. I), on the 
west side of the Valley Mountains, visible to the southeast. 
The late Albian age of these subsurface beds is inferred 
from their stratigraphic position beneath strata that contain 
Cenomanian to Turonian palynomorphs (Pavant Sandstone 
of figure 6; G.L. Waanders, written communications, 1982, 
1993). These stratigraphic relations indicate that much of 
the hanging wall of the Pavant thrust was buried by the end 
of the Albian and probably did not subsequently serve as an 
important source of first-cycle detritus. 

Return to vehicles and proceed back down Cow Canyon 
road. 

(37.5,0.3) Turn right at 3-way intersection in oak thicket. 
High clearance required for the next mile. 

(38.8, 1.3) Bear left at junction. Road to right ends in 0.9 
mile at a flagstone quany in a lacustrine fan- 
delta unit at the base of a carbonate-clast con- 
glomerate (Kcc2 of figure 10). Footwall con- 
glomerate, dipping homoclinally 11 degrees 
east, is exposed to the west along the front of 
Canyon Mountains. Flatirons on upper slopes 
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west 

Figure 16. View of north wall of Cow Canyon, looking north. Hornoclinal, east-dipping conglomerate is folded beneath Canyon Range 
thrust (arrow). Thrust emplaces Caakly Canyon Quartzite (pCc) over alluvial-fan lithosoms Kcq2 through Kcq5 of the Canyon Range 
Conglomerate (fig. 10). 

are the same beds folded over the front of the 
Canyon Range thrust. 

(39.7,O.g) Gate at east boundary of Fishlake National 
Forest. The road descends the gentle slope of 
a sage brush-covered grassland, home of Lark 
and Vesper Sparrows, Homed Larks, Sage 
Thrashers and Western Meadowlarks. 

(43.8,4.1) Gate at frontage road, west side of 1-15. Turn 
left (north) on frontage road. You should have 
passed four gates since leaving the National 
Forest. From here, there is a view westward of 
the Oak Canyon lateral ramp in the hanging 
wall of the Pavant thrust (fig. 10). On the south 
side of the ramp, the Canyon Range thrust 
emplaces Proterozoic over Devonian strata, 
which dip steeply northward at the ramp. The 
Canyon Range thrust descends from south to 
north as well, but not as steeply as footwall 
beds. North of the ramp, the Canyon Range 
thrust overrides footwall Canyon Range Con- 
glomerate. Basal conglomerate (Kcql) also 
dips steeply northward at the ramp to form 
discontinuous exposures on Devonian beds 
south of Little Oak Creek Canyon. These rela- 

ing north. Views of Canyon Mountains to the 
west. Highest point is Fool Creek Peak, com- 
posed of Tintic Quartzite overlain by Canyon 
Range Conglomerate. 

(54.4,3.9) Exit 1-15 at Interchange 207. Turn right (east) 
on Utah Route 78 toward Levan. 

(63.3,8.9) Junction Utah Routes 78 and 28. Turn right 
(south) on Utah Route 28. 

(63.5,0.2) Turn left (east) on First South Street in Levan. 
Directly ahead are outcrops of Jurassic Arapien 
Shale that forms the western foothills of the 
San Pitch Mountains. The Arapien is folded 
and faulted, and oil wells drilled in this belt to 
the south indicate that the Jurassic Navajo 
Sandstone beneath the Arapien is duplicated 
(figs. 17, 18; Ritzma, 1972). This belt of defor- 
mation has been interpreted as a duplex zone 
associated with a ramp in the Gunnison thrust 
(Standlee, 1982; Lawton, 1985) and as an anti- 
formal stack or triangle zone above the tip of 
the Paxton thrust (Coogan et al., 1995). 

tionships show that late movement of the 
Canyon Range thrust largely postdates devel- 
'pment of the ramp in the hanging of Figure 17. Geologic map of the Sun Pitch Mountains. Geology 
Pavant thrust. modifiedfi-om Mattox (1987), Witkind et al., (1987), Auby (1991), 

(50.5,6,7) Cross overpass (Interchange 202, Yuba Lake) Witkind and Weiss (1991), Fong (1995), and Lawton and Weiss (in 
to east side of 1-15 and enter interstate head- press). 
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Figure 18. Geologic cross section of San Pitch Mountains. Unit symbols are the same as infigure 17 with the following additions and modi- 
fications: Pz, Paleozoic rocks; Tr, Triassic rocks; Jn, Navajo Sandstone; Jtc, Twin Creek Likestone; Ja, Arapien Shale. Campanian and 
Maastrichtian strata of Knbl, Knb2 and TKn represent fill of wedge-top, or piggyback, basin (Lawton and Trexler, 1991; Lawton et al., 
1993). Location of cross section is shown infigure 17. 

(64.9, 1.4) Right (south) at T intersection, Chicken Creek 
Road (gravel). 

(65.5,0.6) Quany operation in gypsum on right (south). 
(66.9,1.4) Folded limestone beds in lower part(?) of 

Arapien Shale. 
(67.8,O.g) Cattle guard at entrance to Uinta National 

Forest. Gray and pink weathering shales of 
upper part of Arapien Shale on both sides of 
road. 

(68.4,0.6) Contact of Arapien Shale with overlying, red- 
weathering Upper Jurassic Twist Gulch Forma- 
tion. This part of the road is dirt and can be 
impassable after a significant rain. 
Chicken Creek Campground on right (south). 
Contact of Jurassic Twist Gulch Formation 
with Lower Cretaceous strata of San Pitch 
Formation. 

Stop 8. Early Cretaceous foredeep depozone, Chicken 
Creek. Approximately 2 hours. We will stop at several points 
along the Chicken Creek Road to study Cretaceous con- 
glomerate of the Indianola Group (fig. 17). 

Cretaceous beds along the western flank of the San 
Pitch Mountains dip homoclinally eastward. This is the 
limb of a fault-bend fold above the Gunnison thrust (fig. 
18). Lower Cretaceous strata here comprise nearly one-half 
of the synorogenic section of the foreland basin. Considered 
undifferentiated Indianola Group by Spieker (1949), these 
strata were assigned to the Pigeon Creek Formation, and 
removed from the Indianola Group, by Schwans (1988). 
Because of their genetic relationship to the Indianola Group 
that overlies them, we will refer to the Lower Cretaceous 
conglomerate in Chicken Creek Canyon, and elsewhere on 
the field trip, as San Pitch Formation, a term recommended 
by Sprinkel et al., (in review). Lower Cretaceous strata of 
the Cedar Mountain and San Pitch Formation are 1140 m 

thick here and range in age from Neocomian(?)-late Albian. 
This represents the maximum thickness of Lower Creta- 
ceous strata in the region and marks the foredeep depozone 
of the foreland-basin system at that time. Beds low in the 
San Pitch Formation within 50 m of the Cedar Mountain 
Formation are middle Albian (G.L. Waanders, written com- 
munication, 1992). Clasts of Paleozoic limestone and dolo- 
stone and Mesozoic sandstone were derived primarily from 
the hanging wall of the Pavant thrust, whose tip lay only a 
few km to the west; subordinate quartzite clasts were de- 
rived from the hanging wall of the Canyon Range thrust. 

Beds of cobble conglomerate of the San Pitch 
Formation alternate with red sandy siltstone 
beds as much as several tens of meters thick. 
Furrows on the bases of beds indicate north- 
east or southwest sediment dispersal, parallel 
to the foredeep. Although the thick parts of 
foreland basins are commonly referred to as 
foredeeps (e.g., DeCelles and Giles, 1995), this 
stratigraphic section, composed entirely of flu- 
vial deposits, illustrates that foredeeps need 
not be bathymetrically deep. 

(70.6, 0.9) Higher in the section, shallow-marine deposits 
of probable Turonian age are exposed along 
the road. These deposits represent the maxi- 
mum transgression into the region of the San 
Pitch Mountains and probably correlate with 
the fan-delta deposits in the Canyon Range 
syncline at Stop 4. 

(71.0,0.4) Massive boulder conglomerate of the Reddick 
Canyon Conglomerate (Santonian?) at Reddlck 
Canyon represents the initial incursion of 
alluvial-fan deposits into this part of the basin. 
Although the conglomerate is primarily clast 
supported, abundant boulder clusters adja- 
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cent to boulder-filled channels are interpreted 
as debris-flow levees. Sediment dispersal was 
eastward, indcated by measured orientations 
of channels filled with sandy siltstone and fur- 
rows on bases of conglomerate beds. The Red- 
dick Canyon Conglomerate pinches out grad- 
ually to the north. There is no apparent angu- 
larity at the basal contact; in fact, the unit 
appears to coarsen upward from wave-rippled 
conglomerate and sandstone, and may have 
begun as a fan delta. This unit also has been 
interpreted as an incised valley-fill succession 
(Schwans, 1995). We regard it instead as a 
major alluvial-fan lithosome. 

(71.3, 0.3) At Chris Canyon, quartzite-boulder conglom- 
erate overlies a series of paleosols and shows a 
progressive decrease in dip upsection. Massive 
conglomerate contains fluid-escape and slump 
structures. The angular discordance at this 
point in the section causes removal of Cam- 
panian and Santonian beds from north to 
south along the range (fig. 17). Schwans (1995) 
has termed this unit the Chris Canyon Con- 
glomerate. We consider it equivalent to beds 
recently assigned to the basal North Horn on 
the east side of the range (fig. 17; Lawton et 
al., 1993). The changing dip upsection and 
slump features indicate that this interval is a 
progressive unconformity formed by deposi- 
tion concomitant deposition with growth of 
the fault-bend fold in the western San Pitch 
Mountains. Progressive unconformities are 
also present on the east side of the range in 
the basal North Horn Formation (Lawton and 
Trexler, 1991; Lawton et al., 1993), associated 
with west-vergent thrusting above the de- 
collement of the Gunnison thrust. These fea- 
tures record the initiation of the Axhandle 
basin, a wedge-top basin filled with fluvial 
and lacustrine deposits above the Gunnison 
thrust in middle to late Campanian time (Law- 
ton et al., 1993). The Axhandle basin occupies 
most of the San Pitch Mountains, and is 
flanked by an antiformal duplex or fault-bend 
fold on the west side of the range and a west- 
vergent fault-propagation fold on the east side. 

Retrace route to Levan. 

(79.1, 7.8) Turn left, (south) on Utah Route 28. 
(80.1, 1.0) Utah Route 28 runs along the east side of 

Juab Valley, paralleling the Levan segment of 
the Wasatch fault system. 

(80.8,0.7) Fanhead fault scarp (just below Juniper trees) 
in small alluvial fan on left (east). Scarps are 

also exposed on the heads of alluvial fans for 
the next few miles. Tan-weathering beds of the 
Eocene Green River Formation are exposed 
low along the flank of the range 
Deep Creek Canyon on left (east). The Stand- 
ard Oil of California Levan well was drilled in 
this canyon in 1959. It spudded in the Jurassic 
Arapien Shale, penetrated an upright section 
of the Jurassic Navajo Sandstone and Triassic 
redbeds, and bottomed in the Navajo Sand- 
stone (fig. 18; Ritzma, 1972). 
Skinner Peaks at 1O:OO (southeast). Caprock 
dipping WSW is Green River Formation. 
Arapien Shale underlies the Green River For- 
mation and forms the lower slopes. This is 
probably a diapiric piercement structure, cir- 
cular in plan view, but the Green River For- 
mation is depositional on the Arapien Shale. 
Red, white, and orange beds in the vicinity 
are volcaniclastic Goldens Ranch Formation 
(Oligocene) 
Golden's Ranch Formation (Oligocene volcani- 
clastics) form the hills to west of highway. These 
strata are in the hanging wall of the Wasatch 
normal fault system 
Sanpete County Line; begin descent into 
Sevier Valley. 
Crags at 9:00 (east) are San Pitch Formation of 
the Indianola Group, dipping west, in vicinity 
of Hells Kitchen Canyon (fig. 17). The north- 
trending Chriss-Mellor graben system of 
Mattox (1987) separates the west-dipping strata 
from east-dipping strata on the east side of 
graben. The graben system marks the crest of 
a fault-bend fold in the hanging wall of the 
Gunnison thrust system. Exposures of the San 
Pitch Formation continue for 3.5 mi along 
range front. West of the conglomerate ex- 
posures, the Fayette segment of Wasatch 
fault zone is expressed as scarps in dissected 
alluvium. 
Mellor Canyon road. Turn left (east) at gate. 
Cross Fayette fault. First exposures along 
mountain front are west-dipping panels of 
Flagstaff Limestone (Paleocene-Eocene). 
Entering Chriss-Mellor graben system. Con- 
glomerate of the Indianola Group is exposed 
on both sides of road. 
White-weathering exposures of Mellor Canyon 
Conglomerate on left (north). 

Stop 9. Progressive unconformity in Mellor Canyon 
Conglomerate. One-half mile walk up hillside to the north. 
Approximately one hour. 
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The Mellor Canyon Conglomerate, dominated by Tintic 
clasts, is exposed in Mellor Canyon east of the Chriss- 
Mellor graben system (fig. 17). The conglomerate contains 
dewatering and slump structures related to deformation 
coeval with deposition (Bdcer, 1992). Concurrence of sedi- 
mentation and folding here is also indicated by progressive 
decrease in bed dip upsection through the unit; bed dips 
continue to shallow upsection through the red-weathering 
North Horn Formation and Flagstaff Limestone. The 
Mellor Canyon Conglomerate rests unconformably on con- 
glomeratic strata equivalent to the San Pitch Formation (fig. 
17). The subjacent conglomerate contains a population of 
mixed carbonate and quartzite clasts. The San Pitch Forma- 
tion was lithified prior to deposition of the Mellor Canyon, 
indicated by fissures extending downward from the contact 
and steep-walled segments of the unconformity. The Mellor 
Canyon Conglomerate is equivalent to the conglomerates 
at Stop 8 in Chris Canyon. The soft-sediment deformation 
here signifies development of the fault-bend fold on the 
west side of the San Pitch Mountains as the Gunnison thrust 
propagated beneath this locality in the Campanian, the 
same event recorded by soft-sediment deformation at Chris 
Canyon. 

Flat-bedded sandstone at the top of the main conglom- 
erate unit bevels and fills in topography developed on the 
underlying conglomerate by slumping. Pebbly sandstone 
above the main part of the formation is capped by a major 
rootlet horizon formed during uplift. The Mellor Canyon 
Conglomerate thins westward and pinches out adjacent to 
the crest of the fault-bend fold. This relationship is consis- 
tent for 13 km northward to Timber Canyon, where the for- 
mation is covered by Tertiary strata (fig. 17). Paleocurrents 
are generally southeastward, down structural dip. 

Retrace route to Utah Route 28. 

(105.9, 1.7) Turn left (south) at Utah Route 28. 
(112.4,6.5) Intersection of Utah Route 28 and U.S. High- 

way 89. Entering Gunnison. Continue straight 
(south) on U.S. Highway 89. 

(113.9, 1.5) Entering Centerfield. Valley Mountains are to 
the west, with the Pavant Range forming the 
southwestern skyline behind them. Sevier 
Plateau looms over the southeast flank of 
Sevier Valley. Tushar Mountains (fig. 5) of the 
Tertiary Marysvale volcanic field are to the far 
south. 

(120.0,6.1) Steeply dipping hogbacks at 10:00-11:OO com- 
posed of Eocene Green River Formation, de- 
positional on Eocene Colton Formation, or 
locally, Arapien Shale in core of anticline. 

(121.3, 1.3) Sevier County line. 
(123.2, 1.9) Redmond Hills are composed of Quaternary 

sediment on the Arapien Shale, with salt mines 
locally, at 3:00 (west). Hills of the Arapien 

Shale to the south are capped by dark gray 
Oligocene volcanic rocks. 

(126.4, 3.2) Entering Salina. End day 2 road log. 

Day 3. Salina Canyon and Sanpete Valley: Structure and 
sedimentation associated with Sevier-Sanpete Valley anti- 
form. Road log begins at Mom's Cafe, at Center and Main 
Streets in downtown Salina. 

Proceed east on Main Street. 
Turn right on 300 East. Proceed south. 
Hills of member E of Arapien Shale of Hardy 
(1952) on both sides of road. 
Member D of Arapien Shale overlain by vol- 
caniclastics of formation of Black Cap Moun- 
tain (late Oligocene) and Osiris Tuff (early 
Miocene) at 9:00 (north) (Willis, 1986). 
Pavement becomes intermittent, continue 
straight on gravel road. 
Arapien Shale on left (north) overlain by Green 
River Formation dipping west on flank of 
Wasatch monocline. 
Steep beds of Twist Gulch Formation on the 
left are overlain by gently west-dipping red- 
beds of the Eocene Flagstaff and Colton for- 
mations (Willis, 1986). 
Bear left onto spur road just west of underpass 
beneath 1-70. 
Pass gate and take first right at fork of dirt 
road. Angular unconformity above vertical 
beds of the Twist Gulch Formation is exposed 
to north. 
Park at base of slope where tan sandstone is 
exposed in a steep road cut up the slope. This 
sandstone is in the Twist Gulch Formation and 
is equivalent to the base of the Jurassic Curtis 
Formation of the Colorado Plateau (Willis, 
1986; Lawton and Willis, 1987). 

Stop 10. Salina Canyon. Early foreland basin stratigra- 
phy at tip of thrust belt. Two mile round-trip walk, east 
along base of hillslope. Approximately 1.5 hour. This tra- 
verse is described in detail by Lawton and Willis (1987). 

Jurassic and Cretaceous strata beneath the unconformity 
with Tertiary strata in Sdina Canyon are the most accessi- 
ble and most eastern exposures of late Mesozoic strata in 
the thrust belt. This locality is an important link between 
thrust belt and Colorado Plateau stratigraphy (fig. 6). Steep 
dips here represent the east flank of the Sevier-Sanpete 
Valley antiform, a fold in the hanging wall of the Gunnison 
thrust formed above a decollement in shale and salt of the 
Arapien Shale (Standlee, 1982; Lawton, 1985). 

Beds of the Twist Gulch Formation to the north are rec- 
ognizable as the upper part of the San Rafael Group, 
including the Entrada Sandstone, Curtis Formation and 
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Summerville Formation (Imlay, 1980; Lawton and Willis, 
1987). The Summe~ville Formation is overlain by gray mud- 
stone from which Doug Sprinkel has recently recovered 
Late Jurassic pollen. Above the mudstone is a chert-pebble 
conglomerate that contains poorly rounded clasts of silici- 
fied wood. Above the conglomerate are white sandstone 
with crossbeds and gray mudstone beneath drab smectitic 
mudstone of the Cedar Mountain Formation. The nonmarine 
section between the Twist Gulch Formation and overlying 
Lower Cretaceous strata is on the order of 15 m thick and 
may be the Momson Formation. Overlying strata are cor- 
relative with the Cedar Mountain Formation, indicated by 
Albian to Cenomanian zircon and apatite fission-track ages 
(ranging from 85 f 5 to 105 f 10 Ma; Willis, 1986; Willis 
and Kowallis, 1988). The steeply dipping beds crop out as 
ribs of conglomeratic sandstone and pink and gray siltstone 
with micrite nodules. The Cedar Mountain Formation is 
188 m thick and is overlain by 84 m of conglomeratic strata 
of the San Pitch Formation, earlier assigned 'to the upper 
member of the Pigeon Creek Formation by Schwans (1988). 
A prominent chert-pebble conglomerate forms the base of 
the San Pitch Formation (fig. 20). Palynomorphs collected 
from the top of the San Pitch Formation at this locality 
include Tigrkporites scurrandws, with a middle to late Albian 
range (G.L. Waanders, written communication, 1992). 

The base of the Upper Cretaceous section is a promi- 
nent, white-weathering quartzite-clast conglomerate about 
10 m thick (fig. 20). It is exposed on both the north and 
south sides of Salina Canyon. The clast assemblage consists 
of Tintic Quartzite (70%), very fine grained white quartzite 
that may be Proterozoic Caddy Canyon Quartzite (25%), 
red pebbly quartzite of the Mutual Formation (5%), and a 
trace of pale green quartz arenite with glauconite (Pioche 
Formation). This conglomerate locally forms the base of the 
Sanpete Formation, which is equivalent to the Dakota For- 
mation of the Colorado Plateau (Lawton and Willis, 1987; 
Schwans, 1995). A retrogradational succession overlies a 
flooding surface on top of the conglomerate. A fine-grained, 
mottled white sandstone with vertical and horizontal bur- 
rows above the conglomerate is overlain by very fine grained 
tan sandstone with ripples and in turn by brown mudstone. 
The succeeding three sandstone bodies are 2-3 m thick, 
with cross beds and burrowed tops, and may be estuarine 
deposits. The overlying part of the Sanpete Formation con- 
sists of tan-weathering sandstone beds with pebble lags that 
include quartzite, carbonate and chert clasts. Interbedded 
siltsone is poorly exposed. The uppermost part of the San- 
pete Formation consists of an assemblage of burrowed, 
upward-coarsening shoreface deposits, channelform sand- 
stone beds, and oyster-bearing sandstone. The Sanpete For- 
mation is 380 m thick in Salina Canyon. Overlying the San- 
pete is the Allen Valley Shale, composed of gray shale and 
siltstone beds that contain the middle Turonian ammonite, 

Collignoniceras woollgari (Lawton, 1982). The Sanpete 
Formation and Allen Valley Shale correlate with the Dakota 
Formation and Tununk Member of the Mancos Shale, re- 
spectively, on the east side of the Wasatch Plateau (fig. 6). 
The lower member of the Funk Valley Formation, equivalent 
to the Ferron Sandstone to the east (fig. 6), crops out be- 
neath Tertiary strata south of Interstate 70. 

These Lower to Upper Cretaceous strata constitute the 
relatively distal equivalents of the coarse conglomerates 
exposed in the Canyon Mountains and San Pitch Mountains. 
Unlike their western, more proximal counterparts, these 
distal facies lack any evidence of syndepositional, progres- 
sive deformation. This absence of progressive deformation 
distinguishes these rocks as foredeep deposits, in contrast 
to the wedge-top deposits visited during Days 1 and 2. 

Retrace route to vehicles. If you choose to walk along 
the interstate, be careful of coal trucks descenlng the grade. 
Retrace route to downtown Salina. 

(8.4,4.2) Comer of Main and Center Streets, Salina. 
Turn right (north) onto U.S. Highway 89. 

(22.4, 14.0) Turn right (east) on U.S. Highway 89 just 
north of Gunnison. Colored beds to the right 
are the upper Eocene Crazy Hollow Formation 
resting on the Green River Formation. 

(23.3,O.g) Light gray exposures at 2:OO-3:00 are out- 
crops of Arapien Shale in core of Sevier- 
Sanpete antiform. 

(25.1, 1.8) Pass cuesta of upper Green River Formation 
on left (north). The strike valley to the north- 
east is underlain by Colton Formation (Eocene), 
which is statigraphically beneath the Green 
River. 

(26.1, 1.0) Pickup truck on light gray cuesta of Flagstaff 
Limestone on left. 

(26.9,0.8) Stop at milepost 213, U.S. Highway 89. 

Stop 11. Christianburg. Lower Cretaceous foredeep 
stratigraphy. 

This locality is on the west flank of a large boxlike anti- 
cline with faulted flanks and core that underlies Sanpete 
Valley. Although the base of the Cretaceous section is fault- 
ed (figs. 21, 22), this is one of the most complete exposures 
of the Cedar Mountain and San Pitch formations in the 
southern part of the San Pitch Mountains (fig. 5). A west- 
vergent syncline in Cretaceous units is onlapped from the 
west by Tertiary beds of the North Horn Formation, which 
forms a progressive unconformity on the flank of the anti- 
cline in Sanpete Valley. 

Here, beds assigned to the Cedar Mountain (Witkind et 
al., 1986) or lower member of the Pigeon Creek Formation 
(Schwans, 1988) consist dominantly of mudstone with 
abundant calcareous nodules and subordinate sandstone 
and light gray limestone. The mudstone represents flood- 



plain deposits, the calcareous nodules represent paleosol 
carl~onate, a~ td  the lirneston~s with oncolites were cleposit- 
ed in freshwater pot~rls (Scllwans, 1988). Soil horizons with- 
it1 the section appear to be co~nposite or stacked, and thus 
suggest slow deposition punctuated hy unconfon~lities. 

The base of the upper nternl-ter of the Pigeon Creek For- 
~rration (Sch\va~is, 1988) is at the lo\vermost conglomerate 
in the section. Spt-inktl and coworkers (in review) suggest 
the term San Pitch Forrnatiot~ for this section of Lower 
Cretaceous cot~glomerate (fig. 22). Conglomerate beds are 
on the order of 10 m thick and 1)roadly Ienticular. They are 
interl-tedded with red siltsto~le arid rtludstorre. Clasts uithin 
the lower 57 m include grecn quartzite clasts of the Pro- 
terozoic Dutch Peak Forrrtatiort, as \vcll as sartdstorle clasts 
derived from Jurassic w d  'hiassic E'ormatio~~s. The Dutch 
Peak Formation is exposed in the Sheeprock 34ountains 
northwest of the San Pitch Mountains, and tlie Mesozoic 
clasts were presuma1)ly tlerived from the Pavalt tlimst sheet 
to the west. These diverse lithologies were contributed in 
part by a large Early Cretaceous drainage network that 
departed the thrcist belt at an el~~bay~iicnt in the mountain 
front (Lawton et al., 1994). Overlying conglomerate beds in 
an interval 96 m thick contain boulders a r~d  cobbles of both 
quartzite :uld carl>onate (mostly dolostone). 1nted)edded 
mudstone is reddish orange ancl silty. The uppcr 44 m con- 
sists of reddish-l~rowm to nay  silty ntr~clstorle (fig. 22). It is 
u~~corrforn~al>ly overlain by a striking quartzite-boulder 
cong1orner:tte that ntarks the base of the Saripete Fonnatio11, 
which is equivalent to tltc Dakota Sa11~1stont. (fig. 6). 

Continue north on U.S. XIigl~way 89. 

(27.9, 1.0) Overt~rr~led, east-clipping l~cds  of ilrapien 
Shale at 9:00 (north). Ridge is fortriecl by 
menlbt~r C, the ntiddle of Eve niernbers in the 
tlrapien Shale (CVciss, 1994). Member C con- 
sists of thin-bedded calcareous shale and 
nludsto~le with suborditlate thin beds of fossil- 
iferous micrite. ?r/lember U, bluish gray and 
red gyysiferous shale witli local halite, is 
exposed to the right of the highway and on 
the east flank of t11c ridge. Exposures of t l ~ e  
iirapien Shale are continrtous from here south- 
ward past Salina ant1 form the core of the 
Sevier-Sanpete Valley antifoml. Two kilome- 
ters to the south, till meml,ers of the Arapieu 
Shale are exposetl in a zone of imbricate re- 
verse frtttlts with west vergtbnce. The decolle- 
rnerlt of tlre Ctinnisoxt thrust system (fig. 1) 
apparently lies in c\rnpo~-it~ and shale near the 
basch of mern1)er A, which is al~ove a J~irassic 
limestone snccessiot~ eclitivalent to the Win  
Creek Limestone of northern Utah (Sprinkel, 
1982). Mernber A overlies sonie thrust faults 

Explanation of Symbols used for the 
measured sections 

Lithology Type Sedimentary Structures 

quartzite dominant 

:::::~';>: :.,y>.;.'. 
. i j .  .....,....;. ;.., carbonate dominant 
:;:.>:2:. .:. .:. ..% 

mixed clast 

mudstone - - -  

lZ] covered 

concretion 

v burrows 
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$I trough crossbeds 

7 wedge crossbeds 

planar crossbeds 

VZ/\r 

@ wavy crossbeds 
333 

convoluted beds 

Fc flute cast 

U? ripples 

Figure 19. E:.rr)l*lrrntion tfs~jrnbols for rrieosut~~rl sectior~s itzjgrcres 
20 arid 22. 

in the str~tctural cdmination of the Sevier- 
Sanpete Valley antiforn~, but older limestone 
is not expo5c.d. 

(30.2, 2.3) Entering Sterli~lg, Utah. 
(30.9, 0.7) T~tilrri right (citst) on road to Palisade Lake State 

Park. 
(31.6,0.7) Stop at turr~out on left (north side of road), 

dirtvtly east of dirt road to the nos&. 

Stop 12. Overview of type lndianola Group. Fifteen 
minutes 

North-striking strata of the Itltlianola Group hnl i  ridges 
and valley5 to the north of the road. This i5 the locality 'tt 
whiclt fon~latiorls of the group were fir\t defined (Spieke~; 
1946). These rocks were determined to be Late Cretaceous 
in age on the basi5 of marine. fo5sils pr tvnt  in tlie section 
here (Spieker and Reesidc, 1926; Spieker, 1946). Spieker 
(19.16, 1939) also recogni~ed that the5e strata coarsen weit- 
ward to conglonremtic eqoivaleriti in the western part of 
the San Pitch Mountairis and postulated a western source 
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meters 

v m  AA Sanpete Fm (part) 

San Pitch Fm 
member C 
(84.4 m) 

Cedar Mountain 
Formation 
(I 88 m) 

Jurassic (part) 

Figtire 20. Mf>asttrc?tf sccsfiott of Loulrr Ch~tar.coi~.s slrafu in Snlinu Canyon . Rczscl of C(vZar Alo~nitciin Fontzntiort is  ti rrncvor$)nnit!/ zuith 
jt~r~lssic stt~t(11c~. /)(~svil)ly h1orrisorr. finnc~tion. Sce.fi,"tlw 19fi)r e.xplai~c~tioti Ofs y~n/>oZs. 
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Christianburg Section 

Sanpete Fm (part) 

member C 

member A 
(56.7 m) 

Cedar Mountain 
Formation 
(1 32 m) 

Jurassic 
Fig~~r-cl 22. ,;Cferrsur~~ti vucstiorz o f  ~,otcc~9- Crctcrc~ous strata at <:lir%~ticznbzrrg. Base of tlzzc (:t.rlnr icloztntain Fortnation is n thr-ri.~t.fartlt with 
Jurassic Arcrpkn Shak. Sce figure 19for explc~nrstiort of'sylrtbos. 
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for the clastic material. Ridge to the north is underlain by 
Sanpete Formation (Cenomanian-Turonian); strike valley 
mostly covered with alfalfa fields is underlain by the Allen 
Valley Shale (middle Turonian). Shoreface deposits of lower 
Funk Valley Formation (Turonian) are exposed in ridge to 
the east of Allen Valley Shale. 

(33.1, 1.5) Park in golf course parking lot at end of paved 
road. 

Stop 13. Indianola-Flagstaff angular unconformity. 
Fifteen minutes. 

Excellent views to the north of steeply dipping shoreface 
deposits in upper part of Funk Valley Formation (Coniacian) 
overlain by flat-lying Flagstaff Limestone (Paleocene), which 
postdates local shortening. Prior to onlap by the Flagstaff 
Limestone, the Mesozoic rocks formed an island in Eocene 
Lake Flagstaff, termed Sterling Island by Weiss (1994). 
Comparison of the Funk Valley section with wells to north 
in Sanpete Valley indicates that much of the unit is missing 
from here, apparently cut out by a thrust fault near the east 
flank of the ridge west of the golf course. Along this trend, 
upright, east-dipping beds are thrust over steeply west-dip- 
ping, overturned beds. 

(33.9,O.B) Retrace route on paved road to Sixmile Can- 
yon road (dirt). Turn left. 

(34.3,0.4) Flagstaff Limestone unconformably overlies 
the lower member of the Campanian Sixmile 
Canyon Formation at 9:00 (north). The Sixmile 
Canyon Formation is the uppermost unit of 
the Indianola Group (Spieker, 1946). Light 
gray, thick pebbly sandstone beds of the lower 
member are unconformable on the Funk Valley 
Formation. 

(35.6, 1.3) Road to Manti on left (north). Continue east 
up Sixmile Creek. 

(35.7,O.l) Turn right, downhill into turnoff and park. Do 
not attempt to drive over bridge. Walk across 
bridge and climb trail 5095 to a bench for a 
view of the north wall of Sixmile Canyon 
(approximately 150 meters from bridge). 

Stop 14. Progressive unconformity in Campanian 
strata, Sixmile Canyon. 

Fluvial strata on north side of Sixmile Canyon (fig. 5) 
contain several unconformities that converge in a westward 
direction, causing the stratigraphic section to thicken to the 
east. Unconformity-bounded successions of sandstone are 
discordant in the west, but become concordant in a short 
distance eastward. The most obvious truncation is beneath 
beds assigned to the Price River Formation (Spieker, 1946; 
Lawton, 1982; Weiss, 1994). From its westernmost expo- 
sure, the Price River Formation may be traced eastward 

from an angular unconformity with underlying beds of the 
upper member of the Sixmile Canyon into an apparently 
concordant succession of strata (fig. 23). With a little imagi- 
nation, one can also make out subtle truncations in the un- 
derlying Sixmile Canyon Formation. Bedding dip decreases 
upsection through the unconformity-bounded successions. 
Campanian pollen have been reported from the middle 
member of the Sixmile Canyon Formation at the coal pros- 
pect to the west (Schwans, 1995) and late Campanian pollen 
were found in the Price River Formation to the east in the 
southwest comer of section 30, where it is traversed by the 
Sixmile Canyon road (Fouch et al., 1983). These strata, 
which appear to be genetically related, were deposited dur- 
ing incremental rotation in a short period of time during 
the Campanian. 

This progressive unconformity lies on the east flank of 
the Sevier-Sanpete Valley antiform and indicates that growth 
of the antiform, and thus movement on the Gunnison thrust, 
took place late in the Campanian. Lawton et al., (1993) have 
reported similar relations in Campanian strata on the west 
flank of the structure; therefore, equivalent growth strata 
on both sides of Sanpete Valley record structural growth. 

West-dipping Tertiary strata on the west flank of the 
Wasatch Plateau are also visible from this vantage point. 
This structure is termed the Wasatch monocline (Spieker, 
1946). Beds of the lower to middle Eocene Green River 
Formation are folded, indicating that the monocline is a late 
Eocene-early Oligocene structure (Weiss, 1994). 

Retrace route down Sixmile Canyon and proceed west 
on paved road toward Sterling. 

(37.5, 1.8) Turn right (north) on dirt road. After 0.8 mile 
this road merges with a north-trending paved 
road that parallels a strike ridge of Sanpete 
Formation. After 1.4 miles on the pavement, 
the road crosses the strike ridge and the con- 
tact of the Sanpete and Allen Valley forma- 
tions. Shoreface deposits of the Lower Funk 
Valley Formation are exposed at 3:00 (east) 
beyond the alfalfa field. 

(40.3,2.8) Turn right (northeast) on U.S. Highway 89. 
(43.1,2.8) Turn left (west) on 5th North Street on the 

north side of Manti, across from the Mormon 
temple, which is built of limestone blocks 
quarried from the upper part of the Green 
River Formation just east of the Temple. 
Temple Hill is a synclinal toreva block com- 
posed of Green River and Crazy Hollow (late 
Eocene) formations emplaced over a cuesta of 
limestone in the Green River Formation. 

(45.8,2.7) Cross San Pitch River. River knolls on left 
(southwest) are composed of late Tertiary 
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gravels that dip 50' west. These gravel deposits 
were tilted by diapirism of Arapien Shale, 
which also deflected the course of the river to 
the east. 

(49.7,3.9) On east side of the San Pitch Mountains, ver- 
tical conglomerate beds of the North Horn 
Formation rest depositionally on overturned, 
east-dipping Twist Gulch Formation. The ver- 
tical beds form the east limb of a broad, asym- 
metric syncline in the footwall of a thrust that 
cames Arapien Shale in its hanging wall. 
West-vergent folds and reverse faults are 
exposed discontinuously along the base of the 
eastern part of the San Pitch Mountains (fig. 
17). This zone of reverse faulting is part of the 
faulted forelimb of a west-vergent fault-propa- 
gation fold that underlies Sanpete Valley (fig. 
18; Lawton and Weiss, in press). 

(53.0,3.3) Turn left (west) at T intersection. Proceed west 
1.3 mile to a sharp right (north) turn. West- 
vergent structures are visible in Big Mountain 
to the north. After 0.4 mile, turn left (west) 
and proceed toward mouth of Dry Canyon. 
Proceed straight 0.5 mile, then bear left on 
dirt road. Road ends in another 0.2 mi. 

(55.4,2.4) End of road in Dry Canyon. 

Stop 15 (optional). Fold in Flagstaff Limestone. Walk 
up the canyon several hundred meters to the fold. 

At Dry Canyon (fig. 17), a west-vergent anticline-syn- 
cline pair in the Paleocene-Eocene Flagstaff Limestone 
indicates that some shortening took place following early 
Eocene time. The Flagstaff is unconformable on overturned, 
east-dipping Twist Gulch Formation; folding appears to be 
related to reverse faults that propagated along bedding in 
the Twist Gulch Formation. 

Retrace route to main dirt road on west side of Sanpete 
Valley. 

(57.8,2.4) Proceed straight (east) at T intersection. 
(58.2,0.4) At ranch buildings, turn left (north) on west- 

side road (dirt). 
(58.8,0.6) Sharp left turn. 
(58.9,O.l) Sharp right turn (north) to follow main road. 
(61.4,2.5) On the left (9:00-11:OO) west-vergent reverse 

faults in Cretaceous strata are visible at foot of 
range in the vicinity of Coal Canyon. Chevron 
fold in upper San Pitch and Sanpete forma- 
tions is present north of Coal Canyon. Beds of 
the North Horn Formation in the footwall of 
the reverse faults occupy a growth syncline 
and were deposited intermittently during 
shortening. 

(63.3, 1.9) Sheep pens on left. Pull off road on left (west). 
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Stop 16. Progressive unconformity in basal North Horn 
(Upper Cretaceous), Lambs Canyon. Fifteen minutes. 

Beds in the basal part of the North Horn Formation visi- 
ble on the south side of Lambs Canyon form several uncon- 
formity-bound sequences that are truncated eastward by 
convergence of the unconformities. Bedding attitudes de- 
crease upsection. Clasts within the conglomerate record an 
unroofing sequence derived from the rising structure to the 
east: Indianola clasts in the middle part of the section are 
overlain in succession by conglomerate, limestone, and 
sandstone clasts derived from Lower Cretaceous and 
Jurassic beds (Lawton et a]., 1993). The basal North Horn 
Formation here is late Campanian in age (Talling et al., 
1994) and correlates with the Sixmile Canyon and Price 
River formations at stop 14. 

(63.8,0.5) Cottonwoods at 10:OO (west) grow at springs 
on the main normal fault at the foot of the 
range. Stratigraphic offset on this fault is about 
640 m (Lawton and Weiss, in press). The fault 
reactivated an older west-vergent thrust fault 
(Standlee, 1982). 

(66.6, 2.8) Entering Wales, Utah. 
(67.3,0.7) Left (west) on Wales Canyon Road. 
(68.2,O.g) Park on right (north) side of road, east of 

prominent hogback. 

Stop 17. Wales Gap. Axhandle wedge-top basin and 
Wales thrust system. 

Vertical and overturned strata exposed at the narrow 
portal called Wales Gap display discordant relationships 
created by both thrust faults and angular unconformities 
(fig. 24). The prominent hogback consists of cobble to boul- 
der conglomerate that dips 900 and faces west. It repre- 
sents the lowermost unit in the fill of the Axhandle piggy- 
back, or wedge-top basin, which contains as much as 1100 
m of strata in its thickest part (Lawton et al., 1993). The 
strata of the basin, comprising the North Horn Formation 
and Flagstaff Limestone, thin eastward onto the belt of 
folding and faulting, known informally as the Wales thrust 
system, along the eastern base of the San Pitch Mountains. 
The prominent conglomerate was considered by Spieker 
(1946, 1949) as Price River Formation, but Lawton et d. ,  
(1993) termed it the basal conglomerate member of the 
North Horn Formation to emphasize its genetic link with 
overlying North Horn strata of the wedge-top basin. This 
conglomerate correlates with conglomeratic strata seen yes- 
terday at Chris Canyon on the other side of the range, west 
northwest of here. On the south side of the creek, the basal 
conglomerate overlies overturned, east-dipping Sanpete 
Formation with angular discordance. Beds of the Sanpete 
Formation depositionally overlying the San Pitch Formation 
are also exposed on the south side of the creek. To the east, 
a reverse fault emplaces Jurassic Twist Gulch Formation 

Figure 24. Geologic map of Wales Gap and vicinity of stop 17 on 
the east flank of the Sun Pitch Mountains (Lawton and Weiss, in 
press). Explanation: It, Twist Gulch Formation; Kc, Cedar Mountain 
Formation; Ksp, San Pitch Fmmation, Knbl, Knb2, basal members 
of Ndh Horn F m t i o n ;  Knl, lower redbed member of North Horn 
Fonnation; Knc, coal-bearing member of North Horn Fmmation; 
TKns, upper siltstone member of North Horn F m t i o n ;  Qaf; allu- 
vialzfan deposits; Qu, udfferentiated su$~ial deposits. Location 
of map is shown on figure 17. 
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above the San Pitch Formation. To the north, the thrust cuts 
upsection in the hanging wall and footwall, juxtaposing the 
Cedar Mountain Formation with the Sanpete Formation 
north of Wales Creek (fig. 24). Beds within the North Horn 
Formation west of the hogback have progressively lower 
dips upsection, partly as a result of the geometry of the syn- 
cline and parly a result of angular unconformities in the 
lower part of the section. 

Wales gap displays structures typical of the Wales thrust 
system. The steep western forelimb of the Sevier-Sanpete 
Valley antiform formed the structural margin of the Axhandle 
basin in which the North Horn Formation was deposited 
(Lawton and Trexler, 1991; Lawton et al., 1993; Talling et 
al., 1995). The late Campanian onset of deposition in the 
piggyback, or wedge-top, basin marks major movement of 
the Gunnison thrust. 

End road log. Retrace route to Wales, turn left (north) at 
Wales Ward Chapel and proceed north on Utah Route 177 
to Fbuntain Green (12 miles). Then turn left on Utah Route 
132 to Nephi and Interstate 15. 

ACKNOWLEDGMENTS 

We thank Lehi Hintze for careful review of the Canyon 
Range map and for discussions of both Paleozoic and Cre- 
taceous stratigraphy, Phyllis Camilleri and Paul Link for 
constructive reviews of the manuscript, and Tommy Delgado 
for help with drafting. Partially supported by National Sci- 
ence Foundation grants EAR-9316700 (to DeCelles) and 
EAR-9205411 (to Lawton), and by a grant from the Donors 
of the Petroleum Research Fund (ACS-PRF #25163-AC2) 
administered by the American Chemical Society (to Mitra). 

REFERENCES CITED 

Allmendmger, R W ,  Sharp, J.W., Von Tish, D., Serpa, L ,  Brown, L., 
Kaufman, S., and Oliver, J., 1983, Cenozoic and Mesozoic structure of 
the eastern Basin and Range province, Utah, from COCORP selsmlc- 
reflection data: Geology, v. 11, p. 537541. 

Anders, M.H., and Chnshe-Blick, 1994, Is the Sevier Desert reflection of 
west-central Utah a normal fault?: Geology, v. 22, p. 771-774 

Armstrong, R L., 1968, Sevier orogenic belt m Nevada and Utah. Geological 
Soclety of Arnenca Bulletin, v 79, p. 42W58. 

Auby, W.L., 1991, Provisional geologlc map of the Levan quadrangle, Juab 
County, Utah. Utah Geologcal Survey Map 135, scale 1.24,000,13 p. 

Balcer, D.M., 1992, Lateral facies variablhty, nomenclature, and deposi- 
tlonal environments of a syntectonlc conglomerate in the southwest 
San Pltch Mountains, central Utah (M.S. thesis): Las Cruces, New 
Mexlco State University, 121 p. 

Bally, A.W., Gordy, PL., and Stewart, G.A., 1966, Structure, seismic data, 
and orogenic evolution of the southern Canadian Rocky Mountains 
Canadlan Petroleum Geology Bulletin, v. 14, p 337381. 

Beaumont, C., 1981, Foreland baslns: Geophysical Journal of the Royal 
Astronomical Soclety, v. 65, p 291-329. 

Boyer, S.E , and Elliott, D , 1982, Thrust systems. Amencan Association of 
Petroleum Geologists Bulletin, v. 66, p. 1196-1230 

Burchfiel, B.C., and Hickox, C.W., 1972, Structural development of central 
Utah, in Baer, J.L., and Callaghan, E., eds., Plateau-Basin and Range 

Transihon Zone, Central Utah, 1972: Utah Geologcal Associahon Pub- 
lication 2, p 55-66. 

Christiansen, EW, 1952, Structure and stratigraphy of the Canyon Range, 
central Utah. Geological Soc~ety of America Bulletin, v. 63, p 717-740. 

Coogan, J.C., and DeCelles, PG., 1996, Extensional collapse along the 
Sevier Desert reflection, northern Sevler Desert basin, western United 
States: Geology, v 24, p 93S936. 

Coogan, J.C., DeCelles, PG., Mitra, G., and Sussman, A J ,  1995, New 
regional balanced cross section across the Sevler Desert region and 
the central Utah thrust belt: Geological Soclety of Amenca Abstracts 
\nth Programs, v 27, no. 4, p. 7. 

Dahlstrom, C.D.A., 1969, Balanced cross sections: CanadIan Journal of 
Earth Sciences, v. 6, p 743-757 

Davis, D., Suppe, J , and Dahlen, FA., 1983, Mechanics of fold-and-thrust 
belts and accretionary wedges Journal of Geophysical Research, v. 88, 
p. 115S1172. 

DeCeUes, PG., 1988, Lithologic provenance modeling applied to the Late 
Cretaceous synorogenlc Echo Canyon Conglomerate, Utah. A case of 
multiple source areas. Geology, v. 16, p. 1039-1043. 

DeCelles, PG, and Currie, B S , 1996, Long-term sediment accumulation 
in the Middle Jurassic-early Eocene Cordilleran retroarc foreland- 
basin system. Geology, v. 24, p. 591-594. 

DeCelles, PG., and Giles, K.A, 1996, Foreland basin systems. Basln 
Research, v 8, p. 105-123. 

DeCelles, PG., Lawton, TF, and Mltra, G., 1995, Thrust timing, growth of 
structural culmlnatlons, and synorogenic sedimentation in the type 
Sevier orogenlc belt, western United States. Geology, v. 23, p. 69%702 

Fang, A,, 1995, Geologc map of the Fountain Green South quadrangle. 
Utah Geological Survey Open File Report, Scale 1 24,000,18 p. 

Fouch, TD., Lawton, 'IF, Nichols, D.J., Cashlon, W.B., and Cobban, W.A., 
1983, Patterns and tlmlng of synorogenlc sedimentation in Upper 
Cretaceous rocks of central and northeast Utah, in Reynolds, M W, 
and Dolly, E.D., eds , Symposium2-Mesozoic peleogeography of 
west-central Unlted States. Society of Economic Palentolog~sts and 
Mlneralogsts, Rocky Mountain Sectlon, p. 305436. 

Graham, S.A, Tolson, R.B., DeCelles, PG., Ingersoll, RV, Bargar, E., 
Caldwell, M., Cavazza, W., Edwards, D.E, Follo, M F, Handschy, J R ,  
Lemke, L., Moxon, I ,  Rlce, R ,  Smlth, G A ,  and Whlte, J ,  1986, 
Provenance modelling as a technique for analyslng source terrane evo- 
lution and controls on foreland sedimentahon, in Allen, PA, and Home- 
wood, P, eds., Foreland basins. Internahonal Association of Sedlmen- 
tologists Specral Publication 8, p. 141-152. 

Hardy, C T,  1952, Eastern Sevler Valley, Sevier and Sanpete Counties, 
Utah, wlth reference to formations of Jurassic age. Utah Geological 
and Mineralogical Survey Bulletin 43.98 p 

Hams, H D., 1959, Late Mesozoic positlve area in western Utah. Amen- 
can Association of Petroleum Geologsts Bulletin, v. 43, p 263G26.52. 

Heller, PL., Bowdler, S.S., Chambers, H.P, Coogan, J C., Hagen, E.S., 
Shuster, M W., Winslow, N.S., and Lawton, TE, 1986, Time of lntitral 
thrustmg In the Sevier orogenic belt, Idaho-Wyoming and Utah 
Geology, v. 14, p. 388392. 

Himns, J.M., 1982, Geology of the Champlin Peak quadrangle, Juab and 
Mlllard Counties, Utah: Brigham Young University Geology Studles, v 
29, part 2, p 4 M 8 .  

Hlntze, L.E, 1980, Geologic map of Utah. Utah Geological and Mineral 
Survey, scale 1:500,000. 

Hmtze, L.E, 1988, Geologic history of Utah. Brigham Young University 
Geology Studies Special Publication 7,202 p. 

Hmtze, L.E, 1991a, Intenm geologic map of the Scipio Pass quadrangle, 
Mlllard County, Utah. Utah Geological Survey Open File Report 222, 
scale 1:24,000. 

Hintze, L.E, 1991b, Intenm geologic map of the Fool Creek Peak quad- 
rangle, Juab and Millard Counties, Utah. Utah Geological Survey 
Open File Report 220, Scale 1: 24,000. 



66 BYU GEOLOGY STUDIES 1997, VOL. 42, PART I1 

Hintze, L F, 1991c, Interim geologlc map of the W~lllams Peak quadran- 
gle, Juab and Millard Counties, Utah Utah Geologcal Survey Open 
File Report 223, scale 1.24,000. 

Holladay, J C , 1984, Geology of the northern Canyon Range, Millard and 
Juab counties, Utah. Brigham Young University Geology Stud~es, v. 31, 
p. 1-28 

Hunt, R.E., 1954, South Flat Formation, new Upper Cretaceous Fomat~on 
of central Utah. American Assoclation of Petroleum Geologists Bulletln, 
v. 38, p. 118-128. 

Imlay, R.W, 1980, Jurassic paleobi~geogra~hy of the contemlnous United 
States in its cont~nental sett~ng. U.S. Geological Survey Professional 
Paper 1062,134 p 

Jordan, T.E., 1981, Thrust loads and foreland basin evolution, Cretaceous, 
western Un~ted States. American Association of Petroleum Geologists 
Bulletin, v. 65, p. 2506-2520. 

Kaullinan, E.G., 1977, Geological and biological overview Western Intenor 
Cretaceous basin. Mountain Geologist, v 14, p 75-99 

Lawton, T.E, 1982, Lithofac~es correlations wthin the Upper Cretaceous 
Indianola Group, central Utah, in Nlelson, D.L., ed., Overthrust belt 
of Utah Salt Lake City, Utah Geologcal Assocratlon Publication 10, p. 
199-213 

Lawton, TE, 1985, Style and tim~ng of fiontal structures, thrust belt, central 
Utah American Assoclatlon of Petroleum Geologists Bulletin, v. 69, p. 
1145-1159. 

Lawton, T.F, 1986, Compositional trends wthm a clastlc wedge adjacent 
to a fold-thrust belt. Inhanola Group, central Utah, U.S.A., in Allen, PA., 
and Homewood, P, eds., International Association of Sedimentologists 
Speclal Publication 8, p. 411423. 

Lawton, T.E, and Trexler, J.H., Jr, 1991, Piggyback bas~n in the Sevler oro- 
genic belt, Utah-Implications for development of the thrust wedge 
Geology, v. 19, p. 827-830. 

Lawton, T.E, and We~ss, M.F!, m press, Geologlcal map of the Wales quad- 
rangle, Juab and Sanpete counties, Utah. Utah Geological Survey 
Map, Scale 1:24,000. 

Lawton, TF, and W~llis, G.C., 1987, The geology of Sallna Canyon, Utah, 
in Beus, S.S., ed., Rocky Mounhn Section of the Geological Society of 
Amenca. Geological Soc~ety of Amenca Centennial Field Guide Volume 
2, p. 265-268. 

Lawton, T.E, Boyer, S E., and Schm~tt, J G., 1994, Influence of ~nhented 
taper on structural vmabllity and conglomerate d~stnbubon, Cord~lleran 
fold and thrust belt, western United States. Geology, v. 22, p. 339342. 

Lawton, TE, Talling PJ., Hobbs, R S., Trexler, J H , Jr., We~ss, M P, and 
Burbank, D.W, 1993, Structure and stratigraphy of Upper Cretaceous 
and Paleogene strata (North Horn Formation), eastern San Pitch 
Mountans, Utah-Sedimentation at the front of the Sevier orogenic 
belt U.S Geological Survey Bulletln 1787-II,33 p. 

Mattox, S.R., 1987, Provls~onal geologc map of the Hells Kitchen Canyon 
SE quadrangle, Sanpete County, Utah. Utah Geolog~cal and Mineral 
Survey Map 98, scale 1.24,000. 

Mlllard, A.W, 1983, Geology of the southwest quarter of S c ~ p ~ o  North 
quadrangle, Millard and Juab counties, Utah. Bngham Young Un~verslty 
Geology Studies, v. 30, p. 59-81 

M~tra, G , in press, Evolution of salients in a fold-and-thrust belt. The 
effects of sedimentary basin geometry, straln distribution and cnt~cal 
taper, in Sengupta, S., ed., Evolution of geologic structures from 
macro- and micro-scales London, Chapman and Hall. 

M~tra, G., and Sussman, A.J., 1997, Structural evolution of connecting 
splay duplexes and them lmplicatlons for crit~cal taper. An example 
based on geometry and dinematlcs of the Canyon Range culmination, 
Sevier belt, central Utah: Journal of Structural Geology, v 19, p 
503521. 

Morris, H.T., 1983, Interrelations of thrust and transcurrent faults in the 
central Sevier orogenic belt near Leamington, Utah, in Miller, D.M , 

Todd, VR., and Howard, K.A., eds., Tectonic and stratlgraph~c studies 
In the eastern Great Basln. Geological Society of Amenca Memoir 157, 
p. 75-81. 

N~elson, D.L., (ed.), 1982, Overthrust belt of Utah Utah Geologlcal 
Association Publicat~on 10,335 p 

Otton, J.K., 1995, Western frontal fault of the Canyon Range Is it the 
breakaway zone of the Sevier Desert detachment? Geology, v 23, p 
547550 

Pequera, N., M~tra, G , and Sussman, A.J., 1994, The Canyon Range thrust 
sheet In the Sewer fold-and-thrust belt of central Utah Deformation 
history based on structural analys~s. Geologlcal Soclety of Amer~ca 
Abstracts With Programs, v. 26, no 6, p. 58 

Riba, O., 1976, Syntectonic unconformities of the Alto Cardener, Spanish 
Pyrenees A genet~c interpretat~on Sedimentary Geology, v 15, p 
21S233 

Ritzma, H.R., 1972, Six Utah "h~ngelme" wells, in Baer, J.L., and Callaghan, 
E., eds., Plateau-Basm and Range trans~t~on zone, central Utah, 1972. 
Utah Geological Assoclation Publicat~on 2, p. 7580.  

Royse, E, Jr ,  1993, Case of the phantom foredeep. Early Cretaceous In 
west-central Utah Geology, v 21, p 133-136 

Schmitt, J G., Haley, J C , Lageson, D R , Horton, B K , and Azevedo, PA, 
1995, Sedlmentology and tectonics of the Bannack-McKn~ght Canyon- 
Red Butte area, southwest Montana New Perspect~ves on the Beaver- 
head Group and Sevier orogenic belt. Northwest Geology, v 24, p 
245313. 

Schwans, P, 1988, Deposit~onal response of Plgon Creek Fomat~on, Utah, 
to initial fold-thrust deformation in a differentially subsiding foreland 
basln, zn Schm~dt, C.J., and Peny, WJ., eds , Interaction of the Rocky 
Mountain foreland and the Cordilleran thrust belt. Geological Soclety 
of America Memoir 171, p 531556 

Schwans, P, 1995, Controls on sequence stacking and fluvial to shallow- 
marlne architecture In a foreland basln, in Van Wagoner, J.C., and 
Bertram, G.T, eds , Sequence strat~graphy of foreland basin deposits, 
outcrop and subsurface examples from the Cretaceous of North Amer- 
ica American Association of Petroleum Geologists Memoir 64, p. 
55-102. 

Spieker, E M., 1946, Late Mesozoic and early Cenozo~c history of central 
Utah US. Geological Survey Professional Paper 205-D, p. 117-161. 

Spieker, E M , 1949, The transit~on between the Colorado Plateaus and 
the Great Basln m central Utah. Utah Geologcal Soc~ety, Gu~debook 
to the Geology of Utah, no. 4, 106 p. 

Spieker, E M , and Reeside, J.B, Jr., 1926, Upper Cretaceous shore line in 
Utah: Geolopcal Soclety of America Bulletm, v. 37, p. 429-438. 

Spieker, E.M., and Reeside, J.B., Jr., 1926, Upper Cretaceous shore line in 
Utah. Geolog~cal Soclety of Amenca Bullet~n, v. 37, p 432-435 

Spr~nkel, D.A., 1982, Twin Creek L~mestone-Arap~en Shale relat~ons in 
central Utah, zn Nlelson, D.L., e d ,  Overthrust belt of Utah Utah 
Geological Assoclatlon Spec~al Publ~cat~on 10, v. , p. 16%179. 

Spnnkel, D.A., We~ss, M.P, Flemmg, R.W., and Wanders, G.L., In revlew, 
Redefining the Lower Cretaceous stratigraphy of central Utah and an 
example of the structural development w~th  the foreland bas~n, in 
Lageson, D.A., and Schm~tt, J.A., eds., Geologcal Soc~ety of Amenca 
Memoir 

Standlee, L.A., 1982, Structure and stratigraphy of Jurass~c rocks in central 
Utah. Their influence on tecton~c development of the Cord~lleran fore- 
land thrust belt, in Powers, R.B., e d ,  Geologic studies of the Cordil- 
leran thrust belt: Denver, Rocky Mountain Association of Geologists, v 
1, p 357382. 

Stockl~, D.F, and Linn, J K , 1996, Apatite fission-track thennochronology 
of the Canyon Range, Utah. Exhumat~on of the breakaway zone of the 
Sev~er Desert detachment. Geolog~cal Soc~ety of America Alxtracts 
With Programs, v 28, no. 7, p. A-116. 



LAWTON ET AL.: SEVIER THRUST BELT CENTRAL UTAH: SEVIER DESERT TO WASATCH PLATEAU 67 

Stolle, J.M., 1978, Stratigraphy of the lower Tertiary and Upper Creta- 
ceous(?) continental strata in the Canyon Range, Juab County, Utah. 
Brigham Young University Geology Studies, v. 25, pt. 3, p. 117-139. 

Suppe, J , Chou, G.T, and Hook, S.C., 1992, Rates of folding and faulting 
determined from growth strata, in McClay, K.R., ed., Thrust tectonics 
New York, Chapman and Hall, v. , p. 105-122. 

Sussman, A J , and Mitra, G., 1995, Deformation patterns in the footwall of 
the Canyon Range thrust, cental Utah. Implications for Sevier fold- 
and-thrust belt development. Geological Society of American Abshacts 
with Programs, v. 27, no. 4, p. 57. 

Talling, EJ., Burbank, D.W., Hobbs, R.S., Lawton, TF, and Lund, S.E, 1994, 
Magnetostratigraphic chronology of Cretaceous to Eocene thrust belt 
evolution, central Utah: Journal of Geology, v. 102, p. 181-196. 

Talling, PJ., Lawton, TE, Burbank, D.W., and Hobbs, R.S., 1995, Evolution 
of latest Cretaceous-Eocene nonmarine deposystems in the Axhandle 
piggyback basin of central Utah. Geologcal Society of America Bulletin, 
v. 107, p. 297-315. 

Villien, A,, and Kligfield, R.M., 1986, Thrusting and synorogenlc sedlmen- 
tation in central Utah, in Peterson, ].A, ed., Paleotectonics and sedi- 
mentation in the Rocky Mountain region, United States. American 
Associahon of Petroleum Geologists Memoir 41, p. 281-308. 

Weiss, M.P, 1994, Geologic map of the Sterling quadrangle, Sanpete 
County, Utah. Utah Geological Survey Map 159, scale 1:24,000,26 p. 

Wdlis, G.C , 1986, Geologic Map of the Salina Quadrangle, Sevler County, 
Utah. Utah Geological and Mineral Survey Map Senes no. 83, scale 
1.24,000, 16 p. 

Willis, G.C., and Kowallis, B.J., 1988, Newly recognized Cedar Mounkun 
Formation in Salina Canyon, Sevier County, Utah. Bngham Young 
University Geology Stud~es, v. 35, p. 57-61. 

Witkind, I.J., and Weiss, M E, 1991, Geologic map of the Nephi 30' x 60' 
quadrangle, Carbon, Emery, Juab, Sanpete, Utah, and Wasatch coun- 
ties, Utah. US. Geological Survey Map 1-1937, Scale 1:100,000. 

Witkind, I.J., Standlee, L.A , and Maley, K.E, 1986, Age and correlation of 
Cretaceous rocks previously assigned to the Momson(?) Formation, 
Sanpete-Sewer Valley area, cenhd Utah U.S. Geolo@cal Survey Bulle- 
tin 1584,9 p. 

Witkind, I.J., Weiss, M P, and Brown, TL., 1987, Geologc map of the Manti 
30' x 60' quadrangle, Carbon, Emery, Juab, Sanpete, and Sevler coun- 
ties, Utah. U.S. Geologcal Survey Map 1-1631, scale 1:100,000. 

Woodward, N.B , and Boyer, S.E., 1985, An outline of balanced cross-sec- 
tions. Knoxville, University of Tennessee, Department of Geological 
Sciences Studies in Geology 11, 123 p. 





Lower to Middle Cretaceous Dinosaur Faunas of the 
Central Colorado Plateau: A Key to Understanding 

35 Million Years of Tectonics, Sedimentology, 
Evolution and Biogeography 

JAMES I. KIRKLAND 
Dinamation International Society, 550Jurassic Court, Fruita, Colorado 81521 

BROOKS BRITT 
Museum of Western Colorado, PO. Box 25000, Grand Junction, Colorado 801 02 

DONALD L. BURGE 
College of Eastern Utah, Prehistoric Museum, 451 E. 400 N., Price, Utah 84501 

KEN CARPENTER 
Dept. of Earth Sciences, Denver Museum of Natural History, 2001 Colorado Blvd., 

Denver, Colorado 80205 

RICHARD CIFELLI 
Oklahoma Museum of Natural History, University of Oklahoma, 

Norman, Oklahoma 7301 9 

FRANK DECOURTEN 
GeologylEarth Science, Sierra College, 5000 Rocklin Road, 

Rocklin, Calqornia 95677 

JEFFREY EATON 
Department of Geology, Weber State University, Ogden, Utah 84408-2507 

STEVE HASIOTIS 
Department of Geological Sciences, University of Colorado, 

Boulder, Colorado 80309-0250 

TIM LAWTON 
Dept. of Earth Sciences, New Mexico State University, 

Los Cruces, New Mexico 88003 

ABSTRACT 

Three distinct dinosaur faunas separated by unconformities representing about 10 my each are present in 
the Cedar Mountain Formation of east-central Utah. These biostratigraphic relationships compliment the 
lithostratigraphic relationships present in the Cedar Mountain Formation resulting in the recognition of five 
members to be recognized. These members are a basal Buckhorn Conglomerate and four new members 
defined herein. In ascending order these are the Yellow Cat Member, Poison Strip Sandstone, Ruby Ranch 
Member, and Mussentuchit Member. 

The Buckhorn Conglomerate is a trough cross-bedded pebble conglomerate present at the base of the Cedar 
Mountain Formation on the west and north sides of the San Rafael Swell. It is unfossiliferous. The oldest fauna 
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preserved is in the largely fine grained deposits of basal Yellow Cat Member east of the San Rafael Swell. The 
dinosaurs include abundant polacanthids, cf. Polacanthus n. gen., Iguanodon ottingeri, a sail-backed iguanodon- 
tid (= I. ottingeri ?), camarasaurid and titanosaurid sauropods, a small maniraptoran theropod, cf. Ornitholestes 
n. gen., and the giant dromaeosaurid Utahraptor ostrommaysorum. The ankylosaurs, iguanodontids, and 
sauropods indicate close temporal and geographic ties to the Barremian of Europe. 

The cliff forming Poison Strip Sandstone outcrops across central Utah east of the San Rafael Swell. 
Dinosaurs present in this member are limited to the nodosaurid ankylosaur Sauropelta, and isolated theropod 
and sauropod bones. The overlying Ruby Ranch Member is characterized by largely illitic mudstones and an 
abundance of calcareous nodules. It preserves a dinosaur fauna including the nodosaurid Sauropelta, the primi- 
tive iguanodontian Tenontosaum?, sauropods assigned to Pleurocoelus, dromaeosaurid teeth, an unidentified 
large theropod, and Acrocanthosaum. This fauna compares well with those documented from the Cloverly For- 
mation, Arundel Formation, and Trinity Group characteristic of North American's apparently endemic Aptian- 
Albian dinosaur fauna. 

A sharp break from carbonate nodule bearing, non-smectitic strata to carbonaceous, highly smectitic strata 
marks the base of the Mussentuchit Member in the western San Rafael Swell region. It is dated as spanning 
the AlbianICenomanian boundary based on palynology and radiometric dates. This youngest dinosaur fauna 
includes a small nodosaurid, cf. Pawpawsaurus n. gen., a small ornithopod, a primitive lambeosaurid hadrosaur, 
ceratopsian teeth, pachycephalosaur teeth, tiny sauropod teeth, a dromaeosaurid, cf Richardoestesia teeth, cf. 
Paronychodon teeth, and an early tyrannosaurid. This dinosaur fauna is remarkably similar to those of the 
Campanian and Maastrichtian of western North America. As the most likely ancestors of the tyrannosaurid, had- 
rosaur and ceratopsian are from the Early Cretaceous of Asia, the dramatic shift to faunas typical of the North 
American Late Cretaceous is interpreted to result from opening migration corridors to and from Asia through 
Alaska at the end of the Early Cretaceous, when migration to eastern North America was still possible. The 
middle to upper Cenomanian Dakota Formation preserves a dinosaur fauna much like that of the Mussentuchit 
fauna with the notable absence of sauropods. 

The fossil record in east-central Utah indicates that a Barremian iguanodont-polacanthid fauna with 
European affinities predating common flowering plants was replaced by an Aptian-middle Albian Tenontosaurms- 
Pleurocoelus fauna, perhaps representing an impoverished recovery fauna following a Early Cretaceous extinc- 
tion event (endemic to North America). In turn, this was followed by a latest Albian-earliest Cenomanian 
hadrosaur dominated fauna with Asian affinities when flowering plants were co-dominant, which continued 
until the end of the Cretaceous. 

INTRODUCTION 

Approximately 50 million years of Earth's history is rep- 
resented between the final deposition of the Late Jurassic 
Monison Formation and the first transgression of the Late 
Cretaceous Western Interior Seaway across the Colorado 
Plateau. The Cedar Mountain and Dakota Formations record 
part of this history. Historically', these terrestrial strata have 
been considered to be largely unfossiliferous (Stokes, 1944, 
1952; Young, 1960). Age relationships of the terrestrial 
Dakota Formation have been based on overlying latest 
Cenomanian marine fossils (Cobban, 1976; Eaton, Kirkland, 
and Kauhan, 1990). The uppermost Cedar Mountain For- 
mation in the western San Rafael Swell had been dated as 
late Albian based on palynomorphs by Tschudy and others 
(1984). Dates based on freshwater bivalves, ostracodes, 
charophytes, and plants, while not as accurate, are compati- 

ble (Mitchell, 1956; Stokes, 1952; Young, 1960). Thus, it has 
been accepted that a broadly Albian Cedar Mountain Forma- 
tion was overlain by a largely Cenomanian Dakota Forma- 
tion. The Cedar Mountain Formation has subsequently 
been considered as a homogenous Aptian-Albian unit in 
most regional studies (ex. Lawton, 1985; 1986; Heller, et al., 
1986; Baars, 1988). 

Additionally, the North American terrestrial vertebrate 
record is very poor overall for the "middle" Cretaceous; a 
the notable exception being the Aptian-Albian fauna from 
the Cloverly Formation of northern Wyoming and southern 
Montana (Ostrom, 1970). Largely correlative faunas are 
known from the Antlers Formation of Oklahoma, Arkansas, 
and west Texas (Stovall and Langston, 1950; Langston, 1974), 
the Pauluxy and Twin Mountains formations of central 
Texas (Langston, 1974; Winkler et al., 1989; 1990), and the 



KIRKLAND ET AL.: DINOSAUR FAUNAS OF CENTRAL COLORADO PLATEAU 71 

Figure 1. Correlation chart showing age relationships of stratigraphic units dicussed in text. Vertical lines denote unconformites. T i m  
scale from Obradovich (1993). North American faunas ages after Lucas (1993) and this paper. Datafiom Dyman et al., (1994), Winkler et 
al., (1995), Hancock et al., (1 993), Kranz (1989), and Benton and Spencer (1 995). 

Arundel Formation of Maryland (Gilmore, 1921; Kranz, Lower Cretaceous Strata in the Thrust Belt. 
1989, 1996) (Fig. 1). 

Recent research has indicated that there are three dis- 
tinct dinosaur faunas separated by unconformities repre- 
senting about 10 my each in the Cedar Mountain Fm. of 
east-central Utah (ex. Kirkland, 1996b). In addition to the 
well known Aptian-Albian fauna, there are distinct earlier 
and later faunas preserved in the Cedar Mountain Forma- 
tion. A diverse fauna has also been recovered from the 
overlying Dakota Formation in southern Utah and from a 
small site in the western San Rafael Swell (Eaton, 1987, 
1993a, b; Eaton et al., 1997). Improved biostratigraphic res- 
olution within this time interval indicates a more complex 
regional history during the Early to "middle" Cretaceous and 
will lead to refinements in our geological interpretations. 

Significant localities demonstrating this three-fold divi- 
sion of the Cedar Mountain Formation will be visited, as 
will a pertinent outcrop of the Dakota Formation during the 
course of this field trip (Fig. 2). Additionally, each of the 
proposed members of the Cedar Mountain Formation will 
be examined. 

Detailed descriptions as to how to get to the fossil locali- 
ties described in this guidebook are not provided as these 
are sensitive sites of ongoing research by many institutions. 
This information is on file at these institutions (listed below) 
and will be provided to qualified researchers. It is hoped 
that this field trip and guidebook will provide ample expla- 
nation as to why our fossil resources should be protected so 
that they can continue provide data to better understand 
the Earth's geological, biological and climatic history. 

Lower Cretaceous strata of the central Utah thrust belt 
were deposited near the tip of the advancing thrust wedge 
west of the Wasatch Plateau in the axis of a foreland basin 
created by the load of the thrust faults. The section thickens 
very rapidly to the northwest from the vicinity of Salina, 
Utah, achieving a maximum thickness of 1160 m at Chicken 
Creek in the west central San Pitch Mountains (Sprinkel et 
al., written commun., 1996). From that point westward, cor- 
relative strata thin by onlap onto the hanging wall of the 
Pavant thrust. Clasts in conglomerate of the Lower Creta- 
ceous section were derived from hanging wall rocks of both 
the Canyon Range and Pavant thrusts, coeval with move- 
ment of the Pavant Thrust (Lawton, 1985; DeCelles, et d., 
1995). Paleocurrent data and clast composition trends indi- 
cate that the conglomeratic part of the section was at times 
distributed southeastward away from the thrust belt, reach- 
ing the latitude of Salina as toes of large fans, and at other 
times dispersed northeast longitudinally along the axis of 
foredeep of the foreland basin by large braided rivers. The 
robust river systems that occupied the rapidly subsiding 
axis of the basin were probably poorly represented or even 
completely absent from equivalent depositional systems of 
more slowly subsiding regions further from the thrust belt. 
It is not surprising that correlation of this interval through 
the subsurface of the Wasatch Plateau has proven challeng- 
ing. The Lower Cretaceous section in the central Utah part 
of the thrust belt is characterized by a quartzite-cobble and 
boulder conglomerate that is generally regarded as correla- 
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tive with the base of the Dakota Formation (Schwans, 1995; 
Lawton et al., in press; Sprinkel et al., written commun., 
1996). 

Strata in the central Utah part of the Sevier orogenic 
belt equivalent to the Cedar Mountain Formation of the 
Colorado Plateau have a varied history of nomenclature 
(Fig. 3). They were tentatively identified as Morrison Forma- 
tion based on stratigraphic position (Spieker and Reeside, 
1926). Spieker (1946, 1949) later hedged his correlation with 
a query as he learned more about regional relations of the 
continental interval above the San Rafael Group. Although 
Stokes (1972) questioned the Morrison assignment on the 
basis of polished chert pebbles or gastroliths in the beds of 
the thrustbelt, it was not until a succession of studies in the 
1980's that the Early Cretaceous age of these strata was 
established. Standlee (1982), Witkind et al., (1986), and Weiss 
and Roche (1988) recommended use of the term Cedar 
Mountain for redbeds exposed in the San Pitch Mountains, 
although there was some confusion among some workers 
about how to handle an interval of red conglomerate lying 
above the gastrolith shales and beneath the Indianola 
Group. Schwans (1988a, b) reassigned the Lower Creta- 
ceous section to the Pigeon Creek Formation, assigning the 
lower shale-rich part to a lower member and about a kilo- 
meter of conglomerate on the west side of the San Pitch 
Mountains to an upper member. Weiss (1994) included the 
lower mudstone interval in the Cedar Mountain Formation 
and overlying conglomerate in an unnamed basal formation 
of the Indianola Group. Based on ongoing, detailed bios- 
tratigraphic and structural studies Sprinkel et al., (1992; 

Cedar Mountain 

Figure 2. Map showing route offield trip (diamonds). Field trip 
stops listed by number Line of dots indicates geographic boundary 
between Cedar Mountain and Burro Canyon Formations. 

written commun., 1996) recommended assignment of the 
lower shale-rich interval to the Cedar Mountain Formation, 
and the upper conglomeratic interval to a new formation, 
the "San Pitch Formation," to be included in the Indianola 
Group. 

Palynomorph biostratigraphy indicates that both the 
shale-rich and conglomerate rich intervals of the thrust belt 
correlate with the Cedar Mountain Formation exposed east 
of the Wasatch Plateau. The base of the conglomerate is 
middle to late Albian in the San Pitch Mountains based on 
concurrent range zones of palynomorph collections (Sprinkel 
et al., written commun., 1996). The Cedar Mountain Forma- 
tion of the San Pitch Mountains is probably Aptian-lower 
Albian by comparison with similar lithologies rich in car- 
bonate nodules associated with the Ruby Ranch Member of 
the Cedar Mountain on the Colorado Plateau. Both the 
Cedar Mountain and the overlying conglomerate beds are 
therefore equivalent to the Cedar Mountain of the Colorado 
Plateau, although the conglomerate beds appears rather 
inconveniently to correspond to an unconformity between 
the Ruby Ranch and Mussentuchit members of the plateau. 

The Cedar Mountain Formation. 

The term Cedar Mountain Shale was designated by 
Stokes (1944) for the drab variegated slope-forming sedi- 
ments lying between the Buckhorn Conglomerate and the 
Dakota Formation (Fig. 4); the type section lies on the 
southwest flank of Cedar Mountain, Emery County, Utah. 
It was characterized as having slopes covered with abun- 
dant carbonate nodules that were often septarized with 
agate, barite, and other fillings. Stokes noted an abundance 
of elongate sandstone lenses (ribbon sandstones) that repre- 
sented abandoned river channels. The presence of polished 
chert pebbles "gastroliths" was also noted. 

Stokes (1952) renamed the unit the Cedar Mountain 
Formation and included the Buckhorn Conglomerate as its 
basal member (Fig. 4). His measured type section (Sec. 9, 
T18S, RlOE) is 123.6 meters thick. He recognized that the 
Burro Canyon Formation of western Colorado (Stokes and 
Phoenix, 1948) is largely equivalent to the Cedar Mountain 
Formation and recommended using the Colorado River as 
the dividmg line between these formations (Stokes, 1952). 

Young (1960), recognizing the continuity of the two for- 
mations, proposed that the term Burro Canyon be aban- 
doned in favor of Cedar Mountain Formation. This proposal 
has been ignored by subsequent authors (ex. Craig, 1981). 
Young (1960) recognized several regionally extensive sand- 
stones in the Cedar Mountain that were useful for correla- 
tion (Fig. 4). 

Based on correlations of regionally persistent sandstone 
units, Young (1960) proposed that, toward the east, calcare- 
ous mudstones assigned to the Cedar Mountain passed into 
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Figure 3. History of nomenclature for "middle" Cretaceous strata in the Sun Pete Valley. Tim scalefrom Obradovich (1993). 

the carbonaceous sandstones and shales of his Naturita 
Formation (Fig. 4). Although the more refined biostratigra- 
phy developed herein precludes such a rapid facies change, 
Molenaar and Cobban (1991) and correlations presented 
here indicate that the upper Cedar Mountain Formation 
correlates with the upper Dakota Formation northwestward 
across the Uinta Basin. Young's (1960) sandstone correla- 
tions suffered from this lack of biostratigraphic control, but 
these units mark major breaks in sedimentation as indicat- 
ed by the dramatic faunal changes documented herein. 
Thus Young's (1960) recognition of these units represented 
a significant, if belatedly utilized, breakthrough in our 
understanding of the Cedar Mountain Formation. 

In addtion to the basal Buckhorn Conglomerate of the - 
western San Rafael Swell, four additional members are 
newly proposed herein. In ascending order, based on strati- 
graphic and biostratigraphic relationships, these are; Yellow 
Cat Member, Poison Strip Sandstone, Ruby Ranch Member, 
and Mussentuchit Member (Figs. 1,3). 

The Buckhorn Conglomerate. 

tions to the northeast. It is best developed in the northern 
San Rafael Swell area (Fig. 5). Because of its discontinuous 
nature, Stokes (1952) subsequently included it as the lower 
member of the Cedar Mountain Formation. Young (1960) 
also noted that the member was dscontinuous and found 
that it could not be correlated with any specific sandstone 
east of the San Rafael Swell. Aubrey (1996, in press) has 
proposed that the Buckhorn intertongues with the Monison 
Formation and should be considered Late Jurassic (Fig. 4). 
Beyond reworked late Paleozoic invertebrates, no primary 
fossils have been recovered from the Buckhorn Conglom- 
erate. 

The Yellow Cat Member. 

We propose that the mudstone interval at the base of the 
Cedar Mountain Formation in the region around Arches 
National Park be designated the Yellow Cat Member of the 
Cedar Mountain Formation, with its type section near the 
Gaston Quany west of the Yellow Cat Road (Fig. 6, Stop 
12). At this site (NE1/4, SE1/4, NE1/4, SW1/4, Sec. 35, 
T22S, R21E on the Mollie Hogans, Utah, U.S.G.S. 1:24,000 

The Buckhorn Conglomerate was defined by Stokes Quad.), the member measures 24 m thick. It begins at the 
(1944) for exposures below the dam at Buckhorn Reservoir top of a 2-3 meter thick calcrete marhng the top of the 
on the southwest flank of Cedar Mountain, where its Morrison Formation and consists primarily of mauve mud- 
exposed thickness is 7.5 m. At the type locality, the pebbles stone with thin ( 5 3 0  cm thick) sandstone beds. At 17.3 m 
have an average diameter of 3 cm and are composed mostly above the base, there is an interval of interbedded lime- 
of black chert. Trough crossbedding indicate flow direc- stone and shale that preserves mudcracks, dinosaur tracks, 
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Figure 4. History of nomenclature for "middk" Cretaceous strata on the central Color& Plateau. Tiine scale from Obradmich (1 993). 

and barite crystal clusters. The sharp upper contact with 
this slope forming unit is at the base of the sandstone ledge 
formed by the Poison Strip Sandstone. 

The interval of interbedded limestone and shale toward 
the top of the member in the type section marks the base of 
the Cedar Mountain Formation in this area as described by 
Young (1960, Fig. 6, sec. 37). Thus, the Cedar Mountain 
Formation properly includes strata older than was recog- 
nized by Young (1960) in region around Arches National 
Park. 

The newly proposed Yellow Cat Member is known to 
occur in a belt extending from the west side of the ancestral 
Uncompahgre Uplift west of Dewey Bridge, Utah, to the 
east side of the San Rafael Swell (Fig. 5). At most exposures, 
it extends from a basal calcrete (Aubrey, 1996; in press) up 
to the base of a regionally extensive sandstone ledge, (middle 
sandstone of Young, 1960; Poison Strip Sandstone, herein). 
Typically the member is 2 0 3 0  meters thick, but locally 
may thicken to 50-100 meters thick. To both the east and 
west the member pinches out between the Morrison 
Formation and the overlying sandstone. These thickness 
variations, together with the observed differences in its 
basal contact, may reflect the topography of the early Creta- 
ceous erosional surface formed on the upper Jurassic strata. 
It is probable that as much as 20 million years of geological 
time may not be represented by sediments between 
Morrison and Cedar Mountain deposition (Obradovich, 
1993; Kowallis et al., in press). 

These sedments consist mostly of interbedded mudstone, 
with interbeds of sandstone and limestone. These mudstones 
tend to be mauve toward the base and pale green toward 
the top. They differ from those of the Momson Formation 

in being drabber and less strongly variegated. In addition, 
the mudstones in the Yellow Cat Member do not appear to 
be smectitic based on weathering expression, in stark con- 
trast to the underlying mudstones in the Brushy Basin 
Member the Momson Formation. 

The basal calcrete is not always present, and at some 
sites there is a shale on shale contact, although common 
polished chert pebbles (referred to as "gastroliths") are gen- 
erally found at the probable contact (Stokes, 1944, 1952) 
suggesting a deflation surface. At other sites, there may be 
several calcretes and the contact is picked at the top of the 
lowest calcrete above smectitic mudstones of the Brushy 
Basin Member of the Momson Formation. Examination of 
the basal calcrete indicates that locally it is a complex of 
superimposed calcretes. Aubrey (1996, in press) utilized the 
base of the calcrete as the base of the Cedar Mountain; 
however, the basal surface is often gradational. It is assumed 
that this calcrete represents a soil horizon developed on the 
Momson paleosurface. The uppermost Momson below the 
calcrete is often nonsmectitic, rooted, and a brick red color, 
perhaps reflecting a long period of exposure and oxidation 
between deposition of the Morrison Formation and the 
onset of Cedar Mountain deposition. 

The distribution of these sediments provides an impor- 
tant constraint on the beginning of Sevier thrusting. Aubrey 
(1996, in press) has postulated that thrusting may have 
begun in the Barremian, based on the recognition of this 
basal Cedar Mountain fauna (Kirkland, 1992). However, as 
these sediments pinch out to the west, they would seem to 
preclude the onset of Sevier thrusting until at least the 
Aptian as there is no evidence the development of a fore- 
land basin proximal to the thrust belt. These data provide 
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Figure 6. Type section of Yellow Cat Member of the Cedar Moun- 
tain Formation above Yellow Cat Flat near the Gaston Quarry. 
Arrow points to position of Gaston Quarnj. Ahh cal = calcrete; 
Cp = Poison Strip Sandstone; Cr = Ruby Ranch Member; Cy = 
Yellow Cat Member; D = Dakota Formation; Mor = Morrison 
Formation. 

additional support to previously published Aptian-Albian 
dates for the onset of thrusting (Lawton, 1985, 1986; Heller 
et al., 1986). 

The distribution of the Yellow Cat Member from the 
Uncompahgre Uplift to the San Rafael Swell is compatible 
with the proposal by Doelling (1988) and Aubrey (1996); 
that the distribution of Barremian age sediments in eastern 
Utah was controlled by salt tectonics during the Early 
Cretaceous. This might help explain the rapid thinning and 
thickening of the Yellow Cat Member in this region. 

The Yellow Cat fauna as preserved at numerous sites 
(Stops 8, 9, 11, 12) includes abundant polacanthid speci- 
mens cf. Polacanthus n. gen., Iguanodon ottingeri (Galton 
and Jensen, 1979), perhaps a distinct sail-backed iguan- 
odontid (= I.  ottingeri, Britt and Scheetz, personal com- 
mun., 1997), titanosaurid and camarasaurid sauropods, a 
small maniratoran theropod cf. Ornitholestes n. gen., and 
the giant dromaeosaurid Utahraptw ostrommuysorum (Kirk- 
land et al., 1993a, 199313, 1995; Britt et al., 1996). In addi- 
tion, fish, turtles, crocodilians, and a sphenodontid have 
been recognized (Table 1). Significant collections of these 
fossils are housed at the Earth Science Museum, Brigham 
Young University, College of Eastern Utah (CEU) Prehis- 
toric Museum, Denver Museum of Natural History, and 
the Oklahoma Museum, of Natural History. The polacanthid 
ankylosaur, iguanodontids, and sauropods indicate close 
temporal and geographic ties to the Barremian of Europe 
(Blows, 1993; Norman, 1988). This correlation is also sup- 
ported by charophyte data (Shudack, written commun., 
1997). Furthermore, they indicate a close correlation with 
the Lakota Formation at Buffalo Gap, South Dakota (Fig. 1) 
(Kirkland, 1992; Kirkland et al., 1993; Lucas, 1993). Lucas 

Table 1. Yellow Cat Fauna 

Class Chondrichthyes 

Order Hybodontoidea 
Hybodus sp. 

Class Osteichthyes 

Subclass Dipnoi 
Ceratodus n, sp. 

Subclass Actinopterigia 
cf. Semionotus ? sp. 
cf. Amia sp. 

Class Reptilia 

Order Chelonia 
cf. Glyptops sp. 

Order Rhynchocephalia 
cf. Toxolophosaurus sp. 

Order Crocodilia 
indet, teeth 

Order Theropoda 
Family Dromaeosauridae 

Utahraptor ostrommuysorum 
? Family 

small maniraptoran n. gen. 

Order Sauropoda 
Family Camarasauridae 

n. gen. 
Family Titanosauridae 

n. gen. 

Order Ornithopoda 
Family Iguanodontidae 

Iguanodon ottingeri 
n. gen. "with very high neural spines" 

(= I ,  ottingeri?) 

Order Ankylosauria 
Family "Polacanthidae" 

n. gen. cf. Polacanthus sp. 

(1993) has proposed that faunas of this composition be 
referred to as Buffalogapian for Buffalo Gap, South Dakota, 
where this fauna is relatively well developed in the Lakota 
Formation. 

The presence of numerous calcareous nodules represent- 
ing paleosols indicates that the Yellow Cat Member was 
deposited under a semiarid, monsoonal climate similar to 
that interpreted for the underlying Morrison Formation 
(Dodson et al., 1980; Wing and Sues, 1992). The wide- 
spread occurrence of fish, freshwater turtles, and crocodil- 
ians suggest it may have been somewhat wetter than indi- 
cated for the Late Jurassic of the Colorado Plateau. The flo- 
ras recorded for the Barremian are generally devoid of 
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angiosperms, suggesting a flora much like that of the 
Jurassic (Wing and Sues, 1992). 

The Poison Strip Sandstone 

We propose the Poison Strip Sandstone as the official 
designation for the middle sandstone unit of Young (1960) 
at the top of the Yellow Cat Member in eastern Utah (Fig. 
4). The name comes the typical exposures of this unit along 
the Poison Strip. The type section forms the sandstone cliff 
holding up the escarpment on the southwest end of the 
Poison Strip (SW114, NE114, NW114, Sec. 31, T22S, R22E 
on the Mollie Hogans, Utah, U.S.G.S. 1:24,000 Quad.) east 
northeast of the Ringtail Mine (Fig. 7). The type section 
measures 5.4 m thick and is fine to medium grained with 
floating black, gray, and white chert pebbles. It is trough 
crossbedded and becoming slabby, with pale greenish mud- 
stone partings toward the top. 

Laterally, the Poison Strip Sandtone contains minor con- 
glomeratic lenses and stringers of gray and white chert 
pebbles. In places there are as many as three crossbedded 
sandstones that are probably genetically related, and locally 
there is only a thin crevasse splay or no sandstone at all. 
This persistent sandstone interval holds up the escarpment 
exposing the upper Morrison Formation throughout the 
area from Green River to the UtahIColorado border. It 
forms one of the most persistent and distinctive stratigraph- 
ic intervals in the entire Cedar Mountain Formation of east- 
ern Utah. At some sites dong the Poison Strip escarpment 
(Stop l l ) ,  large scale (5 m +) epsilon cross-bedding indi- 
cates that a large meandering river system was mostly 
responsible for its deposition. Sedimentologically, the sand- 
stone is clearly distinct from the trough-crossbedded con- 
glomerate of the Buckhorn Member of the Cedar Mountain 
Formation in the San Rafael Swell area. The middle sand- 
stone unit as used by Young (1960) in the western San 
Rafael Swell area is well up within the Aptian-Lower 
Albian portion of the Cedar Mountain and appears to be an 
unrelated sandstone of more limited extent. 

Although both the Buckhorn Conglomerate and the 
Poison Strip Sandstone lie below the Ruby Ranch Member 
(Fig. 5), there is no means of correlation between these two 
units and areas (Young, 1960). In the western San Rafael 
Swell area, no fossils have been found in the Buckhorn 
Conglomerate at the base of the Cedar Mountain Forma- 
tion, so it impossible as yet to date the Buckhorn. However, 
DeCourten (1991) has recognized an Aptian-Albian fauna 
from just above the base of the Cedar Mountain Formation 
in one of the thickest sections near Castledale, Utah (Stop 5). 

On the northeast side of Arches (Stop 8) Bodily (1969) 
described a large ankylosaur from the Poison Strip Sand- 
stone. Coombs (1969) referred the taxon to the Cloverly For- 
mation nodosaurid ankylosaur, Sauropelta. Just north of this 

Figure 7. Type section of Poison Strip Sandstone Member of the 
Cedar Mountain Formation on the west end of the Poison Strip. 
Abbr. Cp = Poison Strip Sandstone; Cy = Yellow Cat Member; 
Mor = Morrison Formation 

site a second specimen of Sauropelta was recently discov- 
ered by researchers from the Denver Museum of Natural 
History, These fossils indicated the Poison Strip Sandstone 
is close to the same age as the overlying Ruby Ranch Mem- 
ber. The CEU Prehistoric Museum has recovered parts of 
an ornithopod from a conglomeratic sandstone at the base 
of the Cedar Mountain Formation, southeast of Wellington, 
Utah (Burge, 1996). This specimen appears to represent 
Temtosaurus (also characteristic of the Cloverly Formation) 
and suggests this sandstone may approximately correlate to 
the Poison Strip Sandstone. The sparse, small, black, gray, 
and white chert pebbles are similar to those in the Poison 
Strip Sandstone. Large conifer logs and cycads are present 
locally within this sandstone in the area around Arches 
National Park. 

The Ruby Ranch Member 

We propose a type section (Fig. 5) for the Ruby Ranch 
Member north of the Ruby Ranch site (NW114, NW114, 
SW114, Sec. 31, T22S, R18E on the Dee Pass, Utah, U.S.G.S. 
1:24,000 Quad.). The basal contact is with the Poison Strip 
Sandstone, and the upper contact is at the base of the 
Dakota Formation. The type section is 33.1 m thick and 
consists primarily of drab green and mauve varigated mud- 
stone with abundant irregular carbonate nodules that liter- 
ally cover the slope. At 2.1, 14, and 16.6 m above the base 
there are ribbon sandstones 2-3 meters thick, whose thal- 
weg and crossbed directions indicate that they represent 
eastward flowing rivers. Overall the drab variegated mud- 
stones have a pale mauve surface expression. The upper 8.5 
m is a pale greenish gray with fewer, but larger carbonate 
nodules. 

The Ruby Ranch Member extends across the entire out- 
crop belt of the Cedar Mountain Formation and eastward 
into sediments currently assigned to the Burro Canyon 
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Formation east of the Colorado River. Its basal contact is 
with the Poison Strip Member of the Cedar Mountain 
Formation from at least the Utah/Colorado 1)order region 
westward to the eastern San Rahel Swell. The upper con- 
tact of the Ruby Ranch is clearly with the base of the coals, 
carbonaceous shales, and sandstones of the Dakota Forma- 
tion from Colorado westward to the eastern San Rafael 
Swell. On the west side of the San Rafael Swell, a sharp 
break from carbonate-nodule-bearing, non-smectitic strata 
to carbonaceous, highly smectitic strata marks the upper 
contact. A conglomerate unit rich in quartzite pebbles, that 
is equivalent for the most part to Young's (1960) middle 
Naturita sandstone, lies at this position along the northeast- 
ern side of the San Rafael Swell (Kirschbaum, written com- 
mun., 1997). 

Locally, on the west side of Arches National Park a 
smectitic interval is present at the top of tlie Cedar 
Mountain Formation. Potentially, this interval correlates 
with the Mussentuchit Member of the western San Rafael 
Swell. The report of a hadrosaur femur from this area may 
lend support to that correlation (Galton and Jensen, 1979). 
In this area and to the east, weathering profiles of the Ruby 
Ranch Member indicated the some of tlie clays may be par- 
tially smectitic, but not to the degree observed in smectitic 
interval at the top of the Cedar Mountain Formation. 

Throughout its extent, the Ruby Ranch Member consists 
of drab, variegated mudstones with minor sandstone and 
limestone layers. Perhaps most characteristic of this mem- 
ber are the abundant carbonate nodules that often are so 
abundant as to form a pavement covering the exposed slopes. 
The abundance of these nodules makes prospecting for fos- 
sils in this interval difficult. The Ruby Ranch Member con- 
tains ribbon sandstone bodies that often hold up ridges that 
may extend for a mile or more (ex. Young, 1960, DeCourten, 
1991). A good portion of the northwestward thickening 01)- 
served in the Cedar Mountain across the San Rafael Swell 
(ex. Stokes, 1952, Young, 1960) is represented by the Ruby 
Ranch Member. There is also a good deal of rapid thinning 
and thickening of this interval south to north along the west 
side of the San Rafael Swell. 

The Ruby Ranch fauna (Table 2) includes the primitive 
iguanodontid Tcnontosaurrts?, the large nodosauricl Sauro- 
peltn, sauropods assigned to Pleztrocoelus (= Astrodon), 
dromaeosaurid teeth, an unidentified large theropod, and 
Acrocnnthosnztncs (Weishampel and Weisliampel, 1983; 
DeCourten, 1991; Kirkland, 19961)). This is the least well 
known of the Cedar Mountain faunas. Important collec- 
tions of these fossils are housed at tlie University of Utah, 
CEU Prehistoric Museum, ant1 the Oklahoma Museum of 
Natural History. This fauna compares well with those docu- 
mented from the Cloverly Formation, Anindel Formation, 
and Trinity Group characteristic of North American's appar- 
ently endemic Aptian-Lower A1l)ian dinosaur fauna (Kirk- 

Figure 8. qlpe spction of RLI/I!/ Rnnch Mrvnber oftllc. Cerlnr L l f o ~ ~ ~ 7 -  
tnin Fonnntion nor-tl~ of tile Rrrb!/ Rnnch hoinc7stend site; Al~br: ccrl 
= cnlcrete; CJI = Poison Stril) Snn[l.stone; CI- = R~thcy Rnnch 
Member; C!I = X>llotc Cot Ak~trlbrr; I> = Dnkotcl Fonnntion; Mot- 
= Morrison Fonnc~tion. 

land, 1996b). Lucas (1993) lias proposed referring to faunas 
with these characteristic taxa as Cashenranchian for the 
Cashen Ranch, in southern Montana, where this fauna is 
well developed in the Clo\lcrly Forniation (Fig. 1). 

The presence of very al)nntlant calcareous nodules rep- 
resenting paleosols intlicatr that the Ruly Ranch Meml~er 
was deposited under a semiarid monsoonal climate similar 
to that interpreted for the underlying Morrison Forniation 
(Dodson et al., 1980, Wing and Sues, 1992). The a1)undance 
of paleosols suggests the time involvetl in deposition of the 
entire Ruly Ranch Memlwr was significant, as each pale- 
osol represents a hiatris in deposition (Kraus and Bown, 
1986). The pollen record intlic;ltes that angiospeniis were 
becoming a part of \.Vc~stern Interior floras at this time 
(Wing and Sucs, 1992). 

The Mussentuchit Meml~er. 

We proposed that upper Cedar Mountain Formation 
along the west side of thc San RafacI Swell I)e desig~latetl 
the Mussentuchit Meml)er (Fig. 9, Stop 2), with its type 
section south of Mussentuchit Wash (SW114, NW114, SE1/4, 
Sec. 4, T25S, RGE 011 the Willow Springs, Utah. U.S.G.S. 
1:24,000 Quad). At the hq~c  section, the meni1)er measures 
25 ni thick and is pretloniinantly composed of clral~, gray 
highly smectitic inutlstone. A thin tliscontinuous sandstone 
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Table 2. Ruby Runch Fauna -- 
Class Chondrichthyes . , 

Order Hybodontoidea 
Hybodus sp. 4 

Class Reptilia 

Order Crocodilia 
very large blunt teeth and small teeth _ .  . 

Order Theropoda - - 
D - w: 

Family Dromaeosauridae 
cf. Deinonychus sp. 

Family Allosauridae ? 
new large theropod 
cf. Acrocanthosaurus sp. 

Order Sauropoda 
Family Brachiosauridae 

Pleurocoelus sp. = Astrodon sp. 

Order Ornithopoda 
Family Iguanodontidae 

Tenontosaurus sp. 

Order Ankylosauria 
Family Nodosauridae 

cf. Sauropelta sp. 

marks, the base, where the nonsmectitic mudstone rich in 
carbonate nodules is replaced by smectitic mudstone as de- 
termined by its characteristic "popcorn" weathering. Several 
thin lenticular sandstones and lignitic horizons are present. 
It is dated as straddling the Albian-Cenomanian boundary 
on palynology (Nichols and Sweet, 1993) and subsurface 
correlations (Molenaar and Cobban, 1994). The top of the 
member is marked by a thick buff sandstone representing 
the base of the Dakota Formation. 

This member clearly was intended to be included by 
Stokes (1944, pl. 4., Fig. 2; 1952, p. 1773) in the Cedar 
Mountain Shale as is illustrated 11y his picture of the type 
section capped by a laterally extensive ledge of sandstone at 
the base of the Dakota Formation. However, he described 
the Cedar Mountain as having abundant carbonate nodules 
and does not mention that at the top it may lack such nod- 
ules. Locally, in the area of the southwestern San Rafael 
Swell south of Interstate 70, sandstone lenses near the top 
of this interval compare well with the more extensive sand- 
stone ledge typically used to define the base of the Dakota 
Formation (ex. Stokes, 1944). This suggests that this interval 
may represent nearly continuous sedimentation with the 
more carl~onaceous overlying Dakota Formation. In fact, 
Young (1960) included this interval in the Dakota Forma- 
tion. The dramatic shift in the sedimentology and paleon- 
tology at the base of this interval suggests that perhaps this 
interval would be better included as a basal member of the 

Figure 9. Tttpe Section of Mt~ssentuclzit Meml7er of the Cerlar Min~n- 
tain Formation near Mussentuclzit Wc~sh. Ahbr Cl? = Ruckhorn 
Congloinerate; Cm = Mzissentzcchit Meinber; Cr = Rohy Ranclz 
Meinher; D = Dakotu Formation. 

Dakota Formation. This would mean, however, that nearly 
every fossiliferous horizon in the area of the western San 
Rafael Swell attributed to the Cedar Mountain Formation 
would have to placed in to the Dakota Formation (Katich, 
1951; Stokes, 1952; Thayn, et al., 1983; 1985; Thayn and 
Tidwell, 1984; Tidwell and Thayn, 1985; Jensen, 1970; Eaton 
and Nelson, 1991; Cifelli, 1993; Kirkland and Burge, 1994; 
Cifelli et al., in press a, b). 

The preserved dinosaur fauna (Table 3) includes a small 
nodosaurid cf. Pau;pawsauncs (= Texasetes) n. sp., a small 
iguanodontian grade ornithopod, a primitive lambeosaurine 
hadrosaur, ceratopsian teeth, pachycephalosaur teeth, tiny 
sauropod teeth, a dromaeosaurid, cf. Richardoestesia teeth, 
cf. Paronychodon teeth, and an early tyrannosaurid (Kirk- 
land and Burge, 1994; Kirkland and Parrish, 1995; Burge, 
1996). Teeth of a very small sauropod similar in morphology 
to those described as Astrodon are also present marking the 
last occurrence of sauropods in North America prior to 
their reintroduction from South America in the Late 
Maastrichtian (Lucas and Hunt, 1989). At the family level, 
this fauna is remarkal~ly similar to those of the Campanian 
and Maastrichtian of western North America (Kirkland, 
1996b). Important collections of these fossils are housed at 
the Oklahoma Museum of Natural History and the CEU 
Prehistoric Museum. 

As the only likely ancestors of the hadrosaur, ceratop- 
sian, and perhaps the tyrannosaurid are from the Early 
Cretaceous of Asia, the dramatic shift to faunas typical of 
the North American Late Cretaceous is interpreted to be 
the result of opening migration corridors to and from Asia 
through Alaska at the end of the Early Cretaceous, when 
migration to eastern North America was still possible (Kirk- 
land, 199611; Cifelli et al., in press a). Following an extensive 
screen washing operation by the University of Oklahoma, 
that resulted in thousands of catalogued specimens repre- 
senting nearly 80 vertebrate taxa, Cifelli et d., (in press b) 
characterized this fauna as the Mussentuchit Local Fauna 
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for Mussentuchit Wash, where many of the best vertebrate 
sites are located. Perhaps following traditional land-animal 
ages begun in the middle Mesozoic by Lucas (1993), faunas 
preserving these taxa should be referred to as Mussentu- 
chitian. 

The most common animal from the upper fauna is a 
primitive hadrosaur (Kirkland and Burge, 1994). Common 
hadrosaur teeth from Cedar Mountain sites on the west 
side of the San Rafael Swell were first noted by Parrish 
(1991). At present, the Cedar Mountain hadrosaur has been 
determined to be a primitive hadrosaur somewhat like 
Telmatosaurus (Weishampel et al., 1993) from the Upper 
Cretaceous of eastern Europe and a bit more advanced 
than the iguanodont Probactrosaum (Rozhdestvensky, 1967; 
Norman, 1990) from the Lower Cretaceous of central Asia. 
More research is needed to determine its systematic posi- 
tion relative to the Hadrosaurinae and Lambeosaurinae 
(Sereno, 1986; Homer, 1990; Weishampel and Homer, 1990). 
However, the material discovered to date suggest lambeo- 
saur affinities. Further research will be needed to see if this 
determination is based on primitive characters lost in later 
mainline hadrosaurines. 

It is important to note that Molenaar and Cobban (1991) 
have concluded that subsurface relationships indicate the 
uppermost Cedar Mountain Formation may correlate to the 
Mowry Shale to the northeast and thus be of basal Ceno- 
manian age. The Albian-Cenomanian boundary on the 
basis of non-marine palynomorphs has been placed at the 
first occurrence of tricolporates (ie. Nyssapollenites, rare in 
marine rocks) and obligate tetrads (Singh, 1975; Nichols 
and Sweet, 1993). Tschudy et al., (1984) did not encounter 
these palynomorphs in their samples from the upper Cedar 
Mountain Formation near Castledale, Utah. Their occur- 
rence is diachronous across Alberta (Nichols and Sweet, 
1993, p. 559). In addition, with the older placement of the 
Albian-Cenomanian boundary by Cobban and Kennedy 
(1989, by ammonite correlations to the type areas in 
Europe), it is likely that this datum is above the base of the 
Cenomanian (Nichols and Sweet, 1993, p. 578). 

The critical thing is that the pdynology and lithostratig- 
raphy support a correlation with the Latest Albian-Basal 
Cenomanian Mowry Shale to the northeast (Nichols and 
Sweet, 1993; Molenaar and Cobban, 1991). The classic 
Cleverly-Pauluxy fauna occurs at the beginning of the 
Kiowa-Skull Creek second order cyclothem (ex. Kauffman 
and Caldwell, 1993). The thin sandy interval below the 
Mussentuchit Member probably correlates to the base level 
draw down (i.e. unconformity) that occurs between these 
two cyclothems. Many geologists would prefer to see the 
unconformity at the base of the Dakota Formation to repre- 
sent this unconformity and the authors of this volume are 
not in agreement relative to retaining the Mussentuchit 

Member at part of the Cedar Mountain Formation. A com- 
promise view is to retain it as part of the Cedar Mountain 
Formation following Stokes' (1944, 1952) original definition. 

The absence of calcareous nodules representing pale- 
osols indicates that the Mussentuchit Member was deposit- 
ed under a significantly wetter environment than were the 
lower members of the Cedar Mountain Formation, in part 
due to the transgression of the Mowry Sea into the area of 
the northwestern Uinta Basin (Wing and Sues, 1992). The 
plant record indicates that angiosperms were becoming a 
more important part of Western Interior floras at this time 
(Wing and Sues, 1992) and some of the earliest records of 
some angiosperm wood types are from this member 
(Thayne et al., 1983, 1985; Tidwell, 1996). Finally, the dra- 
matic increase in the volume of volcanic ash preserved in 
the Mussentuchit Member indicates a significant increase 
in volcanic activity to west. 

A dramatic shift in faunal composition between Albian 
and middle Cenomanian has been noted in Texas (Lee, 
1995; Winkler et al., 1995). The new dates for the 
Mussentuchit Member indicate that this faunal turnover 
was even more dramatic than was previously thought, with 
a nearly complete turnover of the dinosaur fauna during the 
late Albian. Recognition of the Mussentuchit Local Fauna 
indicates that instead of a two fold zonation of Cedar 
Mountain Formation based on dinosaurs (Kirkland, 1992; 
Lucas, 1993) there are three distinct faunas (Kirkland, 
1996b). These are: (1) a basal Barremian iguanodont-pola- 
canthid fauna with European affinities predating common 
flowering plants found in the Yellow Cat Member, (2) a 
middle Aptian-middle Albian Tenontosaurus-Pleurocoelus 
fauna perhaps representing an impoverished recovery fauna 
following a major Lower Cretaceous extinction event (en- 
demic to North America) found in the Poison Strip Sand- 
stone and Ruby Ranch Member, and (3) an upper latest 
Albian-lowest Cenomanian hadrosaur fauna with Asian 
affinities when flowering plants were co-dominant found in 
the Mussentuchit Member. The replacement of North Arner- 
ican taxa by taxa with Asia origins indicates that biogeogra- 
phy rather than the rise of angiosperms account for most of 
the extinction of dinosaurs recorded within the upper 
Cedar Mountain Formation (Kirkland, 1996b; Cifelli et d., 
in press b). 

The Dakota Formation. 

The carbonaceous strata between the Cedar Mountain 
and Burro Canyon Formations and the overlying Mancos 
Shale have been called the Dakota Sandstone or Dakota 
Formation. The term "Dakota (?)" has also been used (Fig. 
4) because of the uncertainty of the relationship of these 
rocks on the Colorado Plateau with the type area of the 
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Table 4. Dakota Fauna 
(afier Eaton et al., 1997) 

Order Hybodontoidea 

Class Chondrichthyes 

Order Hybodontoidea 
Hybodus sp. 
Lissodus sp. 

Order Batoidea 
n, gen. sp. cf. Myledaphus 
Ischyrhiza sp. cf. I .  avonicola 

Class Osteichthyes 

Subclass Dipnoi 
Ceratodus gustasoni 

Subclass Actinopterigia 
cf. Semionotus 2 n. gen. 
Lepidotes sp. 
cf. Dapedius sp. 
Pycnondontiformes 
Lepisosteidae 
Amiiformes 

Class Amphibia 

Inc. sedis 
Albanerpetodontidae 

1 genus 

Order Caudata 
Batrachosauridae 

cf. Batrachosauroides sp. 

Class Reptilia 

Order Chelonia 
cf. Deinochelys sp. 
Naomichelys 3 sp. 
Glyptops sp. 

Order Squamata. 
cf. Saurillodon sp. 
6 indet. gen. sp. 

Dakota Sandstone on the Missouri River near Dakota, 
Nebraska (Meek and Hayden, 1862). Recognizing this prob- 
lem, Young (1960) referred these strata to the Naturita For- 
mation, with a type area near Naturita, western Colorado. 
Additionally, he joined the Cedar Mountain and Naturita 
into a Dakota Group providing continuity with the termi- 
nology being employed in the Colorado Front Range (Fig. 
4). Young (1960) reported extensive intertonguing of the 
Cedar Mountain with his Naturita Formation from west to 
east. Craig et al., (1961) emphasized the unconformable 
nature of the contact between the Cedar Mountain and 

Order Crocodillia 
Bernissartidae 

Goniopholis sp. 
Telorhinus sp. 
indet. gen. sp. 

Order Theropoda 
Family Dromaeosauridae 

2 indet. gen. sp. 
Family Troodontidae 

cf. Troodon sp. 
Family Tyrannosauridae 

indet. gen. sp. 
Family indet. 

cf. Paronychodon sp. 
cf. Richardoestesia sp. 

Order Ornithopoda 
Family Hypsilophodontidae 

indet. gen. sp. 
Family Hadrosauridae 

indet. gen. n. sp. 

Order Ankylosauria 
Family Nodosauridae 

indet. gen. sp. 
Family Ankylosauridae 

indet. gen. sp. 

Class Mammalia 

Order Multituberculata 
Cimolodon sp. cf. C. similis 
Paracimexomys sp. cf. E robisoni 
Dakotamys malcolmi 

Order S ymmetrodonta 
indet. gen. sp. 

Order Tribotheria 
Dakotadens morrowi 

Order Marsupialia 
Alphadon clemensi 
Alphadon lilligraveni 
Protalphadon sp. 
Pariadens kirklandi 

"Naturita" Formation. The term Naturita Formation has 
largely been ignored by subsequent authors. 

The Dakota Formation on the Colorado Plateau has gen- 
erally been divided into three informal members (ex. Katich, 
1956; Eaton, 1987): (1) a lower 0-20 m thick basal sand- 
stone or conglomerate; (2) a middle 0-24 m thick interval of 
sandy carbonaceous shales, channel sandstones with coal; 
and (3) an upper 0-25 m thick interval of transgressive 
marine shale and sandstone. The Dakota Formation is gen- 
erally thin and highly variable throughout the central Colo- 
rado Plateau. Locally it may pinch out completely (ex. Eaton 
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et al., 1990) or where sandstones are largely absent it forms 
a continuous slope between the upper Cedar Mountain 
Formation and Mancos Shale. 

Most terrestrial vertebrate remains from the Dakota 
Formation are from the middle carbonaceous member. No . 
radiometric dates exist as yet for this interval but assuming 
the coals were deposited proximal to the Mancos Sea, these 
units can be approximately dated from marine fossils cap- 
ping the sequence (Cobban, 1976; Eaton et al., 1990) and 
lateral relationships with marine strata (Elder and Kirkland, 
1993, 1994). These relationships provide dates of middle to 
early late Cenomanian for these strata, which is supported 
by macrofloral and palynological studies summarized by 
Tidwell (1996). 

The dinosaur fauna from the Dakota Formation is based 
on the wet screenwashing of microvertebrate sites (Parrish, 
1991; Eaton et al., 1997) and includes teeth of dromaeo- 
saurids, troodontids, cf. Richardoestesia sp., cf. Parunychodon 
sp., tyrannosaurids, nodosaurids, ankylosaurids, hypsilopho- 
dontids, and hadrosaurids. Most noticeably absent, but rep- 
resented in all the earlier faunas, are sauropods, recording 
the base of the North American mid-Cretaceous sauropod 
hiatus (Table 4). Rushforth (1971) speculated that the car- 
bonaceous units were deposited in a lush swampy mudflat 
near the edge of the Mancos Sea. The floras are dominated 
by ferns and horsetails; various gymnosperms and angio- 
sperms grew along streams and adjoining upland areas. 

STOP 1. Christianburg locality, southeastern San Pitch 
Mountains. T. Lawton 

Stop at milepost 213 on US Highway 89, 4.5 miles east 
of Gunnison, Utah. We will hike across a section of slope- 
forming mudstones (Cedar Mountain Formation) and over- 
lying conglomerate beds. At Christianburg, the Lower 
Cretaceous section is well studied and generally represen- 
tative of the section of the San Pitch Mountains. It is thin- 
ner here than in the western part of the San Pitch Moun- 
tains; the Cedar Mountain is 132 m thick (Witkind et al., 
1986): the overlying conglomeratic section is 197 m thick 
(Sprinkel et al., written commun. 1996). The beds here dip 
steeply and overturned to the east. They are in fault contact 
with the Jurassic Arapien Formation to the east (Weiss, 
1994), contain a number of east dipping thrust faults, and 
are onlapped by Paleocene (?) beds of the North Horn For- 
mation on the southwest and west (Weiss, 1994; Sprinkel et 
al., written commun. 1996). This structure represents the 
faulted west flank of a box fold or popup cored by Jurassic 
shale and evaporite of the Sanpete Valley. The entire Cre- 
taceous section is detached from Jurassic and older strata 
beneath this location at a decollement, termed the Gunnison 
thrust, in the evaporite beds (Standlee, 1982; Lawton, 1985). 

Beds assigned to the Cedar Mountain here consist of 

mudstone with abundant calcareous nodules and subordi- 
nate sandstone and light gray limestone. The mudstone 
represents flood-plain deposits, the calcareous nodules rep- 
resent paleosols, and the limestones were deposited in fresh- 
water ponds (Schwans, 198815). Soil horizons within the 
section appear to be composite or stacked, and thus indlcate 
slow deposition punctuated by unconformities. 

The base of the San Pitch Formation is at the lowermost 
conglomerate in the section. Beds of the conglomeratic sec- 
tion above the Cedar Mountain are on the order of 10 m 
thick and have a broadly lenticular or channel form. They 
are interbedded with red siltstone and mudstone. Clasts 
within the lower 57 m include green quartzite clasts of the 
Proterozoic Dutch Peak Formation, as well as sandstone 
clasts derived from Jurassic and Triassic formations. The 
Dutch Peak Formation is now exposed in the Sheeprock 
Mountains northwest of the San Pitch Mountains, and the 
Mesozoic clasts were presumably derived from the Pavant 
thrust plate to the west. These diverse lithologies were con- 
tributed in part by a large Early Cretaceous drainage net- 
work that departed the thrust belt at the Leamington cross- 
strike discontinuity (Lawton et al., 1994). Conglomerate 
beds of the overlying 96 m contain boulders and cobbles of 
both quartzite and carbonate, mostly dolostone. Interbedded 
mudstone is reddish orange and silty. The uppermost part 
of the section consists of 44 m of reddlsh-brown to gray silty 
mudstone (Sprinkel et al., written. commun. 1996). It is un- 
conformably overlain by a striking quartzite-boulder con- 
glomerate that marks the base of the Sanpete Formation, 
which is equivalent to the Dakota Sandstone. 

STOP 2. The Mussentuchit Member of the Cedar 
Mountain Formation along Mussentuchit Wash. R. 
Cifelli & J. Kirkland 

At this stop (Figs. 2, 5), we will have an opportunity to 
examine the type section of the Mussentuchit Member 
described above. Over the past several years discoveries in 
the upper Cedar Mountain along Mussentuchit Wash by 
field crews from the Oklahoma Museum of Natural History 
have revealed a diversity of vertebrate sites in the Mussen- 
tuchit Member. Extensive quarry operations and wet screen 
washing have revealed an extraordinary diversity of verte- 
brate taxa rivaling the most productive sites in North Amer- 
ica. Of nearly 80 taxa recorded in this area, many record 
the first or last occurrences for their particular families. 
Among the freshwater elasmobranchs these include the 
first occurrence of freshwater orectolobids and sclerorhyn- 
chids. Among the Squamata, there are early occurrences of 
helodermatids and snakes. The dinosaurs include many 
first occurrences including those of the tyrannosaurids, the 
enigmatic tooth form "Parunychodun," hadrosaurids (Fig. lo), 
pachycephalosaurids, and the neoceratopsids. There are 
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Figure 10. Skull elernents of juvenile specirnen of early ka~lrosaur 
from one of the OMNH's Mussent~lclzit sites. Scale in cm. 

also first North American occurrences of birds (ex. herper- 
ornithiformes) and mammals (ex. marsupials) (Cifelli, 1993; 
Cifelli et al., in press a, b). 

The basal Buckhorn Conglomerate member of the Cedar 
Mountain Formation in this area forms a distinct ledge 1 3  
meters thick (Fig. 12). The overlying Ruby Ranch Member 
forms a mauve slope 25 m thick covered by carbonate nod- 
ules. No fossils have been found in the Ruby Ranch Member 
in this area. The Ruby Ranch Member is overlain by 25 m 
of drab smectitic mudstone of the Mussentuchit Member. 
About midway up in the Mussentuchit Member, a thin lig- 
nitic layer preserves abundant plant debris and a volcanic 
ash (or ashes) associated with several of the OMNH locali- 
ties (Fig. l l ) ,  for which Radiometric Dating is now in 
progress. The basal Dakota Formation consists of a thick 
buff sandstone that weathers into large blocks that cover 
much of the Cedar Mountain slope (Fig. 11). 

STOP 3. The Mussentuchit Member of the Cedar 
Mountain Along the Moore Cutoff Road. R. Cifelli 
and J. Kirkland. 

At this stop (Figs. 2, 5), we will examine a microverte- 
brate site with abundant dinosaur egg fragments in the 
Mussentuchit Member. The Cedar Mountain Formation 
along the Moore Cutoff Road is thinner than that observed 
either to the south or to the north. The Buckhorn Conglom- 
erate is well developed here, but the Ruby Ranch is very 
thin. In fact, if it were not for carbonate nodules weathered 
out on the bench formed by the Buckhorn, it would be hard 
demonstrate its presence at all. The Mussentuchit Member 
is well developed and is on the order of 20 m thick. 

In this area, we will examine a significant OMNH micro- 
vertebrate site that is characterized by abundant dinosaur 
egg shell fragments. Jensen (1970) first reported eggshe11 in 

the Cedar Mountain Formation from the Castledale area. 
The eggshell at this site (Fig. 12) appears to have been 
transported and mixed with microvertebrate remains, how- 
ever the large volume of eggshell appears to indicate a 
nesting site was nearby. 

Transported eggshell that may pertain to the Mussentuchit 
hadrosaur is abundant at this site together with isolated 
teeth. This egg shell has a reticulate surface pattern and is 
about 3 mm thick. In fact, some of the eggshell described 
from the Cedar Mountain Formation by Jensen (1970) may 
pertain to this animal (Karl Hirsch, pers. commun.) as they 
certainly came from the same stratigraphic level. Part of an 
embryonic maxilla has also been identified. The presence 
of embryonic, juvenile, and adult material indicates that the 
entire growth history of this common new dinosaur will 
eventually be documented. 

STOP 4. The Cedar Mountain and Dakota Formations 
East of Ferron. J. Eaton and J. Kirkland. 

At this stop (Figs. 2, 5) we will examine field evidence 
documenting local uplift unroofing of the Buckhorn Con- 
glomerate in the basal Turonian. 

The diverse fauna found in the Mussentuchit Member 
in the area of Mussentuchit Wash and the Moore Cutoff 
Road have been found in the area east of Ferron and Castle- 
dale, Utah including the Rough Road Quarry and Robison's 
Eggshell Quany (Nelson and Crooks, 1987; Pomes, 1988; 
Eaton and Nelson, 1991). Important collections from these 
sites are housed at the Sternberg Museum, Hays, Kansas, 
University of Colorado Museum, University of California at 
Berkeley, Paleontological Museum, Brigham Young Univer- 
sity Geological Museum, and the Oklahoma Museum of 
Natural History. 

The specimens of Tenontosaurus from the Cedar Moun- 
tain Formation noted by Weishampel and Weishampel (1983) 
are from somewhere in this area. The nodular carbonate 
matrix on many of the bones suggests that these specimens 
are from the Ruby Ranch Member. 

Perhaps most significantly, a terrestrial vertebrate fauna 
was recovered by Eaton (1987) from the Dakota Formation 
in this area, (University of Colorado, UCM Loc. 83275). In 
regard to dinosaurs, this site produced hadrosaurid, iguan- 
odontid, and theropod teeth. It has also produced fishes, 
turtles, crocodilians, and a multituberculate mammal tooth. 
A much more diverse fauna of 50 taxa has been recovered 
in correlative units of the Dakota Formation in southern 
Utah (Eaton, 1987, 1993a, 19931); Eaton et al., 1997; Kirk- 
land, 1987) that can be dated as middle to very basal upper 
Cenomanian based on intertonguing relationships with 
overlying and laterally adjacent marine rocks (Eaton, 1987; 
Elder and Kirkland, 1993, 1994). Dinosaurs include velo- 
ceraptorine and dromaeosaurine dromaeosaurs, cf Troodon 
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Figure 11. Arrow points to one of the inost prorlrlctive OMNH rnicroveiteln-ate sites in Mu.ssentuchit Mernl9et: Bnsal sanrlstone Dakotu 
Fomtion caps exposure and litters slope with large blocks of sanclstone. 

sp., tyrannosaurids, cf. Richardoestesia sp., cf. "P(ironycho- 
don" sp., nodosaurids, ankylosaurids, hypsilophodontids, and 
hadrosaurids. Taxa from this fauna also includes four fresh- 
water elasmobranchs, eight osteichthians, two amphil~ians, 
six turtles, seven lizards, three crocodilians and ten mam- 
mals (Table 4). The Dakota fauna is most significant in that 
it records the last occurrence of many freshwater taxa such 
as lungfish, semionotids, and the turtle, Glyptops (Kirkland, 
1987; Eaton et al., 1997). However, while this records a 
major extinction of freshwater taxa, terrestrial faunas show 
no extinctions to speak of. 

The Dakota Formation ranges from 0-60 meters thick in 
the area. Marine and mixed brackish water invertebrate 
fossils from the top of the Dakota Formation from south of 
the Moore Road date the strata to the latest Cenomanian 
Neocardioceras juddii Zone. In this area, the Dakota coars- 
ens up section to the top of the formation, where there are 
abundant isolated chert pebbles. Eaton et al., (1990) recog- 
nized that the basal Tununk Shale of the Mancos Shale 
throughout this area is characterized by a pebble-to-cobble, 

mudlclay supported conglomerate (Fig. 13) that weathers 
back, leaving a broad surface at the top of the Dakota For- 
mation covered in dark chert pebbles and cobbles (Fig. 14). 
Small pebbles are often found nestled in the shells of the 
abundant gryphaeoid oyster, Pycnodonte newberryi umbon- 
tatus, a subspecies characteristic of the basal Turonian 
(Kirkland, 1996~). Shales above this conglomerate can be 
best dated as late early Turonian (Eaton, 1987; Eaton et a]., 
1990). The Dakota Formation pinches out locally between 
Ferron and Castledale, whereas the conglomerate at the 
base of the Tununk extends throughout the area. 

As the chert pebbles resemble those preserved in the 
Buckhorn Conglomerate, it was proposed that the presence 
of these along the Dakotflununk contact represents local 
tectonic activity (Eaton et al., 1990). Shortly following the 
marine transgression into the area during the latest Ceno- 
manian, local uplift, perhaps of the San Rafael Swell, led to 
unroofing and erosion of the Buckhorn Conglomerate. With 
continued sealevel rise during the earliest Turonian, the 
locally derived chert pebbles and conglomerate were re- 
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Figure 12. Arroto points to 0 M N H : s  egg unrl microvertc.hrc~te site near Moorc~ Rocrd. 

worked over a wide area. The area was fully submerged 
below wave base by the latc early Turonian (Elder and 
Kirkland, 1993, 1994). 

A local source for tlie chert pel~bles, rather than one in 
the Sevier thrust belt, is supported by the fact that the cor- 
relative Indianola Group conglomerates are rich in Precam- 
brian clasts and are poor in chert (Sprinkel et al., written 
commun. 1996). Secondly poorly dated Cretaceous faulting 
on the west side of the San Rafael Swell has bcen docu- 
mented (Neuhauser, 1988). At present, recycling of Lower 
Cretaceous conglomerate seems to be the simplest explana- 
tion for tlie basal Tununk conglomerate. 

STOP 5. The Long Walk Quarry, Ruby Ranch Member. 
E DeCourten 

At this stop (Figs. 2, 5), we will examine the Long Walk 
Quany in western E m e ~ y  County, Utah, that was opened 
by the Utah Museum of Natural History in 1987. Following 
the initial collection of surface material, excavations at the 

and resulted in the removal of 16 large blocks of tlie I~one- 
bearing matrix. Quarrying operations were suspcntletl after 
the 1990 field season to avoid an excessive 1)acklog of 
unprepared material. Preparation of tlie material collected 
from 1987-1990 is still under way, due in part to thc hard 
limestone matrix present at the site. However, the material 
thus fir availal~le clearly tlocuments no less than threc indi- 
vidual dinosaurs representing at least two taxa. 

In the vicinity of the Long Wdk Quany, thc Cetlar Moun- 
tain R~nnation is 130 In thick (Fig. 15). The lower contact of 
the Cedar Mountain Formation is market1 I)y the abrupt, 
vertical transition from red pel)l)ly mudstones of the B~xishy 
Basin Member of the Moiiison Iionnation to notlulal; calatr- 
eous niudstone. No Buckhom Congloineratr is present ant1 
the lowemmost beds of the Cedar Mountain Foimation are 
the Ruby Ranch Member at the Long Walk Quarry. The 
Monison-Cedar Mountain contact is clearly unconfomlal~le 
as indicated by a scoured surfkice, with up to 1 ineter of 
relief, which separates tlie two foiinations. In adtlition, well 

site were conducted during three consecutive field seasons developed root traces i l l  the uppermost 34orrison ~nud- 
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Figure 13. Conglomerate filler1 scour surfr~ce between liintsnk 
MemAer of Mancos Shale and unrlerlying Dakota Formation. 

stones are locally truncated along this contact, confirming 
the interpretation of the boundary as an omission surface. 
The regional extent and temporal significance of this Cedar 
MountainlMomson disconformity remain uncertain, but it 
may represent a profound pre-Barremian-Aptian period of 
erosion. The upper contact of the Cedar Mountain Forma- 
tion with the thin and discontinuous "Dakota" Formation is 
obscure, but can be defined by the first occurrence of well- 
sorted, yellow-gray, arenitic to subarenitic sandstone which 
exhibits small-scale tabular and trough cross-stratification. 
This sandstone, where present, is from 1 to 3.5 meters thick 
and grades vertically into the overlying gray marine shale of 
the Tununk Member of the Mancos Shale. While the sand- 
stone representing the "Dakota" Formation at the Long Walk 
Quarry serves as a convenient horizon marking the top of 
the Cedar Mountain Formation, its correlation with the 
Dakota Formation, as that term is used by other workers in 
other areas, is uncertain. 

The Ruby Ranch Member of the Cedar Mountain Forma- 
tion is dominantly composed of calcareous mudstone which 
contains abundant carbonate nodules. The calcareous mud- 
stones are associated with several thin, lenticular, and com- 
monly conglomeratic sandstones. Approximately 135 ft (45 
m) above the base of the Cedar Mountain Formation, a rib- 
bon of channel sandstone, similar to those in the Ruby 
Ranch Member on the east of the San Rafael Swell (Young, 
1960; Harris, 1980), is exposed and can be traced for sever- 
al hundred meters along its generally west-east course. 

The base of the Mussentuchit Member is picked where 
mudstone rich in carbonate nodules are replaced by smec- 
titic mudstone. The Mussentuchit Member makes up the 
upper 30 meters of the Cedar Mountain Formation at the 
Long Walk Quarry. It is composed dominantly of carbona- 
ceous, rather than calcareous, mudstone in association with 
numerous thin, lenticular sandstone bodies. One of these 

Figure 14. Lag of b l ~ c k  clzert pebbles and cobbles on henclt fonned 
h!/ Dakota Fonnation. 

sandstone units, about 10 meters below the "Dakota" For- 
mation, yields numerous isolated dinosaur tracks. These 
tracks are assigned to ornithopods (Fig. 16) and ankylosaurs 
(Lockley et al., in press). Toward the top of the Mussentuchit 
Member is an important paleobotanical site (Katich, 1951; 
Stokes, 1952; Tschudy et al., 1984) that has long been used 
to date the Cedar Mountain Formation (Fig. 15). 

The bone bed fonning the Long Walk Quarry occurs in 
a nodular limestone layer, approximately 0.6 meters thick, 
overlain and underlain by softer calcareous mudstone typi- 
cal of the lower portion of the Cedar Mountain Formation. 
The quarry horizon is approximately 15 meters above the 
Cedar Mountain-Momson contact. The nodular limestone 
may represent a mature calichified surface developed 
between fluvial channels, though other evidence of pedo- 
genic origin is weak. The preserved bones are completely 
clisarticulated, and each fossil has no direct anatomical asso- 
ciation with adjacent material. The long axes of the elon- 
gate elements exhibit a preferred orientation in a northeast- 
southwest direction. This orientation, coupled with previ- 
ous studies documents a northeastward pattern of sediment 
dispersal in central Utah during the Early Cretaceous 
(Heller and Paola, 1989; Hams, 1980). It suggests that the 
bones were transported to the point of accumulation by 
streams flowing from a source to the southwest. This in- 
ferred northwest paleodrainage is consistent with a source 
in the southern Sevier Orogenic Belt, as proposed by 
Fillmore (1993). 

The articular surfaces of elongate elements from the 
Long Walk Quarry exhibit varying degrees of abrasion and 
most fossils bear small fractures on the outer surfaces that 
are filled by carl~onate material identical to the enclosing 
matrix. These features suggest at least some pre-burial 
transportation of the fossils from the Long Walk Quarry. 
The primary preservational mode of bone is carbonate per- 
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Figure 15.  Mensurer1 section of the Cedar Molrntain Formation at 
the UMNH's Long Walk @ L ( I ~  (LWQ), Eineq Cm~nt!y, Utcllz (frorn 
DeCotlrfen, 1991). 

mineralization, which may reflect both depositional and 
diagenetic events. For additional details concerning the 
nature of the fossil accumulation at tlie Long Walk Quany, 
see the review of DeCourten (1991). 

The Long Walk Quarry is significant because it repre- 
sents the largest known concentration of dinosaur material 
in the Ruby Ranch Member of the Cedar Mountain Forma- 
tion. In spite of the discovery of numerous vertebrate local- 
ities in the Cedar Mountain Formation in recent years, very 
few fossils had been found in the middle portions of the for- 
mation. The majority of the elements thus far recovered 
from tlie Long Walk Quany can be tentatively identified as 
belonging to a Pleurocoelzu-like sauropod. Sauropod mater- 
ial thus far recovered includes several isolated teeth, a den- 
tary fragment, caudal and dorsal vertel~l-ae, ~ i l ~ s ,  and frag- 
mentary limb elements. Though current knowledge of the 

Figrtrr 16. Ornitl~opotl fr(rck froin Long Walk trclck site nrar top of 
Cc.rlrr Motmtain Fonnc~tion in Mttss~nfrtr.hif 1Mainbc.t: 

Figltre 1 7. Close tip ~f feet11 in c>clrl!l Irinbeosc~rtrin~~ hadrosarr rid 
jow froin CE U',s C(1ro1 Site. 

osteology of Pleurocoehrs is incomplete, the Long Walk 
Quar~y  material is nearly identical to the type material for 
this genus from tlie At-undel Formation in Maryland and to 
the fossils referred to this genus from the Cloverl!~ Fomia- 
tion of Wyoming and Montana. Several dorsal vertelwae 
have now been recovered that have the deep pleurocoels 
and rugose neural suture typical of Plezrrocoelus (Marsh. 
1888). The identification of a Pluorocoehrs-like animal at the 
Long Walk Quarry represents the first pul~lislietl account of 
sauropod dinosaurs in the Lower Cretaceous of tlie Colo- 
rado Plateau region. Some of the \auropod elements evi- 
dently represent a juvenile specimen, indicating that the 
remains of at least two indivitlual sauropods are prese~ved 
at the Long Walk Q11;irry. 

In acltlition to the Pleurocoel~rs-like material, two nearly 
complete teeth, several partial teeth, and an ilium presently 
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Figure 19. Asswterl postcranial elements cf: Pawpawsaurus n. gen. 
G n. sp. skeleton. 

specimen is Acrocanthosaurus (Stovall and Langston, 1950) 
from the Commanchean Series of Texas and Oklahoma. 
However, Kirkland and Parrish (1995) suggested that the .-.. 

teeth of the Long Walk Quarry theropod are distinct from 
Acrocanthosaurus in that they are much more coarsely ser- 
rated. 

The Long Walk Quarry, and about 6 hectares (15 acres) 
of surrounding land, has been deeded to the Utah Museum 
of Natural History at the University of Utah. Plans for the 
future development of the quarry are being formulated at 
the present time. Only an estimated 35% of the bone bed 
has been excavated, and even less of it has been thoroughly - .  
processed in the preparation laboratory. It is anticipated 
that between 5000 and 10,000 elements may eventually be 
recovered at the Long Walk Quany. This material will pro- 
vide much needed data on dinosaur fauna from the main 
body of the Cedar Mountain Formation. The Long Walk 
Quarry clearly has the potential to develop into one of the 
most significant fossil localities of the Colorado Plateau 
region. 

Figure 18. Skull and jaws of cf: Pawpawsaurus n. gen. G n. sp.. STOP 6. The Carol Site, The Ruby RanchIMussentuchit 
a. dorsal view of skull. h. medial view ofjaw, c. lateral view ofjaw Contact. D. Burge and J. Kirkland 
from Burge, 1996). 

undergoing preparation document the presence of at least 
one large theropod dinosaur at the Long Walk Quarry, The 
teeth are of typical theropod form, with coarse serrated 
edges and a curved anterior margin. The two complete 
teeth are 84 mm and 99 mm long, comparable in size to the 
teeth of Allosaurus, a well-known large theropod from the 
Upper Jurassic of east-central Utah. The ilium is at least 40 
cm long and appears to belong to a bipedal predator of 
about average Allosaurus size as well. The only known Early 
Cretaceous theropod similar in size to the Long Walk Quany 

At this stop (Figs. 2, 5), we will examine the Carol Site, 
just above the contact between the Ruby Ranch and 
Mussentuchit members. This locality was discovered by 
Carol and Ramon Jones of Salt Lake City, Utah. Material 
collected so far is from near the surface in a highly rooted 
interval. As such, portions of some of the bones were com- 
pletely destroyed by roots. However, careful preparation by 
John Bird of the CEU Prehistoric Museum in Price, Utah 
has resulted in a very significant specimen being made 
available for study Initial excavations revealed an associated 
adult hadrosaur skeleton with a disarticulated skull (Fig. 17). 

A radiological technician at the University of Utah, 
Ramon Jones developed a specially shielded device to care- 
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Figure 20. CEU Prehistoric Mtjseum's Carol Site indicated b11 
arrow nortltwest of Castle[lnle, Utah. Arrotu intlicates C(zro1 Site. Fig~~re 21. Bl~!fltelrl irp /I ! /  inctssiaa cnlcrefc ot top  of illorrison 
A1717~ Cl? = Rttcklzorn Conglomerate, CrlCm = contact bc2ttoeen Fonncrtion. 
Ruby Ranclz nnrl Mussenttichit Mernbers, D = Dakotcr Fonnation. 

fully record radiation levels in the shallow subsudace (Jones 
and Burge, 1995). This resulted in the discovery of a small 
nodosaurid ankylosaur (Figs. 18, 19) related to Pclwpclw- 
saurus (= Texasetes) from the Late Albian of Texas (Cooinbs, 
1995; Lee, 1996). The greatest significance of this discov- 
ery, beyond it being a new species of nodosaurid, is that it 
is the first dinosaur skeleton ever discovered solely using a 
remote sensing instrument. Additionally, this specimen will 
be useful in resolving the Pawpnwsaz~rt~slTexasetes ques- 
tion, as P(rwpawsaum~s is based on a skull (Lee, 1996) and 
Texasetes is based mainly on a postcranial skeleton (Coombs, 
1995) and tlie new Cedar Mountain specimen preserves 
both (Figs. 18, 19). 

A 3-4 m thick section of Buckhorn Conglomerate marks 
the base of the Cedar Mountain section at this site. It forms 
a broad northwest sloping bench allout a mile. It has al3un- 
dant black and white chert and limestone clasts up to 10 cm 
in diameter. Crossbeds indicate a transport direction of N 
75 E in this area. The Ruby Ranch Member is 18.3 meters 
thick, with a prominelit ribbon sandstone 0.7 m thick and 
100 m across about 10 m above its hase. A pebble conglom- 
erate 60 cm thick with a mudstone matrix is replaced by a 
greenish sandstone to the west just below the Carol site 
(Fig. 20). The Carol site lies at the base of the Mussentuchit 
Member, which is 12.3 m thick. It is remarkable that the 
Cedar Mountain section is only 27% as thick as it is a few 
kilometers south at the Long Walk Quany and so close to 
the type area at Cedar Mountain. 

STOP 7. Cedar Mountain Formation at Ruby Ranch. J. 
Kirkland and S. Hasiotis 

At this stop (Figs. 2, 5), we will examine the type section 
of the Ruby Ranch Member of the Cedar Mountain Forma- 
tion. The Cedar Mountain Formation has a total thickness 
of 46.2 m at Ruby Ranch (Fig. 8). The Yellow Cat Member 
is 11.1 meters thick, with a 0.5-1.5 meter thick algal lime- 

stone 6.8 m above tlie base locally. The overlying Poison 
Strip Member is 3-4 meters thick and consists of trough- 
crosshedded gravely sandstone with interbeds of pale green- 
ish mudstone. The overlying type section of the Ruby 
Ranch Menil~er described above is 31.1 111 thick below its 
contact with tlie hasal sandstone of the Dakota Fonnation. 

The base of tlie Cedar Mountain at the Ruly Ranch sec- 
tion is remarkable. Locally, it is at the top of a 8-10 m thick 
calcrete bed (Fig. 21) (Aubrey, 1996, in press). Laterally this 
calcrete grades into an 8 m thick interval iich in carbonate 
nodules at the base of the Yellow Cat Mernl)e~: Coinciden- 
tally, where the calcrete is best developed, there is a silici- 
fied algal limestone bed developed within the overlying 
Yellow Cat Meinl~er of the Cedar Mountain hniiation. This 
suggests post-bu~ial cliagenesis may have played a role form- 
ing this thick car1)onate unit. 

No vertebrate body fossils have been found at the Rul)!~ 
Ranch site, but oriiithopocl tracks have been recognized 
(Lockley et a]., in press) in a flt~vial sandstone 2.1 meters 
aljove the base of the Ruby Ranch Member (Fig. 22). Addi- 
tional invertebrate trace fossils of the Scoymicr assemblage 
are common in many sandstone units in the Cedar Moun- 
tain Formation. These include traces produced I)? ants, ter- 
mites, and crayfish. 

STOP 8. Cedar Mountain Formation Sites on the West 
side of Arches. J. Kirkland and K. Carpenter 

At this stop (Figs. 2, 5), we will examine Denver Museum 
of Natural History (DMNH) localities in the Yellow Cat 
Member and Poison Strip Sanclstone. There are several 
important dinosaur sites in the Cedar Mountain Forms '1 t' 1017 

on the west side of Arches National Park. The Bodily (1969) 
nodosaurid site (Fig. 23) was discovered in the early 1960s 
by Lin Ottinger of Moab, Utah, who reported it to Jim 
Jensen of Brighani Young University. Bodily (1969) described 
this large nodosaurid ankylosaur as Hoplitosc~zlnw sp. In his 
review of the Ankylosauria, Coombs (1969) referred the 
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Figure 22. Ornithopod track fiomfluvial sanrlstone from near bme 
of Ruby Ranch Membe~ 

specimen to Snuropeltn sp. In 1996, field crews with the 
Denver Museum of Natural History began to excavate a 
second specimen of Snuropelta a few kilometers north of 
the Bodily site. This specimen is clearly preserved within 
the Poison Strip Sandstone. Further examination of the 
Bodily site suggests that it too may lie within the Poison 
Strip Sandstone. Vertebrae and ribs of a sauropod were 
excavated from about six meters above the base of the 
Yellow Cat Member just north of the DMNH nodosaurid 
site. 

Galton and Jensen (1981) reported on a highly eroded 
hadrosaur femur 112-117 cm long from a few kilometers 
south of these sites. Although, the exact horizon of this 
specimen is not known, smectitic mudstones at the top of 
the Cedar Mountain Fomation in this area suggest it may 
have been recovered from strata equivalent to the Mussen- 
tuchit Member of the San Rafael Swell. This is the first 
report of a hadrosaur in the Cedar Mountain Form. CI t' lon. 

\ 

Figure 23. Brighain Young Uniuersity's Bodily's Nodosaur Site 
8 indicatecl17y arrow on west of Arches National Park. Arrow points 

to quarry. Al7ln: Crn = Mussent~cchit Member, Cp = Pobon Strip 

i Sandstone, Cr = Ruby Ranch Meinher, C!/ = Yellow Cut Meinl?er, 
D = Dakota Formation. 

STOP 9. Dalton Wells, Yellow Cat Member. 
Brooks Britt 

At this stop (Figs. 2, 5), we will examine the extraordi- 

Figure 24. Brigham Young Universit!y's Dalton Wells Quarn/ indi- 
cated ?I!! D and In-ackets. Abln: Cp = Poison Strip Sun[lstone, M w  
= Morrison Formation. 

titularly important because it is one of the best samples of 
Early Cretaceous dinosaurs in North America. The quarry 
is being developed in a joint project of Brigham Young 
University's Earth Science Museum and the Museum of 
Western Colorado. 

The Dalton Wells quarry takes its name from a home- 
stead established by Earl Dalton. In the early 1930's, the 
federal government erected a Civilian Conservation Corps 
(CCC) camp on the homestead. During World War 11, fol- 
lowing a 15 month closure, the site was converted to a 
Japanese interment camp, complete with high watch towers, 

narily rich deposit of dinosaur remains at the Dalton Wells for male Japanese-Americans vocal in their opposition to 
Quany (Fig. 24). It is rich not only in the number of bones, the imprisonment of American citizens. Today, a grove of 
but in the number of different types of dinosaurs preserved, cottonwood trees and concrete foundation slabs are all that 
several of which are new to science. This Cedar Mountain remain of the camps, but crews working the quarry use the 
Formation locality is in the Yellow Cat Member and is par- site as a campground. 
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Figure 2.5. Holot!lpe innxillcr.frcigreizt with tux) tec'tll o f  Iguanodon 
ottingcli (Galton and Jensen (1979) from the Dalton Wells Qcccrrry. 
Darker Iguanodon toot/? resting on top froin the Gmton Q~rcrrrtt 
(Stop I I ) .  

The quarry area has heen known to casual collectors for 
decades but until Lin Ottinger showed James A. Jensen a 
small maxilla with teeth in 1968, tlie significance of the site 
was not recognized (Fig. 22). Ottinger's find revealed that 
the formation was Early Cretaceous in age, and the skull 
fragment was later designated as the holotype of Zgunnorlon 
ottingeri (Galton and Jensen, 1979). Jensen and Stadtman of 
BYU conducted a preliminary excavation in 1975, and a 
quarry was opened in 1978. The quarry remained dormant 
until 1994, when BYU and MWC joinedforces to systemati- 
cally collect the site and prepare recovered ele~nents for 
study At the time of this writing nearly 1400 bones have 
been recovered and are I~eing analyzed. 

In tlie immetliate area of the quarry, the boundary be- 
tween the Yellow Cat Member of the Cedar Mountain For- 
mation and the underlying Morrison Formation remains to 
be detennined. Calcrete and conglomerate horizons used in 
other areas to differentiate the formations are discontinuous 
in the area. Doelling (1988) and Aubrey (1996) noted that, 
during the deposition of the Cedar Mountain Formation, 
salt diapirs in the underlying Permian Paradox Formation 
were actively flowing, resulting in the formation of small 
depositional centers. This hypothesis accounts for the dis- 
continuity of marker beds in the Cedar Mountain Fonn. A ti on. 

In the Dalton Wells, quany bones occur in the 1)asal 
meter of a 4 meter thick, conglomeratic, silty, mudstone 
lithosome (Fig. 26). This fossiliferous horizon extends for 
some 400 meters but is nearly devoid of intern11 sedimen- 
tary structures. The largest clasts are bones (up to 1.5 m 
long) and 10 cm in diameter, well rounded, chert pebbles. 
With tlie exception of the larger bones, the clasts are matrix 
supported. Mud drapes in the middle of the conglomeratic 

Stable Lacustrine 

Dinosaur Tracks 

Dalton Well 

Figure 26. D~etcrikecl strrrtigral)hic section of the zrpprr Y ~ l k ~ t c  Cot 
Meinl~er crt Dolton Wil1l.s Q~tarr!y. Snnrlston(> at fop, I)Ns(, of Poison 
Strill Sanri.~tone. Sccrle hcrr c~cllrals on(. inetc>r. 
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Figure 27. Brooks Britt holding dorsal vertebra of high spaneu 
iguanodontid at Dalton Wells Quarry. 

Figure 28. Oklahoma Museum of Natural History's Hotel Mesa Site 
indicated by avow looking east across the Colorado River. Abh 
Cp = Poison Strip Sandstone, D = Dakota Formation. 

Figure 29. Pleurocoelus bones from OMNH's Hotel Mesa Quarry. 
a. ilia of juvenile specimen, b. scapula of adult specimen. Scale is 
one foot (30 crn). 



Figure 30. Bone bet1 at CEU's Guton Q24arnr. Bones inclrrtle, pola- 
cnntlzid ank!ylosaur ribs, sacnrin, cccudal oertel?rae, femur, and 
nlnindant annor nncl Utahraptor tillin ancl preimilla. 

mudstone indicate at least two flow events are preserved. 
The bone-bearing lithosome is interpreted to have originat- 
ed as viscous crevass splay(s) deposited into a broad, topo- 
graphic low. Thin sandstones overlying the conglomeratic 
mudstone represent more normal, continuous flow events. 
Desiccation-cracked marl with sauropod and ornithopod 
tracks overlie the sandstones and represent a fluctuating, 
lacustrine shoreline. Thin micritic limestone beds indicate 
the lake was relatively shallow but stable for some period of 
time before fluvial conditions again dominated the area. 

Although articulated bones are rare, several spectacular 
specimens have been recovered, including three partial 
cervical sets. Two of the sets are of sauropods, with one cer- 
vical set still in articulation with the cranium. A partial cer- 
vical series of a nodosaurid was also found. Most bones are 
disarticulated, but clusters of associated hones make it pos- 
sibIe to recognize individuds. Preserved bones range fi-om 
pristine, delicate cervical vertebrae of sauropods to badly 
fractured, 1.5 meter long limb bones. Preliminary investiga- 
tions suggest that most of the bones were broken by fluvial 
action. Taonomic diversity and the range of growth stages 
represented in the quany suggest a catastrophic event led 
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to the demise of a large number of animals. Later, the bones 
were picked up and concentrated 1)y a fluvial event. The 
rarity of articulated bones the presence of tooth marks on A I 

some bones indicate the skeletons were subaerially exposed {I! 
prior to being entrained in a fluvial system. The rare articu- 
lated bones represent portions of skeletons entombed while 
flesh still bound them together. Figtrr-0 31 Utrlllrc~l)tor /~onc,\, top, /)rett~cr~rllcl. itlitltlkc,, first incri~rr~ 

rrt~g~ml (claw), bottoin ser.or21l l)~>clnl rrr~grrc~l (\rclilr,-t lncc) SWISS The Dalton Wells fauna is diverse, with six dinosaur gen- 
rrnnrl knife for .FC(I/P 

era currently recognized. Sauropod elements dominate 
excavated areas and account for about three-quarters of the 
1400 recovered hones. Rare turtle shell fragments are the 
only non-dinosaurian remains. Few theropod elements have 
been recovered, hut they represent at least two taxa. Utah- 
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Figure 32. Skull of new genus of polacantlzid ankylosaul: 

Figure 33. Interl~edderl limestones and shales at CEU's Gaston 
Quarry. Arrow indicates level of /?one pavement. 

Figure 34. Saurgod tracks (round shadowed depressions in fore- 
ground) at base of bone bed CEU's Gaston Quamj. Rob Gaston 
standing in background. 

raptor, a large dromaeosaurid, is the most common and 
largest theropod at the site. A relatively small, manirap- 
toran theropod is also present but remains to be described. 
A minimum of six juvenile and adult sauropods have been 
identified, representing two genera; a camarasaurid and a 
titanosaurid. The adults are of medium size, but several ele- 
ments indicate the presence of a large individual 21+ 
meters long. The tentative identification of the cama- 
rasaurid is based on unusually large, spatulate teeth set in 
vertically deep mandibular and maxillary elements, and 
delicate, thin-walled, cervical vertebrae with bifurcated 
neural spines. A cranium was found in articulation with the 
atlas and axis, which in turn were closely associated with 
several succeeding vertebrae. The caudal vertebrae are 
amphicoelous. The robustness of the skull elements, cranial 
and tooth morphology, and the cleft spines in the mid-cer- 
vicals suggest a camarasaurid affinity. A titanosaurid is rec- 
ognized based on the presence of strongly procoelous cau- 
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Upper MORRISON 
Jurassic FORMATION 

Figure 35. Cross-section of butte at Gaston Quarry showing relationships of sites on western and eastern s&s. 

dal vertebrae. Vertebrae from all vertebral regions have 
been recovered. All postaxial presacral vertebrae are pneu- 
matic but are of the underived, camerate form with large 
camerae surrounded by thick bone. Neural spines of the 
cervical, dorsal, and caudal vertebrae are short and non- 
bifid, and the neural arches of the dorsal vertebrae are 
markedly tall. A skull is tentatively assigned to this 
taxon. The hypothesized Barremian age of this fauna make 
this the oldest titanosaurid in North America. 

A large iguanodontid, with an estimated length of 8 
meters, is represented by a minimum of three individuals. 
The type specimen of Igwznodun ottingeri, (Galton & Jensen, 
1979), a partial maxilla of a juvenile, is currently designated 
nomen dubium by Weishampel and Bjork (1989). However, 
the taxon is now known from an array of cranial and post- 
cranial elements. The North American Iguanodon lakotaen- 
sis from the Lakota Formation of South Dakota is correlat- 
ed in relative geographic and stratigraphic context. The 
broad neural spine of the dorsal vertebrae from Dalton Wells 
is longer than any other iguanodont (Fig. 27) except the 

Afncan form, Ouranosaum nigeriensis (Taquet, 1976). Two 
small (2.5 m) polacanthid ankylosaur specimens are repre- 
sented by femora, vertebrae, numerous scutes and spikes, 
and fragmentary pectoral and pelvic elements. 

In summary, the Dalton Wells quany is yielding a signif- 
icant fauna that will contribute to an understanding of the 
Early Cretaceous dinosaurs of North America and to bio- 

geography. 

Stop 10. The Hotel Mesa, Ruby Ranch Member of the 
Burro Canyon Formation. Jim Kirkland 

At this short stop (Figs. 2, 5) we will look at the Hotel 
Mesa site in the Ruby Ranch Member just to the east 
across the Colorado River (Fig. 28). It can be considered to 
be the first productive dinosaur quany in the Burro Canyon 
Formation as the formation names traditionally change at 
the Colorado River (Stokes, 1952; Craig, 1981). Discovered 
by Ralph Pavonka of Grand Junction, Colorado, it was first 
reported to paleontologists by William Hawes of Grand 



KIRKLAND ET AL.: DINOSAUR FAUNAS OF CENTRAL COLORADO PLATEAU 97 

Figure 37. CE U Prelzisturic Mtisettrn's s?null theruporl sites inrlicaterl 
36 Loose omithO~orl lracks fomed brlse of by dotee9 just to east off] le  Geton QWmr Cp = Poison 

splay near Yellow Cat Road east of Gmton Qlmrnj. Strip Sandstone, Cy = Yellow Cat M e d m  cal = calcrete. 

Junction. In this area, the Cedar Mountain and correlative 
Burro Canyon formations are relatively thin. The Yellow 
Cat Member has not been recognized in this area, and only 
the Poison Strip Sandstone and Ruby Ranch Member are 
present and thus clearly can be recognized in the Burro 
Canyon Formation east of The Colorado River. The Hotel 
Mesa site is located just a few meters below the base of the 
Dakota Formation. 

To date, the Hotel Mesa site has only undergone prelim- 
inary salvage excavations by the Oklahoma Museum of 
Natural History, but the materials so far discovered are 
interesting. Most of the fossils pertain to a sauropod compa- 
rable to Pleurocoelus (Fig. 29). These include elements of 
both a large and a young individual and include numerous 
ribs, a caudal vertebra, an ilium, and most of a broad scapu- 
la. Additionally, microvertebrate material is also present 
including teeth of a hybodont shark, large and small croco- 
dilian teeth, turtle shell fragments, a small theropod claw, 
and teeth possibly referable to the dromaeosaurid Deino- 
nychus. 

This site is significant in being the easternmost Lower 
Cretaceous dinosaur quany sampled to date on the Colo- 
rado Plateau. Fossil vertebrates are known further to the 
east in Colorado, but the material discovered so far has 
been very scrappy and indeterminate. 

STOP 11. The lower Cedar Mountain Formation 
along the Poison Strip. J. Kirkland and R. Cifelli. 

At this stop (Figs. 2, 5) and we will examine the Yellow 
Cat Member and Poison Strip Sandstone south of Cisco, 
Utah on the eastern end of the Poison Strip. A number of 
small vertebrate sites have been discovered in the Yellow 
Cat Member in this area. These sites have been investigat- 
ed by field crews from the Oklahoma Museum of Natural 
History. Surface material collected includes a number of 
partial turtles similar to Glyptops, ganoid fish scales and 

teeth, a partial jaw of an eilenodontine sphenodontid, teeth 
of a small theropod and ankylosaur, and fragments from a 
polacanthid ankylosaur. The sphenodontid jaw is significant 
in that together with a specimen from the Kootenai Forma- 
tion (Lower Cretaceous) it represents one of the youngest 
occurrences of this family outside of New Zealand (Throck- 
morton et al., 1981). Some small fragments of eggshell were 
also recovered that have been examined by Karl Hirsch and 
are currently under study by Emily Bray of the University 
of Colorado. The greater al~undance of turtles and fishes 
suggest that these sites in the Yellow Cat Member may rep- 
resent a wetter environment than sites farther west. An 
attempt was made to wet screenwash one productive layer, 
but it did not break down readily. However, this sample did 
produce numerous charophytes. 

The presence of the charophyte, Nodosoclavator hradleyi 
(Harris) suggests an age of no younger than Barremian for 
the lower Cedar Mountain Formation in this area (Michael 
Schudack in a report to Fred Peterson). The only report 
suggesting a younger age (Aptian) for this taxon is by Peck 
(1957), who described this form as Clavator nodosus from 
the lower half of the Lakota Formation in South Dakota. In 
an examination of the Ostracoda, Sohn (1979) subsequently 
considered these strata to be pre-Aptian. Thus the limited 
data from charophytes supports the Barremian age suggest- 
ed by the dinosaur fauna. 

Along the southern side of the escarpment held up by 
the Poison Strip Sandstone (Fig. 7) various aspects of the 
Poison Strip Sandstone can be observed. These include 
thinning and thickening of the member, the lateral relation- 
ships of individual sandstone units in the member, and 
large scale epsilon crossbeds supporting the interpretation 
of the Poison Strip Sandstone as representing a complex 
meandering river system. Pale brown to white petrified 
wood is present at a number of localities along this escarp- 
ment and in addition to conifers includes the cycads, Cyca- 
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Figure 38. Foot c!f,jl~oenikc .speciiwn cfsincill mcinircrpforcin thero- 
pod, top proximu1 oieto of inetntrirsnls, hoftoin oocmipzo offiof. 

cleoiden and Monc~ntlaesic~ (Titlwell; personal commun. 1997). 
The Poison Strip Sandstone is of economic significance in 
this area, as it is the primary target in the Cisco Oil and Gas 
Field to the northeast (Moyer, pers. commun.). Detailed 
sedimentology has never been done for the Poison Strip 
Sandstone, but the quality of exposures in this area make an 
interesting study of this sequence l~ounda~y  very feasible. 

STOP 12. Gaston Quarry. J. Kirkland and D. Burge 

At this stop (Figs. 2,5) we will examine the Gaston Quarry 
and type section of tlie Yellow Cat Meml~er of the Cedar 
Mountain Formation. The Gaston Quarry was tliscovered 
by Robert Gaston in the winter of 1990 near the top of a 
100 meter butte helcl up I)y the Poison Strip Sandstone 
Member. To date, over 1100 completely disarticulated 1)ones 
have been recovered from approximately 30 square meters 
(Burge, 1996), forming a literal pavement of bones (Fig. 30). 
Most of the bones represent a new, unclescribed polacan- 
thid ankylosaur represented 1)y a minimum of four individ- 
uals (Kirkland et al., 1991; Kirkland, 1993, 1996; Carpenter 
et al., 1996). Additionally the type material of Utalamptor 
otstrom~na!lsorurn (Fig. 31) (Kirklarid et al., 1993) and an 
iguanodont tentatively assigned to Igz~anodon oftingeri 
Galton and Jensen (1979) have 1)een recovered from the 
site. It is thought that rather than representing the "sail- 
backed" iguanodont as proposer1 by Britt et al., (1996; this 
paper), that Iguanoclon ottingeri (Fig. 25) nlay proye to l ~ e  a 
conservative iguanodont perhaps synonymous with Igzrano- 
don lakotnensis (Weishampel and Bjork, 1989). 

The polacanthid ankylosaur compares closely to Polcrcnn- 
thus foxi from the Wealden of England and Polacnnt111l.s 
marshi from the Lakota Formation of South Dakota on the 
basis of possessing a sacral shield of fi~sed armor; asymmet- 
ric, hollow-based lateral plates; hollow-hasecl, laterally di- 
rected, shoulder spines with a long posterior groove; and in 
having an additional set of large erect, solid-based, shoulder 
spines (Blows, 1987; Pereda-Suberl~iola, 1993, 1994; Kirk- 
land, 1993, 1996~) .  It difkrs froni Polacanth~is in not having 
a free lessor trochanter on the femur, not having diverging 
lateral margins of ilia, and a more massively constrncted 
ulna (Kirkland, 1993; 1996). It has the only well preserved 
skull known for any polacanthicl ankylosaur (Fig. 32), which 
suggests a close relationship with the Ankylosauridae and 
not the Nodosau~itlae (Kirkland, 1993; in manuscript; Car- 
penter et al., 1996). It also appears to be closely related to 
ankylosaurs recently discovered in the Morrison Fonnation 
(Kirkland ant1 Carpenter, 1994; Carpenter, et al., 1996). 

The bones are preserved in an interval of alternating 
limestone ant1 silty shalc (Fig. 33) 6.5 m below the top of 
the Yellow Cat M e ~ n l ~ e r  of the Cetlar Mountain Folmation. 
Bones preserved in the limestone are 1)eautifullv three 
dimensional, while thosc prescrvetl in tlie underlying silty 
shale are I~adly crushed. Isolated 1)arite roses are present in 
association with these beds, suggesting the site may repre- 
sent an ephenieral alkaline pond and that the limestone is 
largely diagenetic. The limestone at the base of the bone- 
bearing interval was found to I)e a sauropod tlacksite (Fig. 
34), with the next limestone layer up preserving omitliopod 
tracks. This interval of alternating limestone and shale was 
thought to mark the 1)ase of tlie Cetlar Mountain Fonnation 
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in this area (Young, 1960, Fig. 6, sec. 37). In redefining the 
base of the Cedar Mountain, Aubrey (1996; in press) low- 
ered the boundary to the calcrete 7 m down section. 

On the other side of the butte toward the Yellow Cat 
Road, the quany horizon correlates with a dark brown cre- 
vasse splay (Fig. 35). Ornithopod tracks have been found at 
the base of this splay (Fig. 36). Immediately above the cal- 
crete (Fig. 37) at the base of the Yellow Cat Member, three 
partial skeletons of a small maniraptoran theropod (Fig. 38) 
have been excavated (Kirkland et al., 1995). Other fossils 
from this area include a lungfish tooth plate and a small 
crocodilian tooth fragment. Also, there have been spiral 
concretions filled with ganoid fish scales found at approxi- 
mately this level. These are thought to represent entero- 
spires of a hybodont shark, for which a fragment of a dorsal 
fin spine has been found. Additionally, fragments of the 
~olacanthid ankylosaur have been found just below the 
Poison Strip Sandstone on this side of the butte also. 

The Yellow Cat Member measures 24 meters thick in its 
type area as described above (Fig. 3). The overlying Poison 
Strip Sandstone measures as much as five meters thick near 
the Gaston Quany but pinches out at the Yellow Cat Road 
1.5 miles to the east (Fig. 34). It reappears again just to the 
east of the road and the type section is visible a short dis- 
tance to the south. The Ruby Ranch Member is 17 meters 
thick in this area and has a prominent east trending ribbon 
sandstone 2-3 meters thick, 10 meters above its base. The 
overlying Dakota Formation has a chert pebble-to-cobble 
conglomerate at its base locally. A section of Tempskya log 
was found within this conglomerate. 
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ABSTRACT 

The field trip examines the variations in depositional architecture, stacking patterns, and unconformity 
expression in strata deposited at the Cretaceous foreland basin margin in central Utah. Two sediment accom- 
modation zones are identified. A zone proximal to the thrust front (< 150 km distance) with high basin subsi- 
dence and sediment accommodation features predominantly alluvial deposits and sequences bounded by 
merged 3rd-order and angular unconformities; airy-isostatic subsidence dominated here. In a second zone 
located farther basinward (> 150 km distance) basin subsidence and sediment accommodation decrease to the 
east and the basin fill is predominantly transitional alluvial to shallow-marine. Sequences are bounded by high- 
er frequency unconformities and their correlative conformities; flexural subsidence dominates here and defines 
a ramp. Sequence expression and stacking patterns are explained within an accommodation cycle of basin sub- 
sidence and sea level change. This can be are used to better understand the influence of structuring versus 
eustasy on depositional architecture. 

INTRODUCTION 

Sequence stratigraphy concepts were originally devel- 
oped from shallow-marine successions along passive mar- 
gins where subsidence increases basinward, shelf edges 
separate shallow-water from deep-water environments, and 
tectonic events are muted (Vail et al., 1977, 1984; Haq et 
d., 1987, 1988, Jervey, 1988; Posamentier and Vail, 1988; 
Posamentier et al., 1988). Over the last several years 
sequence-stratigraphy has been increasingly applied and 
tested in foreland basins, where basin subsidence increases 
toward an active fold belt, strata are deposited across a 
ramp of uniform dip, and deep-water environments are 
absent. Consequently, the applicability of sequence stratig- 
raphy concepts in foreland basins and the impact of tecton- 
ism on stratal patterns have been scrutinized; examples, 
among others, are the work by Weimer (1984), Jervey 
(1988), Jordan and Flemings (1991), Schwans (1990, 1991, 
1995), Walker and Eyles (1991), Posamentier et al., (1992), 
Devlin et a]., (1993), Gardner (1993), Martinsen, et. al., 
(1993), and Leithold (1994). 

PREVIOUS WORK 

Previous stratigraphic work on the transitional alluvial to 
shallow-marine foreland basin strata in ,central Utah, com- 
monly referred to as Indianola Group, utilized formational 
attributes and sparse biostratigraphic strata. Pioneering 
studies are those of Spieker and Reeside (1925) and Spieker 
(1946, 1949). More recent examples are the works of Hale 
and Van De Graff (1964), Gill and Hail (1975), Cobban 
(1976), Lawton (1982, 1983, 1985), Ryer (1981), Ryer and 
McPhillips (1983), Fouch et al., (1983), and more recently 
Franczyk et al., (1992), among others. A different approach 
was taken by Schwans (1988a, 1988b, 1995), who placed 
facies and similarities in stratal successions and stacking 
patterns into a biostratigraphic and sequence-stratigraphic 
framework; Figure 1 shows the resulting chronostratigraphy. 
The hiatus of the unconformities and the age of sequences 
in the chart are based on biostratigraphic and absolute age 
data discussed in detail in Schwans (1985a, 1986a, 1988a, 
1988b, 1995); discussed are also the relationship between 
the sequence framework (Fig. 1) and the existing formation 
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stratigraphy. The curve of coastal onlap and the ages of 
sequence boundaries and downlap surfaces from Haq et al., 
(1987) are included to provide comparison between the 
cyclicities observed in the foreland basin and at passive 
margin worldwide. Other studies on Cretaceous sequence 
stratigraphy in the foreland basin include, among others, 
Schwans (1986b, 1989, 1995), Vail and Bowman (1987), 
Aubrey (1989), Shanley and McCabe (1991, 1995), Van 
Wagoner (1991a, 1991b, 1995), and Van Wagoner et al., 
(1990). Figure 2 is a location map of the field trip area with 
the stops indicated. 

STRUCTURE AND FORELAND 
BASIN ZONATION 

Structure 

The field trip area straddles a major structural transition 
zone the Cordilleran hingeline. Picha (1986) describes the 
hingeline as a zone that separates thick cratonic crust to the 
east from thinned, late Proterozoic-rifted crust in the west. 
Paleozoic miogeoclinal strata above basement thicken west- 
ward of the hingeline from 1000 m beneath the Wasatch 
Plateau to 11,000 m at the Utah-Nevada border (Standlee, 
1982). The western portion of the Cretaceous foreland 
basin lies within this hinge zone (Schwans, 1988a, 1988b, 
1995). Figure 3 shows the structural elements that influ- 
enced the configuration of the foreland basin in Utah; these 
are: (1) Proterozoic-rifted basement structures, (2) base- 
ment lineaments, and (3) Cretaceous-Tertiary thrust-fold 
structures. 

Basement highs defined the position of the Mesozoic 
thrust ramps and the Cenozoic thrust-cored anticlines (All- 
mendinger et al., 1986, 1987; Lawton et al., 1994; Schwans, 
1987a, 1987b, 1995). Intervening basement lows influenced 
the geographic configuration and position of alluvial to 
lacustrine Cenozoic basins. The eastern margin of the hinge 
zone is defined by the Ephraim Fault (EF in Fig. 3); base- 
ment is downthrown to the west to 9 krn depth (Allmen- 
dinger et al., 1987). 

Three basement lineaments or transverse faults cross the 
field trip area. The lineaments originated during Proterozoic 
rifting and were reactivated during Cretaceous-Tertiary 
compression as tear faults or right-lateral ramps to the east- 
ward propagating thrusts (Fig. 3). In addition, the lineament 
acted as sediments conduits, linking the alluvial basins in 
the thrust belt to the marine foreland basin. Figure 4 is an 
interpreted seismic line across the field trip area; the inter- 
pretation is tied to measured section B (Stops 3.3, 3.4 in 
Fig. 2) and C (Stops 2.4, 2.5, 2.6 in Fig. 2) and two wells. 
Together, the figures illustrate the configuration of the 
thrust systems. The Pavant 1 (Pl), Pavant 2 (P2), and the 
Canyon Range (C) thrust are Mesozoic thrusts, while the 

Gunnison (G) and Wasatch (W) thrusts are of early Cenozoic 
age; the latter terminate as blind thrusts in Jurassic strata 
underneath the Wasatch Plateau (Standee, 1982; Lawton, 
1985; Villien and Kligfield, 1986). Figure 5 shows the inter- 
preted structural and stratigraphic history of the fold-thrust 
belt in central Utah by Schwans (1988b, 1995). Alternate 
views and an expanded discussions are by Lawton and 
Trexler (1991), Royse (1993), Lawton et al., (1994), DeCelles 
et al., (1995), and Talling et al., (1995). 

Zonation 

Schwans (1995) discussed in detail the structural and 
stratigraphic zonation of the Cretaceous foreland basin. A 
zone proximal to the thrust front (C 150 km distance) exhibits 
high sediment accommodation and tectonic subsidence, - 
probably due to Airy isostasy. In contrast, tectonic subsi- 
dence and sediment accommodation in a second zone 
located farther basinward (> 150 krn distance) decreases to 
the east, probably due to flexural subsidence across the 
ramp. The different subsidence modes significantly influ- 
enced stratal stacking and sequence boundary character 
throughout the history of foreland basin infilling. The U2- 
U3 (96.5-90 Ma) sequence in Figure 1 is an example of a 
composite sequence that formed due to regional loading 
and crustal relaxation. The U2 unconformity defines the 
top of the Lower Cretaceous basin fill (Stop 3.2 in Fig. 2). 
Overlying 3rd-order sequences of Late Cretaceous age are 
stacked into retrograding, aggrading, and prograding 
sequence sets (Stops 3.4,3.5 in Fig. 2). 

Thrust-loading also impacted short-term sediment accom- 
modation and stratal patterns during final shortening in 
the latest Carnpanian, Maastrichtian, and early Paleocene 
(Schwans, 1987b; Lawton and Trexler, 1991; Talling et al., 
1995). Movement along the foreland thrust systems (G and 
W in Fig. 3) caused segmentation of the proximal zone into 
a series of north-south elongate, thrust-cored anticlines (see 
Maastrichtian-Paleocene in Fig. 5). The history of the anti- 
clinal uplifts is manifested in the basin fill of adjacent syn- 
clines in a series of unconformity-bounded, elastic wedges 
(U8-U9 and U9-U10 sequences in Fig. 1) that onlap the 
anticlinal structures (Stops 1.1, 1.2, 1.3, and 3.1 in Fig. 2). 

LOWER CRETACEOUS BASIN FILL 

Sequence Stratigraphy and Zonation 

Figure 6 is a measured section of the earliest foreland 
basin deposits in the proximal zone (Stop 3.1 in Fig. 2). 
Schwans (1985a, 1986b, 1988a, 1988b) discusses the facies, 
demonstrates the character and regional extent of the bound- 
ing unconfonnities, and suggests a Barremian(?) through late 
Albian age for the U1-U2 sequence; Figure 1 shows only the 
upper portion of the sequence and unconformity U2. The 
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name Pigeon Creek Formation tvas suggested by Schwans 
(1988a) for the proximal clastics with the measured section 
in Figure 6 as the type section. Co~~elative fornrations are 
the Cedar Mountain and Burro Canyon fornlations irk the 
distal zone in eastern Utah and western Colorado (Schwans, 
1988b, which range in age from Barremian? through latest 
Albian (116.5-96 MA) (Heller and Paola, 1989; Yingling and 
EIelIer, 1992). 

Proximal Zone Architecture 

dle? Aptian time and was marked hy the deposition of thin 
luctl,~t~im linwstotzes,flood plain ?rzz~&toms, and intercalakd 
channel-forrn sandstones (see Lower Mbc in Fig. 6). Flood- 
plain-dominated systems were ove~whelrned by sheet-flaod 
fan conglomerates (Upper Mbr. in Fig. 6) during the mid- 
dle? Aptian through late Albian. Fans were sourced by the 
emergent Pavant 1 allochthon and shed eastward and later 
southward into the subsidilrg foredeep (Schwans, 1986b, 
1988a, 1988b). In the outcrop (Stop 3.1 in Fig. 2), earliest 
sheet-flood far] deposits are rriade ttp of tliirl sheets of chert- 

Initial sedilnelltatioir i ~ r  the proximal zone aird onset of pebble congbmerc~tes cmrr! snnhto~xes set within thick sec- 
thrusting occurred during Bat-remian through lower to r~rid- tions of oariegated muclstones. Later, fall deposits form a 
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tt~ick succession of quartzite- 2tnd carbonate-clast sllec~f-Jl)ocl 
corzglornerritus stacked into vertically anialg:ir~tdtetI and lat- 
erally overlapping sheets separated by thin, rccI t?~rulstoncs 
(Fig. 7). 'The succession of clast lithologies, clait sizes, ;md 
fiiciei reflects hanging wtdl ertlergence artcl erosion of the 
Pavarrt 1 allochthon, resulting in ,111 inverted clast-lithology 
\tratigraphv (Schwans, 1998a). 

Sediment thickilcsses of tlic initial basin fill re.g., Bar- 
r emia~~  through early to middle? Aptian) range ti.ort-1 >300 
ln at the thiiist &orit to 100 rn aloilg the eastern edge of the 
proximal zone ( ~ e e  dark grey area \vest of left dashed line, 
c.g. LPC;, in Fig. 8). Sheet-flood fhn accumulatiitn was most 
proitotlncrct in areas loattecl basinward of the iiltersection 
point hetween the 1,eatnington lineament and tlic frontal 
zone. The latter acted as a lateral ramp between the Czharl- 
ston-Nebo thrust sheet to the rrortli axi(1 the Pavant 1 thntst 
sheet in the \ot~th; the resulting tear fault zone brt\vee~l the 
thnist sheets formed a paleovalley and acted as icdirnent 
condt~it. In contrast, scdilncnt thichesws during the mid- 
dle? ;2l,fiali through late Albian range froni >COO ~n at tfte 
thr-ust front to 300 m along tlre eastern edge of the proximal 
Lone (set. darkest grcy arca west of left ciashecl line, c.g. 
UPC, in Fig. 9) (Heller arid Paola. 1989). 

Distal Zone ilu-cl~itecturcs 

Initial deposition i11 the distal zone in eastern Utah and 
westcrli Colorado during the Barrr~mian through llower- 
middle? Aptian consiited of chert- to q~tartzite-peltble con- 
gloltteratei and sarldstoi~es trarrsported itt ltraitlcd to low- 
siiruousity, rnnlti-chantiel systeni\. Early drainages scAem 
restricted to northwest-soittlleast oriented, broadly incised 
p;ileovalIrys located in southeastern and eastern Utah ( x e  
light pay  area, e.g. LUC and LCM, in Fig. 8) (Yinglitlg and 
Iteller, 1992). Well logs indicate that scditlnerlt thirhlcsses 

in the paleo\~allcv~ do not a r c e d  ($0 1x1 iSch~n7anr 19Hfiii). 
1988tt). 

'Tlic ctrarre-elastic pcilcov;llltry fill\ arc. o\crl,iin h i%xtcn- 
qive jlond plairz ttttrclstonp, \nth t1lrl-r ~r~ter.o~tl,tted /iac*rr,r'tt~tzc 
lintcstonc>s, ituleosob, Lorles of ocllcrt~tc~ nodule%\, ,old p,rrtld- 
ly to cor~~pletcly cxlrrxn~t~ct, Izigf~l!/ ;\ztzucl.us, c.hrrxirtui-ji,r-)r1 
rcati~i~rtorzt's wit11 laterall) ,tttaol~rtl a h p e t  cci~trr'siort~~i Tllc. 
flootl plalrl-tlo~ninaled siict,it,s\ltr.ris artA of ,tll)r,t~i-~~gtk ,tncl 
\q7ert\ deposited aerors a wide a r ~  of ~nr t~o l  topogrdl,hrc 
relief that eupcriencctl Iittlr or no \~rbildertcc i w r p  light and 
ligtltest grey art:% txd5t of left c1usht.d Irrrtx, cx q. [I(:\! .ilrd 
UBC in Fig. $1). \Vt=ll log? xtrtf~r',itt' that \rtlirrlelit tflrr knt~rh 
doe\ not rxc,eet1 300 r~ (Sc*lnv'~ns, IMHCilr, 19Nhl)) 

Implieat.iorrs for Ba>iri Srrl>\itletrc.r 

trtitial basin sril~srtfc~~cr~ 111 t l t t ~  ~>roxrrrraI ~o~i(\,tlr;o.rletl 
tfle dcculmrlation of 1OC)O rlr of str'trd \vrthm ,r n,trro\t +uh- 
siding trougir defined h) thc. fl;1tc~r.rt I thrri?k friirtt 111 thc 
west ,id the Ephr<iiirn i%z~ilt in thc cd\t C:on\rricl!. redr- 
rnei~t accommodatron in tlnc tlrrtal zone drrr~rrg tXtcs s'illrc 

time i11terv;d xvas nlore or Icxss rnr~gn~ficimt- ,it.n,rs a u ~ c ? ; c h  
basin artA,i. Sch\vm\ (198fil), 1987'ti intcari?rcltctl tlri, differ- 
c%ncc in hedinrerrt accornrriod;tt~ctn l>,tttenls to rnclreclie h i t  

tectorric ~u1)sicience in the prouirrrd ~ o n c  rva, prctLrmm,tr\t- 
ly an Ait? 1so5tatic \ttb\rdcrrce of bd i r r~~e~ l t  blocks ltc-nr,xtl~ 
~ J I C ~  near the thrust lo,itf 'ind de utrrrpletl or dct,itslirtl h-ortl 

suhsitlet~ee of tlte ctt~i~le, rrn1tntEcrti c.rCton of the. rt~rt'd corlr, 
A coml.";trison c~f Figures h lirltl 9 5 1 1 0 ~  r t l ~ f .  net tiggrs~X:~~~orl 
and net \tilt\lderrcc ctc*c%cler,rtcd tIunng t 1 1 t k  1,itc Aptla11 
dtrough Alhi'ui, in\ olxmg rrto\t of t,utt,tn I;t,d~ 'I'hl\ cl-r'u~gi~ 
is ixrterl,rt,tect to reflect tl~cb dt,u~ge Crom latc~rctll\ r-cstrrcted, 
Airy isostatic suba~dence n c a  ilrc load to larger sc,rle, flex- 
ural \tib\f(l~~tce. 
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Sequence Stwtigraphy arrd Zonation 

Spieker (1946, 1949) clefitled the Upper C:retaceous 
I~ldia~iola (2roup and it\ tner~iberr (see Proximal Foreland 
coltlinn it1 Fig. 1). l~iwton (1982, 1983) preser~tcd ar1 updated 
litl.tostnitigr,tp1:1is fiantcwork and facirs scherne. Sehwans 
(1985b, 198fia, 198812, 1989, 1990, 1991, 1995) revi5ecj. the 
biostratigraphy and proposclct a scqucric~t~-stri~tigrapl-lic 
framework fix the Upper Cretaceot~s Xtidiallola Group (see 
Proximal Zortc ill Follllation Stratigraphy colrrn~r~ in I4g. 1) 
and associatccl time-cquivalcnt units, incltlclitlg conglorner- 
ater to tl-rc itrest in the C:unttison Plateau (e.g., lridiasiola 
Croup [Lfridiffelrcl~tii~teclj of Spieker 11946, 1949]), the 
Canyo11 Range, altd in tlrr Pava~tt Ratige (p.g., I-iislterland 

colunln iri Fig, I), as l.ve1l as, s,llallo\+-manmc strat't In the 
east in the lFrirsateh f'littr%au and 13ook Clr% \D~$k,il I-;i,rch- 
land colurrin in Fig. l), 

Nitre utrcon&trrnttirs aruI tt.11 ~iepcrsition~tl ret~urlrctbc (US 
through 1'10 111 Fig. 1) dlr rde~itificcl in tlre bas111 fill \ITithrn 
each depositional s,tlciuellcth a1lriv1,tl fin conglt>~rrerates ,irid 
braided strc2arn sanclrtol~cs 1ocutc.d at the thrrrst I;-ollt (Pigs 
10, 11) gratlc clowrr-ctey)o\itio~~'~l c irp  ,utcl c,i\t\~~,lrcl rrlto 
braided stream ard ovcrh,trrk stlc>ecssrorl\ (Fig\ 12, 13) 
(Stops 3.1. 3.4, 3.5 trr 1718 21.. d t c b  latter rrr,ij Ilc cut b\ coil- 
glornefatic v,rllc> fills \r\~c%r,d kilomcrt~rs \\,lclr ,mtl up to 300 
m thick i sc~  eotlglomrlratc\ in mca\uretl \cc.tron\ F~gs 11. 
12. 14) (Stops 3.4, 3 5 .  ,urtl Ol>tiorlCii \to13 1 3 Itr I71g 21 Tlre 
nonmarir~t~ s t r~ ta  ~ I L ( >  way to L ~ ~ I O I C ~ ~ I I ~ ~  O ~ ) C I I - I L I ~ I  111e 
fi~ciel via wale-clominatcd shoret~ner (Stop 1 5  nl )jrg 2),  
fluviirl-tfornnt~ttttc~ citllt,r\ \ S l o p 2  1, 2 2 rrl Fig 2), ,111d br&~rd- 
deltas (Figs. 15, 16) (Stopr 2.1,2 Fi,, 2 6 In Fig 2) 
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Figure 7. Photograph of sheet-flood conglomerates with interca- 
lated thin, red mudstones at Stop 3.2 (Fig. 2). The strata are part of 
the Upper Pigeon Creek Member of Schwans (1988~). 

Three types of sequences and sequence boundaries are 
observed: (1) high-frequency sequences and unconformities 
with probable cyclicities of 100,000-200,000 years; (2) 
third-order sequences and unconformities with cyclicities 
of about 1-3 MY.; and (3) composite sequences and uncon- 
formities with cyclicities greater than 3 MY.; composite 
unconfonnities consist of several, merged higher frequency 
surfaces. Examples for the first type are the high-frequency 
sequences and unconformities observed in the Dakota For- 
mation and the U4 surface in Figure 1, which separates the 
upper and lower Ferron Sandstone of Schwans (1988b, 
1995) (Stop 2.3 in Fig. 2). The surfaces and strata record the 
numerous changes in relative sea level during the gradual 
westward shift of shoreline facies across Utah with the 
incursion of the seaway in the late Albian through early 
Turonian. Likely examples of third-order sequences and 
unconformities and probably the direct result of eustasy in 
the marine foreland basin and (Type-1 sequences in sensu 
Van Wagoner et al., 1990) are the surfaces U3 and U6 in 
Figure 1 (Stop 2.3, 2.6, respectively in Fig. 2). The third 
type, composite sequences and unconformities, seem to be 
most common in the foreland basin fill; examples are the 
surfaces U2 (Stop 3.2 in Fig. 2) and U8 through U10 (Stops 
3.1, 3.4, and 1.4 in Fig. 2). These types of unconformities 
are marked angular toward the tectonic belt and exhibit a 
variable hiatus (Figs. 4, 10, 12). An example is the U2 sur- 
face and its associated hiatus, which may span as much as 5 
MY. at the thrust front and as little as 0 .253  MY. in the dis- 
tal zone. This variation is interpreted as the combined result 
of erosion and sediment bypass, following thrust emer- 
gence and westward directed onlap with basin subsidence 

Figure 8. Thickness distribution of Barremian through middle 
Aptian strata in Utah. Thicknesses are in hundreds of meters and 
based on measured sections (heauy dots) and interpreted well logs 
(well symbols) from Schwans (1988b). The shading highlights the 
thickness variations. Dashed line between LPC ( Lower Pigeon 
Creek Formation) and LCM (Lower Cedar Mountain Formation) 
depicts the eastern limit of the proximal zone; dashed line between 
LCM and LBC (Lower Buvo Canyon Formation) depicts approxi- 
mate eastern limit of distal zone. 

and seaway expansion. Figure 17 (Stop 3.1 in Fig. 2) is an 
example of a composite surface associated with local uplift 
and infilling of the adjacent sub basin; the hiatus associated 
with this surface may range from < 5 MY. in the basin to > 
10 MY. on structure (Schwans, 198713, Talling et al., 1995). 

Proximal Zone Architecture 

Individual depositional sequences in the proximal zone 
are defined by a spectrum of depositional environments, . 
which includes, arranged from up-dip to down-depositional 
dip, alluvial fan deposits, conglomeratic paleovalley fills, 
and braided stream deposits. Table 1 summarizes the litho- 
facies and interpreted depositional environments in the 
proximal zone. 

Alluvial fan clastics are the most proximal deposits found 
in the Upper Cretaceous basin fill (Figs. 10, 11). Figure 11 
shows crudely stratified block and boulder conglomerates 
and cross bedded scour-based boulder- to cobble-conglom- 
erates forming 20 m to 30 m-thick, upward-fining succes- 
sions. The successions in turn stack to form 500 m to 1000 m 
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Figure 10. Photograph of alluvial fan conglomerates a d  Inaiderl 
stream sandstones located at the thrust front in Oak Creek Can~lon 

Figure 9. Thickness distribution of Middle Aptian through late 
Albian age strata in the foreland basin in Utah. Thicknesses are in 
hundreds of meters and based on measured sections (heavy dots) 
and interpreted well logs (well symbols) from Schwans (1988b). 
The shading highlights the thickness variations. Dashed line 
between UPC ( Lower Pigeon Creek Formation) and UCM (Upper 
Cedar Mountain Formation) depicts eastern limits of proximal 
zone; dashed line between UCM and UBC (Upper Burro Canyon 
Formation) depicts approximute eastern litnit of distal zone. 

wide, wedge-shaped stratal bodies. The block and boulder 
conglomerates occur at the thrust front in the Canyon and 
Pavant ranges and are interpreted by Schwans (1988b) to 
represent alluvial fan deposition by catastrophic, bedload- 
concentrated flows transported during episodic flood dis- 
charges under a humid-tropical climate; overlying finer 
grained cross bedded pebbly sandstones represent low- 
energy deposition on the fan surface, possibly during lower 
water stage in small channels and bars. The measured sec- 
tion shown in Figure 11 is located west of the field trip area 
in the Canyon Range (Figs. 3) and will not be visited; it is 
shown here to provide a more complete depositional spec- 
trum. 

The scour-based boulder- cobble-conglomerate and grave- 
ly sandstone facies association is the coarsest in the field 
trip area and forms discrete paleovalley fills that are several 
kilometers wide and 50-250 m deep (Stops 1.2, 3.4 in Fig. 
2). Examples are the strata above U7 in Figures 12 and 14 
(Stop 3.4 in Fig. 2) and the incised valley fill above U3 in 
Figure 16 (Optional Stop 1.3 in Fig. 2). The strata are part 
of the Indianola Group (Undifferentiated) of Spieker (1946, 
1949) and correspond to the Reddicks Canyon Conglom- 

in the Canyon Range (see measured section A in Fig. 11). Canyon 
Range thrust (arrow) anrl position o f  unconformities are indicated. 
ET-erosional truncation; ON-onlap. 

erate and the Lower Funk Valley Sandstone of Schwans 
(1988b) in Figure 1. Transportation and deposition of con- 
glomerates occurred in shallow bars under a perennial and 
seasonally wet-tropical climate; interbedded lenses of pave- 
Iy sandstones are the fills of small channels. 

The bedload to mixed load braided stream deposits com- 
prise the bulk of the Upper Cretaceous coarse-elastics, for- 
merly called Indianola Group (Undifferentiated), in the 
proximal foreland zone. Lithofacies of these deposits are 
arranged into 150-300 m-thick upward-fining, sheet-like 
bodies that parallel the structural strike of the frontal zone 
for 10 krn to > 100 km. In the measured section in Figure 
12, the lower, coarse-clastic portion of individual upward- 
fining units are trough cross-bedded, scour-based, ccohhb- 
pebble conglomerates of sheet geometry grading upward 
into cross bedded, pebbly sandstones and sandstones (e.g.., 
strata immediately above U3, U4, U5, and U6 in Fig. 12) 
(Stop 3.3 in Fig. 2). Conglomerates and sandstones were 
transported and deposited in mixed gravely and sandy bars 
in a braided stream. The coarse clastics of individual up- 
ward-fining units are overlain along a sharp surface by a 
thick section of overbank siltstones and detrital carbonates 
with a wide variety of ripple cross-stratification, an abun- 
dance of secondary sedimentary structures, and numerous 
angiosperm leaf impressions (Schwans, 1988b). Intercalated 
are trough cross bedded, pebbly channel-form sandstones 
(Stop 3.3 in Fig. 2). This facies association is interpreted to 
represent mixed sand-mud deposition by low-sinuosity 
channels located in a ponded flood plain. 

Figure 13 is a composite photo of a portion of the mea- 
sured section in Figure 12. Figure 18 is a block diagram 



SCHWANS AND CAMPION: SEQUENCE ARCHITECTURE IN FORELAND BASIN, UTAH 

FS Eq. 

FS Eq. 

I 
bd Icb pblc m f l  

I I I I 
,100 50 25.6 

cm cm cm 
Cgl. SS. MudISilt 

Legend 

Primary Sedimentary Stmchrres 

& Unstratified Gravel 

& Horizontal To Poorly 
Stratified Gravel 

4 Gravelly Trough 
Cross Strata 

b Trough Crossbedding - -- Planar-Horizontal 
Stratification 

4 1  Current Ripples 

O* 

FS Eq. Flooding Surface 
Equivalent 

Figure 11. Measured section A of alluvial fan conglomerates shown in Figure 10. Section was measured in Oak Creek Canyon (Sec. 10, T 
17S., R. 2W), Canyon Range, Utah. Lithofacies include crudely stratifwd block and boulder conglomerates, cross bedded scour-based 
boulder- to cobble-conglomerates, and cross bedded pebbly sandstones arranged into 20 m to 30 m-thick, upward-fining successions. 
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Figure 12. Measured section B (see Figs. 1 and 4) of the Upper Cretaceous portion of the Indianola Group (Undifferentiated) of Spieker 
(1946, 1949) in Chicken Creek Canyon (Sec. 12, rl: 15S, R. lE), east of Levan, Utah (Stops 3.2 through 3.5 in Fig. 2). The section illustrates 
the alluvial architecture of ten depositional sequences of Schwans (19886, 1995). 
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Figure 13. Composite photograph of three clepositional sequences shown in Figure 12 (Stcrps 3.4, 3.5 in Fig. 22). Within each sequence the 
coarse-clustic braided stream rleposits represent the lowstanrl to tran~gressive systems tract (LST-TST), while ozjerl!jing merl~ank fines 
with intercalated single-channels fonns are the highstand systems tract (HST). Strata clip to the lefr ant1 eust, view is to the south. ET- 
erosional truncation; ON-onlap. 

that illustrates sequence architecture and sequence stack- 
ing for nonmarine strata in the proximal zone. According to 
Schwans (1995), each large-scale, upward-fining unit is a 
depositional sequence bounded by unconformities. Within 
each sequence the coarse-clastic braided stream deposits 
represent the lowstand to transgressive systems tract (LST- 
TST in Figs. 1, 12), while overlying overbank fines with 
intercalated channels form the highstand systems tract (HST 
in Figs. 1, 12). The systems tracts in the proximal zone are 
thus defined by a change in depositional architecture from 
a bedload-dominated, fluvial systems with vertically amal- 
gamated channels to a suspended-load dominated system 
with isolated channel-forms set in overbank fines. 

Distal Zone Lithofacies And Architecture 

Individual depositional sequences in the distal zone 
include a range of depositional environments; these are flu- 
vial-dominated shoreline deposits, wave-dominated shore- 
line deposits, and open-marine deposits. Table 2 summa- 
rizes the lithofacies and interpreted depositional environ- 
ments in the distal zone. 

Fluvial-dominated shoreline deposits are exposed along 
the western (Stops 2.4, 2.5, 2.6 in Fig. 2) and eastern mar- 
gins (Stops 2.1, 2.2, 2.3 in Fig. 2) of the Wasatch Plateau, or 
proximal and distal zones, respectively, and feature coarse- 
grained tabular sandstones and finer grained lenticzllar 
sandstones separated by thick mwlstones with thin beds of 
siltstones and muddy sandstones. In the measured section 
in Figure 15, talmlar sandstones exhibit low-amplitude cross 

beds, numerous reactivation and internal scour surfaces, 
and abundant shelly debris. This 50 m-thick section above 
unconformity U3 is part of the Lower Funk Valley Forma- 
tion of Schwans (198813) and reflects braid-delta prograda- 
tion into a shallow-marine, estuarine embayrnent and shal- 
low-incised paleovalley. The sandstone bodies onlap U3 
along depositional strike (Fig. 19) and form a part of the 
lowstand to transgressive systems tract above U3 (LST to 
TST in Figs. 1, 15). The shales beneath U3 are part of a 
highstand systems tract (HST in Figs. 1, 15) and form the 
Allen Valley Shale of Spieker (1946, 1949) (Stop 2.4 in 
Fig. 2). 

The tabular sandstones are sharply overlain along a flood- 
ing surface (first FS above U3 in Fig. 15) by a 250 m-thick 
interval of mudstones with thin beds of wave- nndjlaser-rip- 
pled siltstones and muddy sandstones organized into 10-15 
m-thick, coarsening-upward parasequence sets; the latter 
are crevasse splays and small deltas that shed into brackish- 
water bays. Parasequences feature mudstones and siltstones 
coarsening upward into rippled, often soft-sediment de- 
formed, bioturbated, muddy sandstones with lags of mol- 
lusks. The deposition of the mudstone-dominated interval 
occurred in response to a rise in relative sea level during 
early highstand systems tract (Schwans, 1995) (HST above 
U3 in Figs. 1, 15). 

Lenticular sandstones, shelly hanks, and mwlstones are 
common in the distal zone at the eastern margin of the 
Wasatch Plateau (Stops 2.1, 2.2, 2.3 in Fig. 2). Mudstone- 
siltstone intervals feature a variety of ripple cross strata (see 
Table 2), normal-graded beds, and burrows, and coarsen 
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FS above U4 in Fig\. 20,21) that \eparate\ tlie hvo stacketl 
deltas and parasequence 4ets in the outcrop can he corre- 
lated to the flooding surface that separdtes the upper and 

Incised Valley Fill 
lower sand above U4 in wells #3 through #5 in F i ~ ~ r e  22 
The delta-front clinoform\ beneath the lower FS 111 the out- 
crop are truncated along their top\ by channels of the inner 

' stream-mouth bar, sugge\ting a high-frequency unconfor- 
mity; the latter surface is marked dlro in the well-log cross 
section. 

Wave-dominated \horeline depos~t\ are found in the 
proximal zone at thc western margin of the Wasatcli Plateau 
(Stops 2.5, 2.6 in Fig. 2), where they form the Upper Funk 
Valley Sandstone of Schwans (19881), 1995) (see strata above 

t and below US in Figs. 15, 23), and in the distal zone at the 
Figure 14. Plzotograph of the incised pc~lcovrrll~~!jfill locater1 above 
U7 in Figures 12 and 13 (Stop 3.4 in Fig. 2). Tlze paleooalle!/fill is 
the Recldicks Canyon Cgl. of Schwas 198811 (see Figs. 1, 12). Strata 
are dipping to the east (top of plzoto). Note the f i t  lying Tertiary 
strata above U9 and U10. 

upward into sandstones with low-angle inclined laminae 
sets (Stop 2.1). In places, zones with tightly packed shell 
fragments and whole pelecypod valves occur. Symmetrical 
channel scours up to 4 m wide and 2 m deep are cut into 
the tops of the sandstone bodies. The litliofacies stack to 
form a series of deltaic parasequences and parasequence 
sets of the inner and outer stream-mouth bar. Figures 20 
and 21 show an example of two such deltas (Stop 2.3 in 
Fig. 2). The photos show the Coniacian-age, Upper Ferron 
Sandstone of Schwans (1988b, 1995) and Cotter (1971,1975) 
and represent fluvial-deltaic progradation in the distal zone 
during the lowstand to transgressive systems tract above 
unconforn~ity U4 (Fig. 1). The Coniacian age designation 
and formation interpretation is contrary to that of Gardner 
(1993), Ryer (1981) and Ryer and McPhillips (1983). Schwans 
(198811, 1995) offers a detailed discussion of the biostratig- 
raphy, well-log correlations, and paleogeographic recon- 
structions. Figure 22 is an outcrop and well-log cross sec- 
tion excerpted from Schwans (1995) and illustrates the 
stratal relationships between the Lower Funk Valley Sand- 
stone exposed in measured section C (Stop 2.4 and Fig. 15) 
in the proximal zone and the Upper Ferron Sandstone 
exposed in Stops 2.1 through 2.3 in the distal zone (Fig. 2). 
In the cross section the unconformity U4 tn~ncates most of 
the underlying Lower Ferron Sandstone of T~ironian age 
toward the east and superposes Coniacian-age, fluvial- 
deltaic strata of the Upper Ferron onto pro delta and off- 
shore mudstones of the Turonian-age Lower Ferron, indi- 
cating a significant basinward shift in facies and the pres- 
ence of U4 in Stop 2.3 (Fig. 2). The parasequence set stack- 
ing pattern observed in said stops is also present in the 
nearby wells. For example, the lower floocling surface (e.g., 

eastern margin of the plateau, where they for111 tlie stacked 
shoreface units of tlie Blackhawk Formation (Stops 1.5, 1.6 
in Fig. 2). Shoreline parascquences consist of tonuc-rippler1 
~nuclstones, siltstones, nnt1 snn(1stones at their I~ase that rep- 
resent deposition at shelfal depth. These grade upward into 
hummock!j cross-strcitifific.tl ant1 I)ioturbated, trough cross- 
beclded seinclstones deposited I)y traction currents in tlie 
lower and upper shoreface; I)t~rrows arc of the Skolithos 
ichnofacies. Parasequences in the proximal zone may exhi1)it 
scmir-based, pebbl!/ santlstones at their tops that have cut 
into underlying cross strata for exc~rnple, at 1390 m in Fig. 
15). 

Open-marine, fine-grained deposits are found in the 
proximal zone at the western margin of the Wasatch Plateau 
(Stops 2.4, 2.5, 2.6 in Fig. 2), where they form the Allen 
Valley Shale, tlie Lower Funk Valley Shale, and the Upper 
Funk Valley Shale of Schwans (198811, 1995) (Figs. 1, 15, 19, 
and 23), and in the distal zone at the eastern margin of the 
plateau, where they fonn tlie Tununk and Bluegate tongues 
of the Mancos Shale (Stops 2.1, 2.2, 2.3 in Fig. 2). Open- 
marine deposits comprise thick intervals of massive to hori- 
zontal-planur betltle(1, corl>onrrceot~s ~nurtlstones with thin 
beds of wave-rimlet1 strnrlstones cind fklser bedded siltstones 
to verij fine snntlstones. Less common are thin, dark gray, 
foraminifer-bearing micritic limestones. Bioturbate struc- 
tures indicate low species diversity and include small bur- 
row of Teichichntcs sp. and P1anolitc.s sp. Mudstones repre- 
sent deposition in a distal pro-delta ant1 shelfal setting at 
water depths below effective wave base and are deposited 
during the highstantl systems tract of intlividual sequences 
(HST's in Fig. 1). The micritic limestones in the same inter- 
val are rare and prol)al)ly reflect maximum water depth. 
Schwans (1988h) ofTers a detailed discussion of the fauna 
and biostratigraphy of the various Mancos tongues shown 
in Figure 1. 

In the measured section in Figure 15, the deltaic and 
estuarine sandstones of the lowstaild to transgressive sys- 
terns tracts al)ove U2 ant1 U3 are al)~-r~ptly overlain along a 
maximum flooding surfaces (MFS) by open-marine mud- 
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Figure 15. Measured section C (see Figs. 1, 4) of the Upper Cretaceous portion of the lndianola Group of Spieker (1946, 1949) at Palisade Lake State Park (Secs. 36-36-25, 2: 18S., 
R. 2E.), east of Sterling, Utah (Stops 2.4 through 2.6 in Fig. 2). The section illustrates the alluvial to nearshore-marine architecture of ten depositional sequences of Schwans 
(1 988b, 1995). 
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Figure 16. Photograph of an incised paleovalleyfill (Optional Stop 
1.3 in Fig. 2) equivalent to the Lower Funk Valley Sandstone (Fig. 
1) at Lake Fork (Sec. 2, T 9S., R. 4E.); strata are vertical and 
unconformably overlain along U8-10 by Paleocene-age Red 
Narrows Conglomerate (Fig. I).  FluviaLdominated shoreline strata 
beneath U3 (e.g. to the lef) are Early Turonian and equivalent to 
the Allen Valley Shale (Fig. 1). They are sharply overlain along a 
flooding su$ace (FS) by wave-dominated shoreline strata of the 
transgressive systems tract of middle-late Turonicin age, based on 
mollusks described in Schwans (1988b). 

stones of the corresponding highstand systems tract. The 
highstand strata are truncated by the sequence boundaries, 
which are overlain by fluvial-deltaic, incised-valley deposits 
of the next lowstand systems tract (see strata above U3 
through U6 in Figs. 19, 23), indicating repeated relative 
shallowing of the basin and a basinward shift in facies. 
Figure 24 is an example of a significant basinward shift in 
facies across U6 (Fig. 15), superposing braided-stream con- 
glomerates of the lowstand systems tract onto open-marine 
mudstones of a highstand systems tract. 

CONCLUSIONS 

The facies architecture and the associated parasequence 
and sequence stacking patterns across the foreland basin 
margin occur within an accommodation cycle of subsidence 
and sea level change. Case I in Figure 25 shows the archi- 
tecture and stacking patterns for a period marked by high 
tectonic subsidence (e.g., proximal zone), multiple higher 
frequency changes in relative sea level, and abundant sedi- 
ment supply. The fluvial architecture of a highstand sys- 
tems tract in the sea level cycle shown (1 and 3 in case I of 
Fig. 25) is marked by overbank-dominated systems with 
well-defined, single-channel geometries. Correlative near- 
shore-marine strata show an aggradational parasequence 
stacking pattern. The associated lowstand systems tract (2 in 
Case I) is characterized by a change in parasequence stack- 
ing pattern from aggradational to progradational and a minor 

Figure 17. Photo of an uppermost Maastrichtian to Eocene piggy- 
back basin fill in Mellor Canyon (Stop 3.1 in Fig. 2), near the town 
of Fayette (Sec. 17, T 18S., R. 1E.1, southwestern Gunnison Plateau. 
The Tertiary-cge, deformed conglomerates and overbank mud- 
stones of the North Horn Formation and the lacustrine limestones 
of the Flagstaff Limestone onlap probably Campanian-age, east- 
dipping (e.g. to tlze right), braided streain deposits of the Six Mile 
canyon Formation along composite su$ace U8-9. View is to the 
north. E T-erosional truncation; ON-onlap. 

basinward shift in facies. At the same time, fluvial architec- 
ture in the up-dip shows increased channel clustering to 
lateral coalescing of single-channel geometries. Examples 
for Case I stacking patterns and architecture are the Emery 
Sandstone and the correlative Upper Funk Valley Sandstone 
(U5-U6 sequence in Fig. 1). 

Case I1 in Figure 25 shows the architecture and stacking 
patterns for a period marked by low tectonic subsidence 
(e.g.,  distal zone) and multiple higher frequency changes in 
relative sea level under an abundant supply of sediment. As 
was previously the case, the fluvial architecture of a high- 
stand systems tract (1 and 3 in case I1 of Fig. 25) is marked 
by overbank-dominated systems with single-channel geome- 
tries and correlative nearshore-marine strata are essentially 
aggradationally stacked. The associated lowstand systems 
tract, however, is marked by an abrupt change in parase- 
quence stacking pattern from aggradational to prograda- 
tional, a major basinward shift in facies, subaerial erosion of 
marine strata, and formation of incised valley systems. 
Correlative fluvial architecture in the up-dip shows forma- 
tion of bedload-dominated systems and valley incision. 
Examples for Case I1 stacking patterns and architecture are 
the Ferron Sandstones and the correlative Lower Funk 
Valley Sandstone (U3-U4 and U4-U5 sequence in Fig. 1) 
and the Blackhawk and Six Mile Canyon formations (U6- 
U7 sequence in Fig. 1). 

The described accommodation cycle of subsidence and 
sea level change can be applied to characterize and predict 
depositional architecture per basin zone and sequence. 
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Table 1: Lithofaces and depoitional environments in the proximal zone 

Environment Lithofacies & Bedding Types 

Alluvial Fan Block and boulder conglomerates - 

chaotic to crude-horizontal stratification 
Scour-based, boulder-cobble-pebble conglomerates and gravely sandstones 

trough cross beds, horizontal planar beds, ripple cross beds 

Paleovalley Fills 

Bedload to Mixed-Load 
Braided Stream 

Scour-based, boulder-cobble conglomerates and gravely sandstones 
low-angle, planar-inclined cross beds, trough cross beds, horizontal 
planar beds 

Scour-based, cobble-pebble conglomerates, pebbly sandstones, and sandstones 
trough cross beds 

Mixed to Suspended Load Pebbly, channel-fm sandstones 
Fixed-Channel Stream and trough cross beds 
Floodplain Overbank siltstones, mudstones, and detrital carbonates 

trough cross beds, ripple cross beds, contorted beds, load and flute casts, 
rizoliths, biogenic traces of Scoyenia ichnofacies, angiosperm 
leaf impressions 

Facies successions are thus not only specific to either fore- 
land basin zone, but are also definitive with respect to the 
changes in the position of relative sea level and can be 
grouped into the three component systems tract. 

ROAD LOG 

(Refer to Figure 2 for Stops, town names, 
and landmarks) 

Day 1 

Key Topics: Thrust systems and basin-fill overview; 
alluvial fan facies, braided stream facies (Flagstaff 
Ls., Red Narrows Cgl., North Horn Fm., Price 
River Fm., Castlegate Sdst.) wave-dominated 
shoreline facies (Blackhawk Fm.); parasequence 
expression and stacking patterns; unconformity 
types. 

Miles 

0.0 Travel south on 1-15 from Salt Lake City to Provo. 
Interstate runs parallel to the Wasatch Mountains. 
The Wasatch Fault, a major down-to-the-west nor- 
mal fault, lies at the base of the foothills of the 
Wasatch Range. 

50.0 Exit 1-15 onto Routes 89 and 6 proceed on Route 6 
toward Price. 

56.0 The road approaches the Wasatch Mountains and 
passes through Pennsylvanian to Permian marine 
sedimentary rocks. 

64.0 Stop 1.1-Charlston-Nebo Thrust at summit at 
Lake Fork. 
Jurassic Navajo Sandstone of the Charlston-Nebo 
thrust allochthon is exposed on north side of high- 
way cut. Individual trough cross sets are up to 50 
m thick. The Navajo Sandstone is conformably over- 
lain by the Jurassic Twin Creek Limestone. The 
rocks are part of the platform assemblage deposited 
prior to Cretaceous thrusting and foredeep devel- 
opment. 

65.0 Stop 1.2-Red Narrows Conglomerate, Late 
Maastrichtian?-Paleocene, Lake Fork 
The Red Narrows conglomerates form the basal 
portion of a piggy-back basin fill; the basin formed 
and detached along the Gunnison and Wasatch 
thrusts during the latest Maastrichtian (Fig. 2). Con- 
glomerates are part of the scour-based, boulder- 
cobble conglomerates and gravely sandstones facies 
association (see Table 1) and are sourced from the 
Triassic-Jurassic strata exposed in the Charlston- 
Nebo allochthon to the west. Conglomerates are in 
unconfonnably overlain and onlapped along uncon- 
formity U10 by the Paleocene North Horn Forma- 
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Tabb 2: Lithofacies and depositional environments in the distal zone 

Environment Lithofacies & Bedding Type 

Fluvial-dominated Tabular sandstones 
Shoreline Deposits low-amplitude crossbeds and trough cross beds with reactivation surfaces, 

internal scours lined with ripped up shale clasts, shell debris, and log 
impressions 

Mudstones with thin beds of siltstones and muddy sandstones 
wave ripples, wave-form and current flaser ripples, soft-sediment 
deformation, lags of mollusks, burrows of Planolites, Palaeophycus, and 
Skolithos 

Lenticular sandstones, shelly banks, and mudstones 
low-angle inclined cross strata, trough cross beds, horizontal planar normal- 
graded beds, current ripples, wave-form flaser and lenticular ripples, shelly 
beds, burrows of Planolites, Palaeophycus, Thahsinoides, and Ophiomorpha 

Wave-dominated Shoreline Rippled mudstones and siltstones 
Deposits wave-form flaser ripples, wave ripples, small hummocky cross 

Hummocky cross-stratified sandstones 
hummocky cross strata, wave ripples, shelly lags, few burrows of 
Ophiomorpha 

Trough cross-bedded sandstones 
large-scale, low-amplitude trough cross beds, burrows of PZanolites; 
Palaeophycus, Thahsinoides, Ophiomorpha, and Skolithos 

Scour-based, pebbly sandstones 
trough cross beds 

Open-Marine Fine-grained Mudstones with thin beds of wave-rippled sandstones andflaser bedded 
Deposits siltstones to we y fine sandstones. 

massive, horizontal-planar bedded, carbonaceous 
Micritic ~imestones 

set of wave-dominated shoreline deposits sharply 
overlies the valley fill along a flooding surface. 

68.0 Return to U.S. Hwy. 6 and proceed east through 
Red Narrows toward Price. 

75.0 Approximate contact between the red flood plain 
and fluvial deposits of the North Horn Formation 
and the variegated lake plain mudstones of the 
Eocene Flagstaff Formation. 

76.0 Approximate contact between Flagstaff Formation 
and the lake-margin to lacustrine limestones and 
gray to green mudstones of the Green River Forma- 
tion. Time correlative red-colored, lake plain mud- 
stones with well-defined fluvial channel-forms and 
small deltas are considered part of the Colton For- 
mation of Early Eocene age. 

94.0 Soldiers Summit 
106.0 Price River Recreation Area. Paleocene North Horn 

unconformably overlies Price River Formation of 

latest Companian and Maastrichtian age along 
unconformity U8 (Fig. 1). 

108.0 Stop 1.4-Contact between Price River 
Formation and Castlegate Sandstone 
The Price River Formation outcrops north of the 
road and comprises pebbly, chunnel- fm sandstones 
and overbank mudstones and siltstones deposited 
in a mixed to suspended-load dominated braided 
stream and flood plain. In contrast, the underlying, 
cliff-forming Castlegate Sandstone (see cliffs down 
road toward east) consists of scour-based, cobble- 
pebble conglomerates, pebbly sandstones, and sand- 
stones transported and deposited in laterally coa- 
lesced barforms in a bedload-dominated braided 
stream systems and channel complex. This contrast 
in depositional architecture is interpreted to reflect 
a significant acceleration in sediment accommoda- 
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Shoreface. Channel.Mouth Bar. 6 Lagoonal Strata 

Figure 19. Photo of tabular sandstones onlapping (ON) unconfor- 
mity U3. Sandstones are part of the Upper Turonian Lower Funk 
Valley Sandstone and strike wrth-south (left-right). U3 erosionally 
truncates (ET) underlying open-marine mudstones of the lower to 
mid Turonian Allen Valley Shale, which rests with sharp contact 
and flooding surface (FS) of wave-dominated shoreline sandstones 
of the Sanpete Formation (in lower right). 

tion and subsidence patterns within the foreland 
basin, probably due to foreland basin segmentation 
during the Late Campanian. 

111.0 Highway 6 Road Cut, just west of Power Plant, 
Castlegate Sandstone-Blackhawk Fm. Contact, 
Helper 
The tall sandstone cliffs on both sides of the road 
are the Castlegate Sandstone. The coal-bearing 
strata beneath the sandstone cliffs are the shoreline 
and coastal plain deposits are part of the Black- 
hawk Formation of mid-late Campanian age. The 
Castlegate Sandstone unconformably overlies the 
Blackhawk Formation along unconformities U7-U8 
(Fig. 1). 

112.0 Stop 1.5-Wave-Dominated Shoreline Facies in 
Gentile Wash Canyon, Blackhawk Fm., Helper 
Turn right into second side canyon; the turn-off is 
across from a large, gravel strewn pull-out area 
located on the east side of the road, just down from 
the Power Plant. The Blackhawk Formation repre- 
sents a series of stacked, prograding shoreline para- 
sequences or parasequence sets. Individual parase- 
quence sets overlie each other along high-frequency 
unconformities. Pioneering studies on the regional 
stratigraphy and depositional settings are by Young 
(1952, 1955). More recent studies on the parase- 
quence expression and high-frequency parase- 
quence set stacking patterns include, among oth- 
ers, those of Kamola and Van Wagoner (1995), 
O'Byrne and Flint (1995), and Taylor and Love11 

(1995). Six sandstone and coal-bearing members 
are recognized in the Blackhawk Formation; these 
are in ascending stratigraphic order, from oldest to 
youngest, the Spring Canyon Member, Aberdeen 
Member, Kenilworth Member, Sunnyside Member, 
and Desert Member. The Spring Canyon and Aber- 
deen members are exposed in Gentile Wash, while 
overlying members are truncated by the composite 
U7-U8 unconformity at the base of the Castlegate 
Sandstone. The lower Spring Canyon Metnber in 
Gentile Wash comprises 4 or possibly 5 parase- 
quences; these are stacked to form a progradational 
parasequence set. The overlying Aberdeen Member 
consists of 4 parasequences stacked into a progra- 
dational parasequence set. Component deposition- 
al facies include rippled mudstones and siltstones, 
hummocky cross-statged sandstones, and trough 
cross-bedded sandstones deposited in the open- 
marine and distal lower to lower shoreface envi- 
ronments. Upper shoreface and foreshore sand- 
stones overlain-by coastal plain fines and coals 
comprise t k - ~ b e r d e e n  Member. 

113.0 Stop 1.6-Stacking Patterns Summary at the 
Power Plant, Blackhawk Fm., Helper 
Review of parasequence concepts, summarize the 
day, and proceed on Route 6 to Price. The top of 
the Aberdeen Sandstone and progradational para- 
sequence set is exposed in the road cut of Route 6 
above the Power Plant. The outcrop is an excellent 
example of the rapid lateral facies changes that are 
predicted by the parasequence sedimentology and 
stacking patterns examined in Gentile Wash. 

124.0 Price City Limits 

Day 2 

Key Topics: Fluvial-dominated shoreline facies 
(Ferron Sandstone.); parasequence expression, 
stacking patterns and unconformity types in the 
distal zone; Upper and Lower Ferron Sandstone; 
systems tract architecture and sequence expres- 
sion in the Indianola Group and proximal zone 
(Sanpete Fm., Allen Valley Shale, Funk Valley Fm., 
Six Mile Canyon Fm.). 

0.0 Leave hotel and proceed south on Route 6 
1.0 Exit right onto Hwy. 10 South. 
10.0 Emery County Line. The highway runs along the 

eastern edge of the Wasatch Plateau and descends 
down-stratigraphic section through the distal deltaic 
siltstones and parasequences that are equivalent to 
the Star Point Sandstone (Fig.1). The strata exposed 
in the slopes of the Wasatch Plateau to the west 
are, listed in from top to base, the Castlegate Sand- 
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Figure 20. Photo of the lowstand delta complex of the Coniacian Figure 21. Photo of the salne lowstand clelta complex. View is to the 
Upper Fewon .%nhtone at 1-70 (Stop 2.3 in Fig. 2). Deposits of the east into the basin. The coastal plainfines of the lowstand system 
inner and outer s t ~ ~ ~ ~ - m o u t h  bar above U4 clownlap onto pro tract are abruptly ooerlain by the open-marine mudstones of the 
delta and open-marine mudtsones low U4. The dashed line indi- Bluegate Shale. 
cates the approximate position of the correlative conformity (CC) of 
U3, based on correlations shown in Figure 22. View is to the north. 
FS-Flooding surface, here parasequence set bounda y. 

Turn around and proceed west out of the canyon. 
As the road leaves the canyon, strata exposed on 

stone, the Blackhawk Formation, the Masuk tongue 
of the Mancos Shale, the Emery Sandstone, and 
the Bluegate tongue of the Mancos Shale. 
Castle Dale, Utah 
Ferron, Utah 
Road to Moore, Utah, on left 
Another road to Moore, Utah, on left 
Turn left onto paved road just after the sign for the 
town of Emery, Utah; bear left at fork and stay on 
paved road 

60.0 Stop 2.1-Fluvial-Dominated Shoreline Deposits 
in Upper Ferron Sandstone, Jim Miller Canyon 
The sandstone cliffs exposed in the canyon are part 
of the Coniacian-age Ferron delta complex. Mud- 
stones with thin, ripple-laminated and horizontally 
laminated siltstones, sharp-based, and very fine 64.6 
sandstones with normal-graded, horizontal lamina- 
tions and current ripples form the base of the out- 74.0 
crop and represent deposition in the pro delta, dis- 
tal delta front, and proximal delta front. Overlying 
thickly bedded to massive sandstones with inter- 

76.5 

cutting scours and trough cross beds were deposit- 
ed in the stream mouth bar. Together these form 
the lenticular sandstone, shelly hank, and mudstone 
facies association and stack to form a progradation- 
al parasequence set or lowstand systems tract. 

61.0 Stop 2.2-Transgressive Systems Tract of the 
Upper Ferron Sandstone and Bluegate Shale, 
Jim Miller Canyon 

either side include a range of coastal plain sub 
environments and lithologies, such as flood plain 
mudstones, coals, crevasse-splay sandstones and 
siltstones, and channel-form sandstones. These are 
in turn abruptly overlain by open-marine mud- 
stones of the Bluegate Shale; a few thin tidal para- 
sequences and sandstones are exposed on the north 
side of the road. As the road traverses the crest and 
descends the west-dipping backslope of the Ferron 
hogback, two or possibly three shoreline parase- 
quences are visible in the distance to the west 
where they form shallow north-south oriented 
ridges. Together with the tidal parasequences 
above the Ferron coastal plain, these form the 
transgressive systems tract to the Ferron lowstand 
delta complex. 
Return to the main road at the town of Emery, 
Utah. Turn left onto Hwy. 10 and proceed south. 
Fremont Junction and intersection of Hwy. 10 with 
1-70. Turn left and get onto 1-70 east. 

Stop 2.3-lowstand Delta and Incised Valley 
Fill, Upper Ferron Sandstone, 1-70 Road Cut 
Exposures of the Ferron delta complex and coastal 
plain are found north and south of the Interstate 70 
road cut (Figs. 20, 21). Wave-rippled mudstones, 
siltstones, ancl sandstones at the base are part of the 
Turonian Tununk Shale. These are abruptly over- 
lain hummocky cross-stratijied and bioturbated 
sandstones, which in turn are overlain by delta- 
front clinoforms. Figure 22 shows U4 at the base of 



#I $2 
WlPS vom ~xplaabon ~a 

Pa(Msun Ca USY' UrlCanYOn @ 14 US 
Pan m,e"cm Fasui 
PetMsun M PsBMBunCO 

syusms U..m 
Umo- T r e a r a ~  Srt(at C - 

w s 
man 22. Outcn,~, arid i ia i ib~g  cmrr irri iott iibirrlnerzg ihi. s~~~i~~rti .~-.sirciti-r(rc~~~izi~. i-t>irifio,i.siiiF> liria:c*ni tiit. Lotrrr hlrik \hilili Steuiiionc i.i~>oa*d in rniasuied rccti(~ll (: 
!Fig,s. 1. 3- 151 rcrd iJzc I j qwr  Rrrort S < ~ r t ~ J ~ s f f > r z ~ ~  ~ > i ~ i ? r t z - n t ~ ~ I  i n  tit~lE,'i locrrtc~tl nrrclr St<rps 2. I tlirortg!~ 2.3 in Figtrp-cp 1. 7 % ~  infg.n-nl higf~ligftterr( in {far-k grmy nbol-6. is flw - 
iocc.stnrati sysfcrrts irr~c.f cd.fjito i'4-tr5 svslrirrtcr* i ~ i  Figrrr7> 1. TFsc /ig/:jrt-grefl sliorfrrf ur1it.r i/r.tzcr)c+ri li~rc,s arc; shitr?.l'i~ir, srrrz<fsforaes irrfvtpr-islrrffsc>m !og,~. .tIFS-3~f~~'crxiinn111 f?oodir~g 
.?tid<~;lrf.. 



SCHWANS A N D  CAMPION: SEQUENCE ARC 2HITECTURE I N  FORELAND BASIN, UTAH 127 

the Ferron Sandstone in well #3. The delta-front 
clinoforms are truncated along their tops by chan- 
nels of the inner stream-mouth bar, suggesting a 
high-frequency unconformity; the latter surface is 
marked also in the well-log cross section. The sur- 
face U4 is also exposed in outcrops located on the 
west side of the plateau. 

76.5 Turn around and return to Fremont Junction; pro- 
ceed west on 1-7 toward Salina, Utah. 

81.0 Entering the Wasatch Plateau and Fishlake National 
Forest. Exposures on either side of the interstate 
are, in order of older to younger, the deltaic and 
wave-dominated shoreline sandstones of the Emery 
Sandstone (Late Coniacian through Santonian), the 
coal-bearing Blackhawk Formation (Campanian), 
and the Castlegate Sandstone forming the cliffs 
within the plateau. 

91.0 Joe's Graben. Varied-colored mudstones and chan- 
nel sandstones of the Colton Formation have been 
faulted down along a series of normal faults. Castle- 
gate Sandstone forms the cliff on along the western 
edge of the graben. 

108.0 Approximate contact between the horizontal red 
mudstones and siltstones of the Eocene Flagstaff 
and east-dipping Cretaceous strata. The contact is 
a composite and angular unconformity consisting 
of surfaces U5 through U11. The east-dipping Cre- 
taceous strata beneath the angular unconformity 
are Turonian in age and part to the Lower Ferron 
Sandstone in Figure 1. 

110.0 Exit 1-70 and proceed north on Route 28 to the 
town of Gunnison. Overturned to steeply east-dip- 
ping sections of the Jurassic Arapien Shale are ex- 
posed to the right (east) of the road in the foothills 
of the Wasatch Plateau. The valley and the Jurassic 
strata along the edges form the core to the com- 
pletely eroded, Tertiary-age Sevier Valley anticline. 
Cretaceous strata are exposed in respective limbs 
of the anticline along the edges of the valley and 
dip to the east and west. They are in turn onlapped 
by Maastrichtian to Paleocene units similar in facies 
to the Red Narrows Conglomerate examined in 
Stops 1.2 and 1.3. 

127.0 Gunnison, Utah. Turn right onto U.S. 89 at the north 
end of town toward Manti, Utah. 

133.0 Road cuts through two small hogbacks or blocks of 
Green River strata, turns northward, and crosses 
the San Pitch River. The blocks are autochthenous 
and detached from the underlying Jurassic Arapien 
Shale via reverse thrusts; movement was down to 
the west, due to gravity sliding down the west-dip- 
ping limb of the Wasatch Monocline. The varied- 

Figure 23. Photo of open-marine muclstones of the transgressive 
and highstand systerns tracts of the U4-U5 sequence in measured 
section C (Fig. 15) at Palisade Lake. The shales are the Lower Funk 
Valley Shale ancl f m  the highstand system tract (Stop 2.6 in Fig. 
2), which overlies the transgressive system tract (Stop 2.5 in Fig. 
2) or top of the Lower Funk Valley Sandstone along the flooding 
surface FS on the right. Wave-dominated shoreline strata on the 
left are the base of the Upper Funk Valley Sandstone. View is to the 
south; strata are vertical and strike north-south. Up-section is to 
the left (east). 

colored mudstones in the valley and along the base 
of the Wasatch Plateau on the right are Jurassic 
Arapien Shale. 

136.0 Gunnison Reservoir on right 
137.0 Sterling, Utah. Turn right at northern end of town 

and proceed on Six Mile Canyon Road toward the 
plateau and Palisade Lake State Park. 

137.5 Stop 2.4-Systems Tracts, Sequences, and Facies 
in the Proximal Zone, Indianola Group at 
Palisade Lake Reservoir 
Pull-over on left side of road at second dust road. 
Two ridges separated by a valley are visible 500 
yards north of the paved road. The lower ridge on 
the left is the Sanpete Formation and the basal unit 
of the Indianola Group of Spieker (1946, 1949); 
strata are vertical and strike north-south in the 
ridge. The braided stream and wave-dominated 
shoreline sandstones of the Sanpete Formation are 
sharply overlain along a flooding surface by open- 
marine mudstones of the Allen Valley Shale. The 
Sanpete Formation and the Allen Valley Shale form 
the U2-U3 sequence (Figs. 1, 15). The ridge to the 
right is the Lower Ferron Sandstone of Schwans 
(1988b), which unconformably overlies the shale 
along U3 (Fig. 19). The associated hiatus spans the 
Late Turonian (Fig. 1). The section in Figure 15 
was measured across the ridges and valley toward 
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Figure 24. Photo of ln-aided-stream congloinerates of the Six Mile 
Canyon Fomtion (Fig. 11) and the U6-U7 lowstand systems tract 
unconfombly overlying the open-mnrine rnwlstones of tlze Upper 
Funk Valley Shale and U5-U6 highstand syste7n.s tract along U6. 
tlze outcrop is part of measured section C (Fig. 1,5); Tertiaq strata 
above U8-11 (upper left) are flat lying cmrl rlrape over the east-dip- 
ping Cretaceous strata. View is to the east. FS-Floorling surface; 
ON-Onlap. 

the plateau. Proceed on road and enter Palisade 
Lake State Park. 

138.5 Stop 2.5-Lowstand-Transgressive Systems Tract 
of the U4-U5 Sequence, Lower Funk Valley 
Sandstone and Shale, Palisade Lake Reservoir, 
Sterling 
The strata exposed at the west side of Palisade Lake 
and the golf course are part of the Upper Funk 
Valley Sandstone of Schwans (1988b) (Fig. 1) and 
correlative to the Ferron outcrops seen in previous 
Stops 2.1, 2.2, and 2.3. Lithofacies include mud- 
stones with thin beds of wave-  and flaser-rippled 
siltstones and muddy s a d t o n e s  overlain by pebbly 
to coarse grained, tabular sandstones with trough 
cross bedding and low-angle cross bedding; scours 
overlain by pebble stringers can be found. The 
sandstones and mudstones are interpreted as braid- 
delta deposits, possildy deposited within an estuary, 
and form a progradational parasequence set or low- 
stand systems tract of the U4-US sequence (Figs. 
15,23). They are overlain by a retrogradational stack 
of wave-dominated parasequences. The valley and 
golf course at Palisade Lake lie within the open- 
marine shales of the Lower Funk Valley Shale of 
Coniacian age (Fig. 1) and are al~ruptly overlain 
along unconformity U5  by sandstones of the Upper 
Funk Valley Sandstone exposed east of the golf 
course (Fig. 23). The basinward shift in facies 
across US is minor. 

Stop 2.6-Highstand Systems Tracts of the U4- 
U5 Sequence and the U6 Unconformity, Upper 
Funk Valley Sandstone and Shale and Six Mile 
Canyon Fm., Six Mile Canyon, Sterling 
Leave palisade Lake Park, turn left golf course and 
park. The Upper Funk Valley Sandstone exposed 
along the east side of the golf course were deposit- 
ed along a wave-dominated shoreline. Lithofacies 
wave-rippled murlstones, siltstones, a d  sarulstones, 
humrnockll cross-sfrat$ed, bioturl~ated, trough 
crosshedded sand~tones, and few scour-based, peb- 
ldy sandstones. The sandstones and mudstones are 
laterally continuous and form parasequences 
stacked in an aggradational to minor progradation- 
al pattern. The strata are late Coniacian through 
Santonian in age, I~ased on ammonites and pelecy- 
pods (Fig. 1). 

Leave parking lot and turn left onto first dust 
road on the left past entrance to state park; pro- 
ceed up the dust road into grassy valley below rim 
of Flagstaff Limestone. Figure 15 shows that in the 
valley the wave-dominated shoreline sandstones of 
the Upper Funk Valley Formation are sharply over- 
lain by open-marine mudstones of the Upper Funk 
Valley Shale of Schwans (198811). Palynomorphs re- 
covered from the same unit in a nearly well indi- 
cate a Santonian age (Villien and Kligfield, 1986). 
The marine mudstones are sharply overlain along 
unconformity U6 (see east side of valley) by the 
coarse-grained sandstones of the Lower Six Mile 
Canyon Formation of the Indianola Group. Basal 
sandstones are of the talnclnr sandstone lithofacies 
and exhibit large-scale, trough cross bedding, num- 
erous scours, and in~pressions and casts of rafted 
logs. The sedimentary stnictures and the presence 
of abundant lnocerarnus debris in the sandstones 
are interpreted to reflect deposition in a braid delta. 
The hiatus associated with U6 incorporates the 
latest Santonian through possibly Early Campanian 
(Schwans, 198811). 

140.0 Return to U.S. 89 and the town of Sterling. 

Day 3 

Key Topics: Piggy-back basin fill and composite un- 
conformities (North Horn Fm., Flagstaff Lime- 
stone); Lower Cretaceous basin fill (Pigeon Creek 
Fm.); Upper Cretaceous basin fill in the proximal 
zone (Indianola Group Undifferentiated); non- 
marine systems tract architecture and sequence 
expression. 

0.0 Leave Sterling on U.S. 89 south. 
10.0 Gunnison, Utah. Turn right onto Route 28 north. 

Road cuts across the southern end of the Gunnison 
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Plateau; outcrops on the right are lacustrine lime- 
stones of the Green River Formation. 

17.0 Sevier Bridge Reservoir on left in valley; sign for 
town of Fayette, Utah. The floor of the valley con- 48.0 
sists of Jurassic Arapien Shale, which constitute 48.5 
the core of the collapsed Sevier Valley Anticline. 

18.0 Turn right behind the town of Fayette onto dust 
road that leads into Mellor Canyon. The road is 
marked by a cattle guard and runs straight toward 
the cliffs. 

19.0 Stop 3.1-Piggy-back Basin Fill and Composite 
Unconformities, North Horn Fm., Mellor 
Canyon, Fayette 
The east--dipping conglomerates and sandstones 
in Mellor Canyon are equivalent to the Campanian 
Six Mile Canyon Formation examined in Stop 2.6 
(Fig. 17). Lithofacies include trough cross-bedded, 
scour-based, cobble-pebble conglomerates grading 
upward into cross bedded, pebbly sandstones and 
sandstones; both represent deposition in gravely 
and sandy bars on a low-relief alluvial fan. The 
clastics form the eastern flank of the Sevier Anti- 
cline, a thrust-cored uplift of Maastrichtian through 
Eocene age, and are onlapped along composite 
surface U8-U9 by folded, scour-based boulder- 
cobble-conglomerates. The latter constitute a paleo- 
valley fill probably age-equivalent to the Red Nar- 
rows Conglomerate and record the onset of Sevier 
Anticline uplift. They are in turn onlapped along 
U10 by the red overbank siltstones and mudstones 
of the North Horn Formation. Conglomerate-filled 
channels at the base of the North Horn have 50.0 

scoured into the underlying deformed conglomer- 
ate unit along U10. The North Horn is onlapped 
along U11 by the lacustrine mudstones and lime- 
stones of the Flagstaff, which eventually overlap 
the flank of the anticline. For a detailed discussion 
of piggy back basin formation and the fill see 
Lawton and Trexler (1991) and Talling et al., (1995). 

20.0 Leave Mellor Canyon and return to Route 28; turn 
right and proceed north. 

As the road drops out of the foothills of the 
Gunnison Plateau a few miles north of Juba Lake, 
the mountain range visible in the distance to the 
west (left) is the Canyon Range. The jagged peaks 
of the range comprise the Precambrian to Cambrian 
quartzites of the Canyon Range allochthon. 

44.0 Levan, Utah. Turn right onto paved road toward 
Wales and Chester and the Gunnison Plateau. . 

45.0 Bear right at fork and enter Chicken Creek 
Canyon. The strata exposed on either side of the 

canyon are part of the Arapien Shale and include 
open-marine shales, evaporites, such as gypsum, 
and thin bedded limestones. 
Uinta National Forest sign 

Stop 3.2-Facies and Depositional Architecture 
in the Lower Cretaceous Pigeon Creek Fm. and 
U1-U2 Sequence, Chicken Creek Campground, 
Levan 
Turn right into campground located at foot of cliff 
and park; walk up-canyon on road to where pave- 
ment ends. Exposed is the Albian-age upper mem- 
ber of the Pigeon Formation. It forms the cliff and 
western flank of the Gunnison Plateau (Figs. 6, 7) 
and consists of stacked and laterally overlapping 
sheets of horizontally bedded, minor trough cross 
bedded, pebble-cobble conglomerates with thm, in- 
tercalated mudstones. Schwans (1988a) interpreted 
these as sheetflood fan deposits. Strata of the Bar- 
remian to Aptian-age lower member are exposed 
in the foothills beneath the cliff and consist of 
stacks of thickbedded, variegated mudstones with 
intercalated silty-sandy zones, sheets of horizontal- 
ly-bedded, pebble-sandstones, and sheets of hori- 
zontally bedded, chert-pebble and mixed quart- 
zite-carbonate cobble conglomerates. Deposition 
occurred under a wet-dry, ephemeral climate on 
gravely sheet-flood fans terminating in a ponded 
flood plain. The lower member unconformably 
overlies marginal-marine tidal-flat deposits of the 
Twist Gulch Formation of Late Jurassic age along 
unconformity U 1. 

Stop 3.3-Expression of Unconformity U2, 
Chicken Creek Canyon, Levan 
Return to campground and drive up-canyon past 
previously visited outcrops. The unconformity U2 
separates Lower and Upper Cretaceous strata and 
is located in the outcrop next to the dust road 
where reddish colored mudstones and quartzite- 
carbonate pebble sandstones are overlain by brown 
to tan-colored, quartzite-pebble to cobble conglom- 
erates. Conglomerates exposed below the surface 
are of sheet geometry and exhibit mostly horizontal 
stratification, a red sandstone matrix, few interca- 
lated red mudstones and crossbedded sandstones, 
and an average maximum clast size of 10 cm. In 
contrast, conglomerates above U2 overlie well- 
defined scours, are large-scale lenticular in cross 
section, and exhibit trough cross bedding, a tan- 
colored sandstone matrix, and an average maxi- 
mum clast size of 6 cm. The conglomerate clast 
composition changes significantly across the sur- 
face, indicating a vastly different provenance. 
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The U2 surface is thus expressed in the mea- 
sured section (Fig. 12) by (1) al loss in labile clast 
components, (2) an increase in stable clast types, 
(3) a significant reduction in maximum clast size, 
and (4) a change in depositional architecture. 
Regional correlations show that U2 is onlapped 
from east to west; the associated hiatus in Chicken 
Creek Canyon probably spans the latest Albian 
through Early-Mid? Turonian. 

51.5 Stop 3.4--Facies, Systems Tracts, and Sequence 
Architecture in the Upper Cretaceous Indianola 
Group, Upper Chicken Creek Canyon, Levan 
Continue up-canyon and stop at ponds; walk back 
100 yards and view outcrops above U6. The mea- 
sured section in Figure 12 shows five unconformity- 
bounded and upward fining packages. Lithofacies 
in the outcrop include scour-based, cobble-pebble 
conglomerates grading upward into cross bedded, 
pebbly sandstones and sandstones and reflect trac- 
tion transport and deposition in gravely and sandy 
bars in a mixed-load dominated braided stream. 
The scour-based coarse-clastics are overlain along 
a sharp surface by overbank siltstones and detrital 
carbonates with intercalated trough cross bedded, 
pebbly channel-fonn sandstones; climbing ripple 
lamina sets, wedge-planar cross-stratification, trough 
cross-stratification, contorted bedding, and micro 
cross-stratified sets, together with an abundance of 
preserved secondary structures, such as contorted 
bedding, load and flute casts, rhizoliths, plant im- 
pressions, and biogenic traces are ubiquitous. Feed- 
ing and foraging traces belong to the Scoyenia ichno- 
facies. Deposition occurred via low-sinuosity, mixed- 
to suspended-load dominated channels set in a 
ponded flood plain. 

In terms of the foreland accommodation model 
of Schwans (1995), this change in depositional 
architecture per sequences reflects the up-dip 
response of fluvial systems located in the proximal 
zone to base level changes occurring at the shore- 
line in the distal zone. In this example, the uncon- 
formity U6 is expressed by erosion of underlying 
strata, a basinward shift in facies across the surface, 
and onlap against the surface. 

53.0 Stop 3.5-Cretaceous-Tertiary Transition and US 
to U9 Sequence Boundaries in Chris Canyon, 
uppermost Chicken Creek Canyon, Levan 
Continue on dust road past cliffs with quartzite- 
boulder conglomerates; these are the paleo-valley 
fill facies shown in Figure 16. Stop at mouth of 
Chris Canyon or second dust road branching off to 

the right. Quartzite-boulder conglomerates identi- 
cal to those previously encountered in Mellor 
Canyon (Stop 3.1) and in the Red Narrows (Stop 
1.2) occur beneath and above the angular uncon- 
formity U9 at the mouth of the canyon. The transi- 
tion from the Cretaceous to the Tertiary is ex- 
pressed as a series of angular unconformity, includ- 
ing U8 through U11, that merge on structure to- 
ward the emergent anticlines in the Sanpete Valley 
to the east and the Sevier Valley in the west. In all 
localities, the conglomerates above U9 show a pro- 
nounced angular relationship to those beneath the 
surface, indicating that erosion and redeposition 
occurred during uplift and basin subsidence. Pollen 
recovered from channel coals in Six Mile Canyon 
(strata above U6 or Stop 2.6) indicate a Late 
Maastrichtian age for these. The quartzite-boulder 
conglomerates are onlapped along surface U10 by 
the red mudstones of the Paleocene North Horn 
Formation. 

59.0 Return to Levan and turn right onto State Route 
28 toward Nephi. Turn right onto 1-15 North toward 
Salt Lake City. 
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ABSTRACT 

East-central Utah has world-class outcrops of dominantly fluvial-deltaic Turonian to Coniacian aged strata 
deposited in the Cretaceous foreland basin. The Ferron Sandstone Member of the Mancos Shale records the 
influences of both tidal and wave energy on fluvial-dominated deltas on the western margin of the Cretaceous 
western interior seaway. Revisions of the stratigraphy are proposed for the Ferron Sandstone. Facies represent- 
ing a variety of environments of deposition are well exposed, including delta-front, strandline, marginal marine, 
and coastal-plain. Some of these facies are described in detail for use in petroleum reservoir characterization 
and include permeability structure. 

INTRODUCTION ment relative to available space where sediment could 

The Ferron Sandstone Member of the Cretaceous 
Mancos Shale is well exposed along the west flank of the 
San Rafael Swell of east-central Utah (fig. 1). The Ferron 
Sandstone is a fluvial-deltaic deposit with excellent expo- 
sures of a variety of delta facies deposited along the mar- 
gins of a rapidly subsiding basin. The Ferron Sandstone has 
been interpreted as an analog for many of the highly pro- 
ductive oil and gas reservoirs in the Alaskan North Slope, 
Gulf Coast, and Rocky Mountain regions. 

The Ferron Sandstone is an eastward-thinning clastic 
wedge deposited during Turonian-Coniacian (Late Creta- 
ceous) time. The Ferron and equivalent portions of the 
Frontier Formation in northern Utah and Wyoming record 
a pronounced and widespread regression of the Cretaceous 
western interior seaway. In east-central Utah, these deposits 
accumulated on a deltaic shoreline in a rapidly subsiding 
portion of the Cretaceous foreland basin. The Ferron con- 
sists of a series of stacked, transgressive-regressive cycles 
which are well displayed in outcrop. Eleven stratigraphic 
units have been mapped: Clawson, Washboard, Last Chance, 
and numbers 1 through 8 (in ascending order). These vari- 
ous units define a pattern of seaward-stepping, vertically- 
stacked, and landward-stepping depositional geometries. 
This architecture indicates an initial strong supply of sedi- 

accumulate, followed by near-balance, and then a relative 
decrease in sediment supply. Each unit contains in outcrop 
all, or portions of, the complex of facies that make up a typi- 
cal fluvial-dominated deltaic deposit. Such facies include 
deposits of: (1) meandering, distributary, and tidal channels; 
(2) wave-modified strandlines and fluvial deltas; and (3) 
transgressive events, bays, lagoons, and flood basins. 

The excellent exposures and accessibility of the three 
stacking patterns and associated complex facies make the 
Ferron Sandstone an excellent outcrop analog for petroleum 
reservoirs in fluvial-dominated deltas. The Ferron Sand- 
stone is an excellent model for, and is correlative to, the 
Cretaceous Frontier Formation, which produces petroleum 
throughout Wyoming. The Ferron facies are also a good 
analog for the Tertiary Green River and Wasatch Forma- 
tions, the major oil and gas producing reservoirs in the 
Uinta Basin, Utah. In addition to its value as a reservoir 
analog, sands and coalbeds of the Ferron Sandstone pro- 
duce gas north of the field trip area in the Wasatch Plateau 
and along the west-northwest flank of the San Rafael uplift, 
currently the most active gas play in Utah. 

Petroleum industry and U.S. Department of Energy 
(DOE) analysis of the Ferron Sandstone is also motivated 
by the need to deal with complex reservoir heterogeneities 
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on an interwell to field scale. These scales are difficult to 
resolve in reservoir exploration and development activities. 
Standard industry approaches to field development rely on 
generic depositional models constrained primarily by data 
obtained in petrophysical (logging and coring) evaluations 
of exploration and development wells. The quantity, quality, 
and distribution of these data are typically insufficient to 
adequately model the reservoir. Work on the Ferron Sand- 
stone has been predicated on the assumption that detailed 
outcrop mapping of petrophysical and geological properties 
of this analog reservoir will provide an additional database 
for reservoir characteristics used in model simulations. 

REGIONAL STRATIGRAPHY 

Ferron Sandstone is recognized as a member of the 
Mancos Shale. No type section has been designated. The 
name is derived from the town of Ferron, Utah, but it is 
clear from Lupton's work (1916) that he would have chosen 
the outcrops southeast of the town of Emery (fig. 1) as rep- 
resentative of the member where it is most typically devel- 
oped. The name Ferron Sandstone is presently used on out- 
crops around the San Rafael Swell, in the Henry Mountains 
basin, and beneath Castle Valley and the Wasatch Plateau. 

During middle Turonian time, the relatively straight, 
north-trending western shoreline of the western interior 
seaway had reached about half way across Utah (Williams 
and Stelck, 1975). The shoreline configuration changed as it 
prograded eastward. The rate of progradation was more 
rapid in northern and southern Utah, less rapid in central 
Utah, because of geographical variations in subsidence 
rates and volumes of sediment arriving from the Sevier oro- 
genic belt to the west. The result was a shoreline bend to 
the west in the Castle Valley area of east-central Utah. Ryer 
and Lovekin (1986) concluded that this embayment was 
caused primarily by very rapid subsidence. 

We have divided the Ferron Sandstone into mappable 
units or bodies of rock. Most of these units would be mem- 
bers of the Ferron, if it were elevated to formation status. 
Eleven mappable units have been recognized on outcrop 
(fig. 2). We have used a hierarchical system of abbreviations 
to designate each mappable body of rock. Kf designates 
Cretaceous Ferron Sandstone. The first dash designates the 
next hierarchical subdivision, e.g. Kf-2, which is compara- 
ble to a member or informal "tongue." Most of these "mem- 
bers" are separated by major flooding surfaces and include 
smaller-scale progradational units that display distinctive 
stacking patterns; in essence they are parasequence sets, as 
defined by Van Wagoner et al., (1990). The lowest two units, 
Kf-Clawson and Kf-Washboard (fig. 2), have been separated 
and together informally designated "lower Ferron Sand- 
stone" by Ryer and McPhillips (1983). Ryer and McPhillips' 
"upper Ferron Sandstone" consists of delta-front units 1-7 

(our Kf-1 through 7). We have divided their delta-front unit 
1 into Kf-Last Chance (Kf-LC) below and Kf-1 above; in 
addition, a Kf-8 unit is recognized above Kf-7. 

The next dash in our hierarchical scheme designates a 
higher frequency stratigraphic unit which is mappable and 
is separated from the rocks above and below by a flooding 
surface and/or transgressive surface of erosion, and makes 
up the highest frequency unit mapped within each larger 
stratigraphic unit or parasequence set (e.g. Kf-2-Muddy 
Canyon). In most cases these units would fit the definition 
of a parasequence (Van Wagner et al., 1990), but in some 
cases, in our opinion, these units do not strictly fit Van 
Wagner's definition. With these qualifications, we have 
chosen to use the term parasequence to designate the high- 
est frequency stratigraphic unit recognized and mapped. 
(For a discussion of earlier Ferron Sandstone stratigraphic 
nomenclature, see Garrison et al., this volume.) 

Other recent studies (Gardner, 1991, 1993, 1995; Barton 
and Angle, 1995) have not distinguished parasequences in 
Kf-Clawson, Kf-Washboard, and Kf-7 and 8, although they 
may exists. Kf-LC contains several parasequences, but it is 
arguable whether or not a "major" flooding surface is present 
between it and Kf-1. Internal morphology of Kf-LC indi- 
cates it is more aggradational than Kf-1. It is possible for 
the stachng pattern of a group of parasequences to change 
from aggradational to progradational without a "major flood- 
ing surface." Other characteristics of Kf-LC are distinctive 
from Kf-1 and discussed later, hence its hierarchical desig- 
nation. Kf-1 through 7 have associated coal beds, which cany 
letter designations originally assigned by Lupton (1916). 

The oldest unit exposed on the Ferron outcrop belt in 
Castle Valley is Kf-LC. Kf-LC contains parasequences that 
are relatively short in overall dip length (1.3 to 0.75 miles 
[2.1-1.2 km]), rapidly thickening (0 to 60 feet [O-18 m]) 
with steeply seaward-inclined bed sets (about 5"). The con- 
tact with the underlying Tununk Shale, which has a charac- 
teristic brown iron stain, is sharp. Kf-LC was deposited in a 
steeper gradient shoreline topography with abundant sedi- 
ment supply. 

Progradation of Kf-1 and Kf-2 was characterized by an 
abundant supply of sediment compared to the creation of 
accommodation space (Gardner, 1995). A relatively small 
amount of sediment was required to aggrade the coastal 
plain and a considerable proportion passed north and east 
through the fluvial systems to reach the shoreline. Rapid 
supply of sediment at the river mouths promoted the build- 
ing of fluvial-dominated deltas, the deposits of which are 
conspicuously more abundant in Kf-1 and Kf-2 than they 
are in Kf-4 through Kf-7 (Gardner, 1993). It is highly proba- 
ble that relative sea level rise caused either by eustatic fluc- 
tuations or by pulses of basin subsidence, continually affected 
the area and are the underlying mechanism for inducing 
both parasequence-set and parasequence-level transgres- 
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Much of the information presented on this field trip was 
gathered by the Utah Geological Survey and associated 
contractors, who conducted a major DOE-hnded study of 
the Ferron Sandstone from 1993 through 1997. Preliminary 
findings from the study have been presented by the follow- 
ing: Adams, 1995; Adams et al., 1995a, 1995b; Allison, 1995; 
Anderson and Ryer, 1995; Dewey et al., 1995; Hucka et al., 
1995a, 1995b; Chidsey, 1995; Ryer and Anderson, 1995; 
Ryer et al., 1995; Snelgrove et d . ,  1995; Anderson et al., 
1996; Chidsey and Allison, 1996; Mattson and Chan, 1996; 
Snelgrove et al., 1996; and Chidsey, 1997. 

ROAD LOG 

First Day 

MILEAGE 
Cumu- Inter- 
lative val 

0.0 0.0 Enter eastbound 1-70 at junction with 
U.S. Highway 89, Salina, Utah. Follow 
road logs of Rigby et al., (1974). 

31.7 31.7 View to the east of the San Rafael Swell 
and Upper Cretaceous Ferron Sandstone 
Member of the Mancos Shale. Pinnacles 
of Jurassic Navajo Sandstone on the sky- 
line. 

33.8 2.1 Junction of 1-70 with Utah Highway 10 
(fig. 1). Turn off 1-70 and proceed north 
(left) on Highway 10 towards Emery 
through Castle Valley. Highway 10 lies 
on the Blue Gate Shale Member of the 
Mancos Shale. Boulders of Miocene basalt 
are strewn over adjacent slopes (Bunnell, 
1991). These boulders were eroded from 
flows to the southwest in the Thousand 
Lake Mountain area. 

35.5 1.7 Ivie Creek. Wasatch Plateau in the dis- 
tance to the west. Ledge-forming sand- 
stone represents shoreface deposits of the 
Upper Cretaceous Star Point Sandstone 
of the Mesa Verde Group (Bunnell, 1991). 
The Star Point intertongues with the over- 
lying delta- and alluvial-plain deposits of 
the Blackhawk Formation, the major coal- 
bearing formation in the Wasatch Plateau 
and Book Cliffs coal fields. The Masuk 
Shale Member of the Mancos Shale forms 
the slopes beneath the Star Point. The 
Masuk Shale overlies the Emery Sand- 
stone Member in the immediate fore- 
ground. 

Pass by junction of Utah Highway 10 with 
Hidden Valley coal mine access road to 
the east. 
Sevier-Emery County line. Joe's Valley 
graben fault system to the north on the 
eastern edge of the Wasatch Plateau. 
Quitchupah Creek. Browning coal mine 
in the distance to the east (right). 
Town of Emery. Continue north on Utah 
Highway 10. 

To the left is the site of Texaco's A.L. 
Jensen 27-9 Ferron coalbed methane well 
(SE1/4SE1/4 section 27, T. 21 S., R. 06 
E., Salt Lake Base Line) drilled in 1995 
to a depth of approximately 2,100 feet 
(640 m). The operator is still evaluating 
the well. 
Muddy Creek. 
Junction with County Road 1612. Turn 
right onto County Road 1612 toward 
Moore. 
Road to Rochester rock art panel to the 
right. 
Moore. 
Turn right toward Dry Wash and con- 
tinue on county road to the east. 
Continue straight (east) off pavement 
towards 1-70 at bend in the road 
(becomes graveled road at this point). 
Cross the Spanish Trail, a transportation 
route from 1800 to 1850. 
Contact between Blue Gate Shale and 
top of the Ferron Sandstone. 

STOP 1. Mouth of Dry Wash: overview 
of Kf-Clawson and Kf-Washboard, and 
Kf-2 (fig. 3). 

Kf-Clawson of the Ferron, first de- 
scribed by Cotter (1975a, b), extends 
from the northern part of San Rafael 
Swell southward along its western flank, 
through Molen Reef, finally feathering 
out westward toward Muddy Canyon. Kf- 
Washboard (fig. 2) (Cotter, 1975a, b) 
extends from the northern part of San 
Rafael Swell southward to Mesa Butte 
(just south of 1-70), slightly farther than 
does the underlying Kf-Clawson. These 
units consist of silty, very fine-grained 
sandstone; they are interpreted as shelf 
sand bodies with a northern source 
deposited 10 miles (16 km) or more off- 
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Figure 3. Coal Cliffs (view to the west) near the m t h  of Dry Wmh 
at Stop 1 (mile 57.2) with, in ascending order, Kf-Ckrwson, Kf- 
washboard, cmd Kf-2 outcropping. The upward-coarsening Kf- 
Clawson and Kf-Washboard are interpreted as two still-stc~ncls sep- 
arated by a relative rise of sea level. Kf-2 consists of interheclded 
fine-grained scmclstone and m d t o n e ,  almptly overlc~in hy cross- 
bedded, fine- to medium-grained mouth-bar sandstone. 

shore, at depths near fair-weather wave 
base. Extensive burrowing and the pres- 
ence of large concretions suggest that 
rates of sedimentation were slow. Lower- 
ing of sea level prior to Kf-Clawson and 
Kf-Washboard deposition facilitated south- 
ward transport of very-fine- and fine- 
grained sand onto a shoal area that marks 
the eastern hinge of the foredeep devel- 
oped in front of the Sevier orogenic belt. 
The shoal may represent a peripheral 
bulge. The two distinct, upward-coarsen- 
ing sandstone units suggests that there 
were two still-stands separated by a rela- 
tive rise of sea level. In addition to feath- 
ering out southward, both Kf-Clawson 
and Kf-Washboard become less sandy 
and disappear toward the west. A gentle 
structural flexure has been recognized in 
this area, suggesting the presence of a 
down-to-the-west basement fault. The 
fact that Cretaceous rocks were flexed 
but not broken by movement on the pro- 
posed fault (unlike the younger faults 
associated with Tertiary extension) sug- 
gests that this fault moved during Cre- 
taceous time in response to thrust load- 
ing. The westward loss of sand in Kf- 
Clawson and Kf-Washboard suggests that 
it was active during lower Ferron deposi- 
tion. 

Kf-2 at Dry Wash is composed of two 
parasequences. The lower parasequence 
is all delta-front facies and displays up- 
warcl-coarsening grain size. The lower part 
of the parasequence consists of interbed- 
ded fine-grained sandstone and mudstone; 
it is abruptly overlain by cross-bedded, 
fine- to medium-grained sandstone of the 
upper part. The upper part has a decided 
fluvial appearance, but lacks the mud- 
stone intraclasts commonly associated 
with fluvial channel deposits. The top of 
Kf-2 consists of a series of lenses or pods, 
the younger lenses cutting out and 
replacing the older ones. These are inter- 
preted to be mouth-bar and distributary 
channel deposits of a fluvial-dominated 
delta. 

The younger and overlying parase- 
quence consists of an upward-coarsening 
sequence of sandy mudstone and sand- 
stone containing a brackish-water fauna 
representing a bay. The bay-fill sequence 
is capped by carbonaceous mudstone, 
carbonaceous sandstone, and a minor 
amount of coal. These rocks represent the 
lower split of the C-coal zone (fig. 2). It, 
in turn, is abruptly overlain by a thin, 
transgressive lag and lower delta-front 
deposits of Kf-3. This parasequence is 
defined on the basis of a shoreline sand- 
stone unit whose landward pinchout of 
the marine facies crosses the northern 
edge of the cliffs of the Molen Reef south 
of Dry Wash and intercepts the cliffs on 
the north side of the wash, defining a 
northwest shoreline trend. The pinchout 
is less distinct than most others, possibly 
because of development of a flood-tidal 
delta in this area. A large lagoonhay 
complex lies landward of the pinchout 
and can be traced for several miles south- 
ward in the Molen Reef outcrops and 
westward to the limit of Kf-2 outcrops in 
Dry Wash. Numerous channel deposits, 
including three large, lenticular channel 
bodies in Dry Wash and several in the 
Molen Reef cliffs appear to belong to Kf- 
2. The facies content of this shoreline 
unit is wave-modified, probably strand 
plain in its proximal part. 
Turn around and head towards Moore. 
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Kf-Clawson at road level. 
Kf-2 at bend in the road to the left. 

STOP 2. Dry Wash: depositional envi- 
ronments of Kf-3 (fig. 4). Cross road and 
walk up wash to the left. 

Kf-3 contains more storm layers than 
does Kf-2. It also displays hummocky 
cross-stratification in many places. Like 
Kf-2, it includes trough cross-bedded 
sandstone in its upper part. Kf-3, howev- 
er, includes a sandstone body that has a 
much more clearly defined erosional base, 
is coarser grained, contains a variety of 
burrow types, the most conspicuous of 
which is Ophiomorpha, and displays lat- 
eral accretion surfaces inclined toward the 
northwest. This inclined sandstone body 
is interpreted to be an inlet or a point-bar 
deposit on a tidal channel immediately 
behind the inlet. On the north side of the 
wash, it is apparent that the inclined, lat- 
erally accreted sandstone beds are trun- 
cated at their tops by what was originally 
a horizontal surface. The erosional sur- 
face is a transgressive disconformity. It is 
underlain by a transgressive lag of biotur- 
bated sandstone. The lag, in turn, is over- 
lain by a southward-thinning tongue of 
offshore-marine shale that separates Kf-3 
and Kf-4. 
Ferron Sandstone Kf-4 and Kf-6 (Barton 
and Angle, 1995) include only prodelta 
and lower- to middle-delta-front deposits; 
the shoreline never prograded this far 
seaward. From a vantage point on top of 
Kf-4, the gradational seaward termination 
of Kf-6 can be observed toward the north, 
where the road crosses the outcrop. Kf-6 
sandstone is overlain by the Blue Gate 
Shale Member of the Mancos Shale. The 
seaward termination of Kf-4 is only a 
short distance north of Dry Wash. The 
seaward feather edge of Kf-5 is present a 
short distance away on the wall of the 
canyon visible to the south. 
Kf-6. Continue towards Moore. 
Return to pavement, continue straight to 
Moore. 
Moore. Turn left towards Emery at stop 
sign. 
Junction with Utah Highway 10, turn 
left (south) towards Emery. 

Figure 4. Kf-3 in Dry Wmh (view to the west from south side of the 
road) at Stop 2 (mile 58.5) containing hummocky arul trough cross- 
strati$cation, and biottirbated beds. The thicker bedded sandstones 
with inclined bedsets to the right are tidal-channel deposits. 

67.6 3.2 Enter Emery, turn left on to 300 East. 
68.0 0.4 Continue south past 400 South in Emery. 

TRC Minerals to the right processes car- 
bonaceous shale from the Ferron Sand- 
stone for use as potting soil and health 
tonics. 

68.4 0.4 Turn left onto Miller Canyon Road 
toward 1-70. Thousand Lake Mountain 
and Boulder Mountain can be seen on 
the skyline to the south. 

70.9 2.5 Enter Miller Canyon. Channel sands and 
overbank deposits of Kf-5 and shoreface 
sandstone of Kf-7 are exposed at the head 
of the canyon. 

71.1 0.2 Access road to one of several carbona- 
ceous shale mines in the G-coal zone on 
the right. 

71.4 0.3 STOP 3. Miller Canyon: stratigraphy of 
Kf-4 and Kf-2 (fig. 5). Walk southeast 
along the sandstone bench at road level, 
north side of the canyon. 

The Miller Canyon road descends 
through the stratigraphic section, hence, 
the description of the stratigraphy moves 
from top to bottom. 

Compared to the stratigraphic units 
that preceded it, Kf-4 thickens very rapid- 
ly seaward, indicating a high rate of rela- 
tive sea-level rise during its deposition 
(Ryer, 1981; 1982). Regionally, two para- 
sequences are recognizable within this 
unit. The overlying G-coal zone only local- 
ly contains more than a few feet of coal, 
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Figure 5. Trunsgressioe deposits above the C-coal zone of  Kf-4 in 
Miller Cun!lon near the Christensen rnine on the east side of the 
Miller Cun!/on road at Stop 3 (mile 71.4). 

probably because peat accumulation could 
not keep up with the rapid relative rise of 
sea level that characterized this unit. For 
about 20 years carl>onaceous mudstones 
of the G-coal zone have been mined in 
Miller Canyon to produce a soil condi- 
tioner, locally referred to by the trade 
name "Live Earth." 

Only the older parasequence of Kf-4 is 
represented by marine facies in Miller 
Canyon. The lower parasequence is a 
wave-modified shoreline sandstone body 
and forms high cliffs. The landward pin- 
chout of the main facies of this parase- 
quence is located allout 0.5 mile (0.8 Ian) 
south of Bear Gulch (fig. l), but is some- 
what obscured because the upper part of 
the unit is scoured into by a younger 
meanderbelt deposit. This meanderbelt 
deposit is very widespread, being recog- 
nized for several square miles around the 
Miller-Muddy Creek Canyon area and 
east to the eastern limit of the outcrop. It 
is relatively coarse-grained, being made 
up of medium- to coarse-grained sand- 
stone that locally includes granules and, 
rarely, pebbles. The landward-most part 
of the lower parasequence is strongly wave 
modified and this is probably true of the 
unit as a whole, although it is difficult to 
tell with the upper part of the unit re- 
moved. The basic facies content is wave- 
modified shoreline-strand plain proximal- 
ly to wave-modified delta distally. 

Marine facies of Kf-3 are not present in 
this area, the landward pinchout of the 
marine facies is located to the east. 

At this locality Kf-2 contains four para- 
sequences. We will use the nomenclature 
estal~lished by Anderson (1993), Gustason 
(1993), and Rver (1993). The top parase- 
quence is Kf-2-Muddy Canyon-1) (Kf-2- 
MC-b). Kf-2-MC-11 is defined on the basis 
of a shoreline sandstone unit that has a 
distinctive white color. The landward pin- 
chout of Kf-2-MC-I) marine facies is pre- 
sent in the southern Coal Cliffs just north 
of Bear Gulch, and south of the mouth of 
Miller Canyon. Near the pinchout, the 
unit is characterized by large-scale, in- 
clined surfaces that dip to the north, 
essentially parallel to the trend of the pin- 
chout (strike of inclined surfaces perpen- 
dicular to shoreline trend). The surfaces 
are interpreted to represent a series of 
tidal inlets that were driven northward by 
longshore drift. Equivalent flood-tidal delta 
and lagoonal deposits have been tenta- 
tively identified in Miller Canyon and 
Bear Gulch. Kf-2-MC-b thickens rapidly 
eastward, to more than 75 feet (23 m). It 
extends eastward into Molen Reef, where 
it is a major cliff former, and northward to 
Dry Wash (about 9 miles [14.5 km]). This 
unit is widely distributed compared to 
most Ferron parasequences. The facies 
content of this shoreline unit is a wave- 
modified coast proximally, probably sband 
plain; and deltaic deposits distally. A thin 
A-coal zone lies above this unit. This coal 
zone pinches out just northeast of Miller 
Canyon. 

Kf-2-Muddy Canyon-a (Kf-2-MC-a) 
forms ledges and lesser cliffs :above the 
higher cliffs formed by Kf-2-Miller Can- 
yon-11 (Kf-2-Mi-13) throughout most of the 
lower part of Muddy Creek Canyon and 
into the southern Coal ClifTs to the south. 
Most of the delta facies of Kf-2-MC-a has 
been cut out 11y meanderl~elt deposits. 
Although very sandy in some areas, much 
of the meanderbelt deposits consist of lat- 
erally accreted sancls with minor siltstone 
and mudstone. Two distinct meanderbelt 
units are distinguished on the basis of 
paleocurrent directions. The landward 
pinchout of marine facies of Kf-2-MC-a is 
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located south of Miller Canyon near the 
southern termination of the Coal Cliffs. 
In the Miller-Muddy Canyon area there 
can be no question that the surface that 
separates Kf-2-MC-a from the underlying 
Kf-2-Mi-b is a transgressive surface: it 
places offshore, marine shale hrectly upon 
upper shoreface sandstone and, locally, has 
planed off small channels within the top 
of Kf-2-Mi-b. The facies content of this 
shoreline unit is a fluvial-dominated delta 
and probably represents a low-wave- 
energy delta that prograded into a pro- 
tected bay. 

Kf-2-Mi-b includes the shoreline sand- 
stone that forms the massive cliffs in the 
lower parts of Miller and Muddy Creek 
Canyons (Anderson, 1993; Gustason, 1993; 
Ryer, 1993). It appears to be a very strong- 
ly wave-modified unit. It thins toward the 
northwest, finally disappearing into marine 
shale in the southern part of Molen Reef 
dong with overlying Kf-2-MC-a parase- 
quence. In Muddy Creek Canyon (but 
not yet elsewhere), it is possible to subdi- 
vide Kf-2-Mi-b into two subunits bound- 
ed by a distinctive surface. The southern 
subunit is wave modified, the northern 
one very strongly wave modified. The sur- 
face that separates these subunits could 
be a transgressive surface, but the overly- 
ing transgressive surface beneath Kf-2- 
MC-a has removed any direct evidence. 
In the absence of compelling evidence to 
the contrary, it is assumed the surface 
marks some change of autocyclic origin. 
The facies content of this shoreline unit is 
wave-modified, probably strand plain in 
proximal part. 

The bottom parasequence in Kf-2 in 
this area is Kf-2-Miller Canyon-a (Kf-2- 
Mi-a). The boundary between this unit 
and the overlying Kf-2-Mi-b is difficult to 
recognize in many places, but is very 
apparent where rotated slump blocks, 
which are generally restricted to Kf-2- 
Mi-a in this area, are present. The trans- 
gressive surface is apparent where it has 
beveled the tops of the rotated blocks, 
which are common enough to facilitate 
tracing the contact throughout the area. 
Its seaward feather-edge can be approxi- 
mately located in Miller Canyon and in 

the lower part of Muddy Creek Canyon. 
It has a general northeast trend, suggest- 
ing that this parasequence built north- 
westward, probably as a deltaic lobe. 

72.0 0.6 Kf-2 in Miller Canyon (fig. 6) view to east 
but west of Muddy Creek. 

72.4 0.4 Junction of Muddy Creek with Miller 
Canyon. 

72.8 0.4 STOP 4. Lunch. 
From the lunch stop, dramatic seaward 

(eastward) thickening of the top parase- 
quence of Kf-2 can be observed. On the 
west the thin white-capping sandstone is 
visible, while this same sand is nearly 30- 
feet (9-m) thick on the east wall of the 
canyon. The underlying meanderbelt- 
dominated facies of Kf-2-MC-a is well 
exposed in all cliff faces. Some Kf-2-MC- 
a-aged channels have cut across the top 
of the underlying shoreface of Kf-2-Mi-b 
and deep into these deposits. Note how 
much thicker Kf-2 is in this area com- 
pared to our earlier stop at Dry Wash. 

Kf-2 is fertile ground for a classic prob- 
lem in sequence stratigraphy. The scours 
into delta-front and wave-dominated 
shoreface deposits observed here can be 
traced intermittently for tens of miles to 
the south and several miles to the north 
along the outcrop. Does this represent a 
drop in relative sea level? Similar "canni- 
balization" of shoreline sands is present 
in Kf-1, 3, 4, and 5 .  During normal pro- 
gradation of a shoreline some scouring 
into older shoreline deposits is expected 
as fluvial systems feeding the seaward 
prograding shoreline move across a low- 
gradient delta-plain. Evidence of emer- 
gence, such as rooted coal in the bottom 
of mud-filled channels, or part way up in 
a channel-fill sequence; low-angle slopes 
to the edge of "valley-fill" deposits; region- 
ally correlatable transgressive deposits 
within the "incised valley" would indicate 
a drop in sea level as the agent for chan- 
nel incision. Some workers in the Ferron 
feel they have observed sufficient evi- 
dence to call upon a relative sea-level 
drop within Kf-2 (Garrison, personal com- 
munication, 1996) and Barton (1997) im- 
plies more frequent occurrence of minor 
sea-level drops during Ferron deposition. 
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Figure 6. View down Miller Canyon (north side) near the junction 
with Muddy Creek showing Kf-2 and its four parasequences be- 
tween Stops 3 and 4 (mile 72.0). 

76.5 3.7 Junction with 1-70. Turn right (west) on 
1-70 towards Salina. 

77.8 1.3 Mesa Butte to the south, capped chiefly 
by Kf-1 and Kf-2. There is a very limited 
area of C-coal zone on the mesa. The 
lowest ledge-forming unit in the east-fac- 
ing cliffs is Kf-Washboard. 

78.3 0.5 Quitchupah Canyon to the north. 

78.8 0.5 STOP 5. Ivie Creek Amphitheater: the 
fluvial-dominated Kf-1 and wave-modi- 
fied Kf-2 (fig. 7). Turn off 1-70, drive 
down slight embankment, and park along 
the right-of-way fence. We will examine 
the Kf-1 and Kf-2 today and walk through 
the outcrop tomorrow. 

Kf-1 is represented by two parase- 
quences in the Ivie Creek area. Kf-l- 
Ivie-a (Kf-1-Iv-a) is characterized locally 
by distinctive, steeply inclined bedsets 
(clinoforms) that accumulated on a pro- 
grading lobe of the delta. This deltaic lobe 
has an arcuate shape based on mapping 
of clinoforms in the Ivie Creek area. The 
lobe prograded toward the south (just 
south of 1-70), toward the west in the 
amphitheater north of Ivie Creek, and 
toward the north in the southern part of 
Quitchupah Canyon. It is possible that 
the odd characteristics of Kf-1-Iv-a can 
be attributed to its location at the flexure 
described for Kf-Clawson. If this flexure 
marks the hinge of the foredeep, flexure 
of strata caused by movement of a base- 
ment fault may have created the deep- 

water bay into which Kf-1-Iv-a prograded 
(fig. 8); the distributary system from which 
its feeder channel came was situated on 
the high side of the flexure. The seaward 
limit of Kf-1-Iv-a is mapped in mid- 
Quitchupah Canyon. This fluvial-domi- 
nated deltaic deposit changes from proxi- 
mal to distal east to west across the am- 
phitheater in the Ivie Creek area. Clino- 
forms in the delta front dip 10" to 15" and 
pinchout laterally within a mile (1.6 km) 
down depositional dip (fig. 9). 

The overlying sand-rich and coarsen- 
ing-upward facies of the Kf-1-Ivie Creek- 
c (Kf-1-Iv-c) also vary in thickness within 
the area. In contrast to Kf-1-Iv-a, delta- 
front deposits of this parasequence dip 
less than 5". Kf-1-Iv-c laps onto the more 
distal parts of Kf-1-Iv-a in the western 
part of the Ivie Creek area and represents 
the distal portion of another delta lobe, 
probably originating from the southwest. 
The upper section of Kf-1-Iv-c is continu- 
ous across the entire Ivie Creek area and 
represents a fluvial-dominated delta. Kf- 
1-Iv-c contains loading features near the 
mouth of Ivie Creek. It thickens to the 
north as Kf-1-Iv-a pinches out. As with 
most parasequences, small channels cut 
into the top of Kf-1-Iv-c. A consistent zone 
of brackish-water-rich fossils is found 
above the marine delta-front sandstones 
of Kf-1-Iv-c. These deposits often grade 
to Crassostrea coquinas which sometimes 
split the sub-A coal. A flooding surface 
has been identified at the top of the sub- 
A coal. The boundary with the overlying 
Kf-2 is drawn at the change from delta 
plain to lower shoreface deposits. 

Kf-2 contains three parasequences at 
Ivie Creek: Kf-2-Ivie Creek-a, b, and c 
(Kf-2-Iv-a, Kf-2-Iv-b, and Kf-2-Iv-c). These 
parasequences show less lateral variation 
in facies than Kf-1 parasequences, possi- 
bly because wave processes were domi- 
nant. Kf-2-Iv-a is the oldest parasequence 
in Kf-2 and grades from proximal facies of 
a shoreface on the west to its pinch out 
before reaching Quitchupah Creek on 
the east. Kf-2-Iv-b has a similar west to 
east variation in facies. This parasequence 
has distinctive seaward inclined beds near 
Quitchupah Canyon and appears to have 
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Figure 7. Photomosaics (view to the north near 1-70), unannotatecl (top) ancl annotated (l~ottom), of the Iuie Creek area at Stop 5 (mile 
78.8) displaying contrasting delta-front architectural styles. On the annotated photomosaic black lines separate the parasequences of Kf-1 
arul Kf-2, designated with letters. Kf 1-lu-a has steeply inclined (10 to 15 9 c l i n o f m  representingjluvial-dominated deposition. Kf-2-10- 
b has gently inclined (< 3 9 c l i n o f m  representing wave-modiJ1ed cleposition. 

considerable lateral continuity along the 
strike of the outcrop. Kf-2-Iv-c has the 
landward pinchout of its marine facies 
well exposed in the 1-70 road cut and 
upper Ivie Creek Canyon. Connecting 
these two points indicates a more north- 
south trend for the shoreline. A remark- 
able transition from shoreface to bay 
deposits is also well exposed in this area. 

In the Ivie Creek area, deposition 
of sandstones in Kf-1-Iv-a was from 
the south-southeast to north-northwest, 
whereas the general coarsening in grain 
size of Kf-2 to the west and the presence 
of a landward pinchout of the marine 
facies in Kf-2-Iv-c suggests that this unit 
was deposited from west to east. Kf-2 
contains more and cleaner sand, indicat- 
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Figure 9. An east-west oriented photomosaic of the lvie Creek 
amphitheater viewed from Stop 5 (view to the north), showing typi- 
cal c l i n o f m  geometries in Kf-1-lv-a. 

Large channel sandstone which created a 
split in I-coal zone on south side of 1-70 
(see Ryer and Langer, 1980). 
Carbonaceous shale of the Ferron Sand- 
stone and overlying Blue Gate Shale in 
roadcut on south side of 1-70. 
Sevier/Emery County line. 
Walker Flat. 
Deep roadcut in Blue Gate Shale. 
Junction with Utah Highway 10. Leave 
1-70 and turn left (south). 
Continue south off pavement towards 
Willow Springs. 
Bear right (south) at the V in the road. 
Entering Willow Springs Wash. Begin 
stratigraphic descent through alluvial- 
plain facies equivalent with Kf-3 through 
Kf-8. See van den Bergh (1995) and van 
den Bergh and Sprague (1995) for an 
attempt at correlating parasequence sets 
into the alluvial-plain facies. 
Little dug-out building on left side of 
road is one of several relicts left from an 
old mine in the A-coal zone. The A-coal 
zone achieves its greatest thickness in 
this area and to the south. 

90.8 0.6 STOP 6. Willow Springs WashlIndian 
Canyon: sequence stratigraphy and de- 
positional environments of Kf-1 and Kf- 
2 (fig. 11). 

Kf-2 is found on the north side of 
Willow Spring Wash, at its mouth. The 
landward edge of the marine facies of Kf- 
2 is present in the same area, a short dis- 
tance east of a large channel cut into Kf-1 
called the "County Line channel" (Ander- 
son, 1991). Thickening of the unit toward 
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Figure 10. Photomosaic near 1-70 at Stop 5, view to the south, 
showing both Kf-1 and Kf-2. A major distributary channel (center 
of photo) has cut down to near the base of Kf-2. 

the northeast onto the point that lies 
north of the mouth of the wash occurs 
rapidly, surprisingly so since the amount 
of overall climbing of Kf-2 from here to 
where it passes beyond the seaward edge 
of Kf-1 is relatively small. It is possible 
that the rapid thickening of Kf-2 is related 
to truncation by eroding channels. The 
landward pinchout of the marine facies is 
cut by a shale-filled channel, possibly of 
tidal origin. The original depositional 
limit of Kf-2 marine facies is likely farther 
to the west. The seaward extent of Kf-2 
has not yet been determined, but it prob- 
ably is present in the Molen Reef area 
about 30 miles (48 km) to the northeast. 
Along the east-facing cliffs, about 0.5 mile 
(0.8 km) north of Willow Springs Wash, 
the top of Kf-2 has been eroded and 
replaced by predominantly fine-grained 
deposits, some of which include "inclined 
heterolithics" indicative of channel depo- 
sition. This scour may be related to the 
areally more restricted scour that is pre- 
sent near the pinchout. The facies con- 
tent of this shoreline unit is a wave-modi- 
fied coast, probably a strand plain. 

Indian Canyon, south of Willow Springs 
Wash, contains excellent exposures of Kf- 
1. Kf-1 is divided into four mappable 
units, Kf-1-Indian Canyon-a thrkgh d 
(Kf-1-IC-a through d), which display a 
forward-stepping arrangement. The 
transgressive (or "flooding") surfaces that 
separate the parasequences are overlain, 
at least in part, by mudstone units that 
may act as permeability bamers between 
sandstone bodies. Rocks in these units 
contain prodeltaic; lower, middle, and 
upper shoreface; foreshore; and fluvial- 
dominated delta-front deposits. 
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Figure 11. The "County Line channel" (view to the enst) of Kf-1 in 
the Willow Springs Wash area at Stop 6 (mile 90.8). Tlae channel is 
venj late KJl aged hut older than the upper portion of tlze sub-A 
coal. The channel is about 60 feet (18 m) thick where it cut,s into the 
uppennost parnsequence of KJl. 

91.1 0.3 View of Indian Canyon to the west. 
91.5 0.4 View of Henry Mountains to the south. 
92.2 0.7 Junction of Mussentuchit and Last 

Chance Roads. Bear right towards Last 
Chance. View to the north of Kf-2 (on the 
south-facing side of Willow Springs Wash). 
Here one can see an important trend in 
the seaward-stepping Kf-2 of the Ferron 
Sandstone. Note the thickening and in- 
crease in sandy facies in Kf-2 from west 
to east. This trend is readily observable in 
the Willow Springs Wash, and Quitch- 
upah to Molen Reef areas. There is a cor- 
responding east to west increase in the 
presence of "cannibalization" of delta-front 
sandstones by meanderbelt and distribu- 
tary systems. These phenomena could be 
explained by a migrating flexure line of 
subsidence with time from west to east. 
West of the flexure line the basin is being 
uplifted, while east of the line the basin 
subsides. This creates more accommoda- 
tion space on the east and increased can- 
nibalization of previously deposited delta- 
front units on the west. This localized and 
subtle subsidence is superimposed onto a 
general sea-level rise through Kf-2 depo- 
sition. 

96.2 4.0 Limestone Cliffs. The type section of Kf- 
LC is at Last Chance Creek and to the 
north into the next canyon. The shoreline 
unit, together with overlying Kf-1 (non- 
marine facies), forms vertical cliffs approx- 
imately 200 feet (60 m) high. Kf-LC dis- 

plays inclined hedsets that appear to onlap 
or possibly downlap against a surface that 
may represent a paleotopographic high, 
resulting in very rapid seaward thinning 
to a feather edge. The high may represent 
the upthrown side of a down-to-the-west 
fault that was active during Ferron depo- 
sition. A problem with this interpretation 
is that the thick section represented by 
Kf-LC can be mapped as having a north- 
west-southeast trend based on limited su11- 
surface data, whereas faults that formed 
along the eastern hinge of the foredeep 
would be expected to have a north-south 
orientation. No contemporaneous chan- 
nel deposits have yet been identified. 
Last Chance anticline. Descend through 
the Cretaceous Cedar Mountain Forma- 
tion, and Jurassic Monison, Summerville, 
Curtis, Entrada, and Camel Fornlations. 
A minor amount of gas was produced 
from fractured zones in the Triassic Moen- 
kopi Formation along the crest of the 
structure. Note the northwest-trending 
dike on the west side of the road. 
Turn around in center of Last Chance 
anticline and return to 1-70. 
Junction with 1-70. Turn west onto 1-70 
towards Salina. 
Enter Salina. End of Day 1. 

ROAD LOG 

Second Day 

MILEAGE 
Cumu- Inter- 
lative val 

Leave Salina east on 1-70. 
Junction of 1-70 with Utah Highway 10. 
Ranch Exit 97. Leave 1-70. Turn left 
(north), crossing 1-70, Return west- 
bound 1-70 towards Salina. 
Ivie Creek Amphitheater. Turn off 1-70, 
driving down slight embankment. We will 
begin our day hike into the Ivie Creek 
amphitheater and lower canyon areas. 
Moderate to strenuous climbing will be 
required over the 2.5 mile (4.0 km) hike. 
Cross fence that runs along 1-70 and pro- 
ceed down steep embankment. Cross 
Ivie Creek and climb slight eml~ankment 
on the north side. Proceed along trail 
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0 UGS drill hole 

Figure 12. Irrdex map to the Ic'ie Creek urcu shotuing ttopogruj)lzy, hike rc~zlte, awl stops. RNSP tnap fi-ottz lTS.  Geologtrczl S u r ~ r y  Jfvscl 
Rtttte und CIlrCllker Huts 7.5'to~)ographic ntups, contour interzwl i s  4O.feet (12 rtti .  

towards the Ivie Creek amphitheater to 
the nortl~west follou,ing the itlap in fig. 12 
to tlie base of Kf-1-Xv-a. Begin asce~idirrg 
rtp a steep slope in the 'lilnrmli Shale fol- 
lowirtg the measured section on fig. 10. 

IVIE CREEK HIKE-STOP 1: 
Clinoform Facies of Kf-1-Iv-a 

The clilroforl~l section of ICf-1-Iv-a (fig. 9) is classified 
into four fi~cies: clinoform proximal (cp), c l i no fm n~eclial 
(om), clinoform ciiqtal (cci), and c1inofi)rm cap (cc). Facies cp, 
em, and cd itre assigned to clinoforlns only, and facies cc is 
a capping f~tcies above the clirtoforms (fig. 14). Tire cc facies 
is the result of reworking tlie tops of the clinoforms and the 
addition of new sediment. 

Facies cp is mostly fine- to meclium-grained sandstone. 
The chief sedinieritary structure is low-angle cross-stratifi- 

cation with minor horizontal and trough cross-stratification 
and rare hutnrriocky bedding. The facies is dorniriantly 
tliick to rnedirlrn bedded, well to moderately incirtrated, 
with permeal>ilitics ranging from 2 to 600 rnillidareieq (mD) 
and a rrlean of about 10 mD. The inclination of bed 1)oilnd- 
aries is generally greater than 10'. This facies is interpreted 
to he t11c highest cncrgy a11d most proximal to the wdiment 
input poitit. The steep incliliations are interpreted to rcpre- 
sent deposition into a relatively localized deep area in an 
open bay environment. 'The domi~lalrce of low-angle cross- 
stratification wit11 incli~iations within the bed or c1inofi)rms 
in a11 up-depositional clip direction indicatrs the influence 
of 011-sllore wave energy. 

Facies cnl is domirtantly santfstone with al.lrout 5 percent 
sllule. The satitlsto~ie is primarily fine-grained wlth slightly 
more fine- to very-fine-grained than fine- to medium- 
grair~etl. Horimrital beds dominate with some rippled, 
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trough and low-angle cross-stratification. Bed thicknesses 
range from laminated to very thick, but most are medium. 
The beds are generally well to moderately indurated, but 
are occasionally fnable. The permeability values range from 
non-detectable to 100 mD with the mean about 3 mD. 
Inclination on the clinoform boundaries is between 2 and 
10". Facies cm is generally transitional between facies cp and 
cd, but occasionally is present at the erosional truncation or 
offlapping boundary of the clinoforms, with no visible con- 
nection to facies cp. 

Facies cd is sandstone (sometimes silty) with about 10 
percent shale. The sandstone grain size is dominantly fine- 
to very-fine-grained, with considerable variation. Sedimen- 
tary structures in this facies are chiefly horizontal lamina- 
tions and ripples in medium to thin beds. The beds range 
from well indurated to friable. Average facies cd permeabil- 
ity is just at the instrument detection limit of 2 mD, but 
ranges up to 80 mD. This facies is gradational with facies 
cm and represents the deepest water and lowest energy 
deposition within the clinoform. It can be traced distally 
into prodelta to offshore facies. 

Facies cc consists of very-fine- to fine-grained, thick- to 
medium-bedded sandstone. The beds are horizontal, with 
some trough and low-angle cross-stratification. Burrows 
and other trace fossils are rare. The sandstone is mostly 
well indurated, with permeabilities ranging from non- 
detectable to 100 mD with a mean of about 2 mD. This 
facies is present stratigraphically above the truncated clino- 
forms near the top of the parasequence and where bed 
boundaries show little to no inclination. The cc facies is 
interpreted to represent an eroded and reworked delta top. 

Figure 8, the paleogeographic interpretation, represents 
the third step of the five depositional time steps of Kf-1-Iv- 
a. The main delta lobe was located to the east and north- 
east. That delta lobe allowed a protected embayment to 
develop in the northwest part of the Ivie Creek area. The 
clinoforms represent deposition into the embayment fed by 
river channels from the southeast. 

IVIE CREEK HIKE-STOP 2: 
Bounding Surfaces of Kf-1-Iv-a and 

Depositional Environments of Kf-1-Iv-c 

Fluid-flow communication likely occurs between clino- 
forms (or parasequences) where shales are absent due to 
erosion or non-deposition. Porosity and permeability values, 
dependent on facies distribution, vary laterally and vertically 
within a clinoform. Bounding surfaces between clinoforms 
designated proximal or medial facies contain two common 

Figure 13. Stratigraphic section from the lvie Creek amphitheater lithologic elements: (1) finer-grained, poorer cemented, and 

of Kf-1 (originaIly at a scale of 1 inch = 10 feet j2.54 m = 3 rn]) resistant litholog~ than the and 

showing lithology, nature of contacts, sedimentary structures, ich- units, and (2) laminations of ~ d ~ o n a c e o u s  material which 
nofossils, and, parasequence designations. are consistently poorly cemented and become planes of 
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weakness wvhich are expressecl in the recessive outcrops of 
the bor~riding surfaces. Most of thc betlttitig in tlit~ bound- 
ing srtrfaces is horizontal to slightly i~~cgular.  On occasioll 
clclu-ly re~cogr~iml)lc wave-ripple 1;ttiiinations arc fbnnd along 
with some flitser bedding. Often sonic pot-tio~~ of tlie 1)ouncl- 
ing surface corrtains gypsum veinlet\. 

Bounding surfaces fot~nct associated with a prosini;tl-to- 
proximal facies contact are generally somewhat thiriner 
tila11 tliosc associated with a ti1edial-to-11-teclial &tcie\ con- 
tact. Litl~ologically, the contact irr the proxirnal facie\ is 
satidier aiicl thinner, but ivhcre the bounding smfitce is fiur- 
ly thick (>0.30 feet 110 cm]) it shows a11 increase ill finer- 
grtline>d rocks. The anlor~xit of silt and ch;tle within the 
t>otrnding surface is related rrrort. to tlre tliitbkliess of the 
surface than the over- and unclerlying fieies designations. 
The tlistal facirs in the c~linoforms are dl sirrii1;ir in perlnc- 
al~ilitp ancl essentially act as strong lxiffles or harriers to 
flow. 

Kf-1-Iv-c is capped by u~iidirectional, troitgh-cross-brd- 
ded sandstone. .Al)ove the crms-bedded \andstone are 10 to 
15 feet (3-45 rn) of hay-fill deposits. These tlcposits consist of 
carl~onac~eous mudstone; thin, ripI~lec!-to-l~iot~~rl~:ttecl saritl- 
\tone and siltstone; fossiliferous mtldstorie to sandstone; 
oyster coclttina; and ash-rich coal. Although not mapped, 
the 11pper portion of this bay to c,oastal-plairi interval is 
related younger marine progradatioiks or parascclt~ences 
found oortli anct east of tlie Ivir Creek area. 

IVIE CREEK HIKE-STOP 3 :  
Sequence Stratigraphy and Depositional 

Environments of Kf-2 

The ]lase of Kf-2-Iv-a co~lsists of intcrl>edded sandstones 
and shales in prodelta to Iower shorefitce environments. In 
sonie places along the ba.sal contact of t11e parasetluencc it 

thin (I foot j0.3 m]) bed of kansgwssive deposits i.; present. 
Kf-%re-a shoals to midclle shoreface. The flootlirig surf:tcc~ 
and p;w:tsequenoe I-tounday is diffrct~lt to rc-cognize bceattse 
there is rio offset ill facies. The overlying Kf-2-Iv-b is aleo 
mitlcllt~ sl-rorefttce. Kf-2-Iv-a bt~cornekc thin ant1 ur~reeogtiiz- 
;tl>lc it short clistarice to the caait. Kf2-lv-b cxllil,iti gently 
scau7arcl inclined becls which are very cortspictious when 
viewed east along the outcrop. 'I'hc pnraceqrtence has at 
least two suh-cycles of grain size coarsctiing a11c1 hed thick- 
crrirlg upward. 'These units arp irrtcnsely I>ioturl~atetl. 

Kf-2-Iv-c is separattd fro111 the. t~nclerl!irrg Kf-2-Iv-I) Ily 
a siltstone to shale intel-val wliicl-r waries in thickness across 
the Ivie Creek area. Generally the entire paraseclt~ence 
fit1t.s ti-orn west to east. In the Ivie Creek arripl~ithtutel; Kf- 
2-Iv-c is interpreted as a bay-fill clcposit (although it is 
devoid of bocly fossils). At the top of the sequt>nce is a thin, 
medium-grained carbonaceous sanclstonc wllicli Init! rep- 
re\rtit the. niignttiort of a low,-c.nergy I~c~ac l~  (fort$slrorr de- 

Figure 14. Scakc~tl cross s~t,tion, orir?rtecl rr'esi to ettsf. tlwu'ing rlino- 
fonn.fizui~~ crssign~rl to &fi 1-lt--m fro~n thu I t  it, C : I P P ~  nrri~7JzitJ~~(zt~r 
bcrst,c-l on cr portiori of ~ E I L J  infi~rpreterl pl~ototnosclic. l@rticnl lincr 
rqlres~nt /)c>tn~mbi/ily l~.ctrcscv~Y arttl ~t~~a.si~retI se~~tiorl /oc~ttio~l~ 

posits) across tlie ha47 fill prior to capping b! coastal-plain 
deposits and deposition of the oc,erlying A-coal zotlc (which 
is locally 1111nied). 

IVTE CREEK HIKE-STOP 4: 
Lateral kcies Changes in Kf-2 

Kf-2-lv-a is tllieker here than at our last stop. It consists 
of a thin scqnence of lower slioref~~ce heterolithic\ overlairr 
by al~otlt 28 f k t  (8.5 rn) of tiiicltllr-shoreface deposits. 

Kf-2-lv-IJ consists of hori~ontally bedded, silty sancl- 
stone at the 1):tst. and rt~iidirrctiori;tl, trough-cross-bec1cled 
sand\torte to\v:trd the top. 111 a roatl cut along 1-70 and in 
Ivie Creek C:anyon, thi\ unit displays trortgh sets wliich 
becolile 1~orizttnt;llly beddetf in a tlowmlip directtioir ( t~ s t ) .  
Thew tleposits are interpreted as n~outh-l>~tr deposits. 

The type area of Kf-2-Iv-c ic the mouth of Ivie O r c ~ k  
C:ulyctn. Tlrii unit trndorrbtc.tlly w,mar\ts design. '1 t' 1011 d\ tt 

parasequence inasriiuch as tlic as\oci"itcd trancgressivc stti-- 
face ir clearly reeogni/al)lc Iroth in 1vie Creek C'niyort ,trld 
to the sorrth it1 tlie 1-70 madcut. The landward pinchorlt of 
the tnarine ficics of Kf-2-Ic-c is found northwest of this 
stop (sec fig. 12) dtltl trrncls just slightlj cxast of south 
tourarc1 1-70. The slioreline \andstone unit displays sotile 
interesting ant1 unt~sn;tl changes at the mouth of' Ivie Creek 
Canyon, changing ocer itl)o~rt 300 fc'et (90 ~ n )  frctrn '1 strorigl! 
wave-modified shorc~hce unit to a tr-ruch locver cviivc energy 
unit tlrat contiins ~ n r ~ t l  intcrbcdc and finer sand, and tlrat 
ltac a silvery-gray mlor on outcrop. This ch'ulge suggests it 
chalge from a co,tst direc>tly fhcirig the. cea to onc that \%as 
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sheltered from wave energy. The facies content of this shore- 
line unit is a wave-modified coast, probably shoreface in 
the proximal part, transforming to a low-wave-energy bay. 
There is evidence for bay-head deltas and tidal channels 
feeding the bay to the northeast, in Quitchupah Canyon. 

IVIE CREEK HIKE--STOP 5: 
Shoreface Deposition of Kf-2-Iv-a, b and c 

Kf-2-Iv-a is exposed in the vertical cliff at the base of Kf- 
2. At this location, a distributary channel deposit has cut 
into the upper half of the shoreface deposits. The coarser 
(medium-grained) channel is easy to distinguish from the 
darker-colored shoreface deposits. 

Kf-2-Iv-b (fig. 15) is dominated by unidirectional, trough- 
cross-bedded sandstone of the mouth-bar complex which 
continues farther up the canyon and is present in core from 
the UGS drill hole No. 11 0.5 mile (0.8 krn) to the south- 
west. This stop offers an opportunity to walk through Kf-2- 
Iv-b and c. 

Kf-2-Iv-c forms the 10-foot (3.1-m) cliff at the top of the 
alcove. Excellent upper-shoreface facies are exposed. The 
top of the unit is rooted by the overlying coastal-plain vege- 
tation. Root casts are commonly visible at the top of this 
unit. Just a few tens-of-feet up the canyon from the stop, 
there is a thin, but well developed, carbonaceous shale at 
the top of Kf-2-Iv-b, with the flooding surface for Kf-2-Iv-c 
immediately above. 

IVIE CREEK HIKE-STOP 6: 
Distributary Channels and 

Rotated Blocks in Kf-1 

Kf-l-Iv-a now lies several tens-of-feet below the parase- 
quence boundary. Recall that it filled an embayment and 
was sourced from the south to the southeast. Kf-l-Iv-c has 
thickened dramatically from our first stop. Here it is anom- 
alously thick due to large slump features or rotated blocks. 
Failure of the rotated blocks is consistently toward the 
north to northwest, the direction that the delta lobe appears 
to have progaded. The abundance of rotated blocks, which 
are relatively rare entities elsewhere in the Ferron, in this 
particular area may be related to a zone of flexure. Tilting 
toward the northwest may have encouraged failure of the 
delta-front. Rotated blocks are also present in the lowest 
parasequence of Kf-2 in the Coal Cliffs south of Miller 
Canyon and in the lower part of Muddy Creek Canyon. 

Kf-l-Iv-c has onlapped Kf-l-Iv-a. It represents a slightly 
younger episode of progradation filling space that Kf-l-Iv-a 
delta left unfilled, likely due to avulsion of the sediment Figure 15. Stratigraphic section from lvie creek canyon of Kf-l 
source. and Iy12 (originally at a scale of 1 inch = 10 feet L2.54 cm = 3 ml) 

On return to the vehicles, note the ~ross-sectional view showing lithobgy, nature of contacts, sedimentary structures, ich- 
of a channel in Kf-l-Iv-c on the second point east of here. nofossils, and parasequence &signatiom. 
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End of Day 2. Return to vehicles. Go 
westbound on 1-70 to junction with Utah 
Highway 10. Return to Salt Lake City 
via Price on U.S. Highway 6. 
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ABSTRACT 

This Field Excursion will visit outcrops of the fluvial-deltaic Upper Cretaceous (Turonian) Ferron Sand- 
stone Member of the Mancos Shale, known as the Last Chance delta or Upper Ferron Sandstone. This field 
guide and the field stops will outline the architecture and depositional sequence stratigraphy of the Upper 
Ferron Sandstone clastic wedge and explore the stratigraphic positions and compositions of major coal zones. 
The implications of the architecture and stratigraphy of the Ferron fluvial-deltaic complex for coal and coal- 
bed methane resources will be discussed. 

Early works suggested that the southwesterly derived deltaic deposits of the the upper Ferron Sandstone 
clastic wedge were a Type-2 third-order depositional sequence, informally called the Ferron Sequence. These 
works suggested that the Ferron Sequence is separated by a type-2 sequence boundary from the underlying 
3rd-order Hyatti Sequence, which has its sediment source from the northwest. Within the 3rd-order deposi- 
tional sequence, the deltaic events of the Ferron clastic wedge, recognized as parasequence sets, appear to be 
stacked into progradational, aggradational, and retrogradational patterns reflecting a generally decreasing sed- 
iment supply during an overall slow sea-level rise. The architecture of both near-marine facies and non- 
marine fluvial facies exhibit well defined trends in response to this decrease in available sediment. 

Recent studies have concluded that, unless coincident with a depositional sequence boundary, regionally 
extensive coal zones occur at the tops of the parasequence sets within the Ferron clastic wedge. These coal 
zones consist of coal seams and their laterally equivalent fissile carbonaceous shales, mudstones, and silt- 
stones, paleosols, and flood plain mudstones. Although the compositions of coal zones vary along depositional 
dip, the presence of these laterally extensive stratigraphic horizons, above parasequence sets, provides a 
means of correlating and defining the tops of depositional parasequence sets in both near-marine and non- 
marine parts of fluvial-deltaic depositional sequences. Ongoing field studies, based on this concept of coal 
zone stratigraphy, and detailed stratigraphic mapping, have documented the existence of at least 12 parase- 
quence sets within the Last Chance delta clastic wedge. These parasequence sets appear to form four high 
frequency, 4th-order depositional sequences. The dramatic erosional unconformities, associated with these 
4th-order sequence boundaries, indicate that there was up to 20-30 m of erosion, signifying locally substantial 
base-level drops. These base-level drops were accompanied by a basinward shift in paleo-shorelines by as 
much as 5-7 km. These 4th-order Upper Ferron Sequences are superimposed on the 3rd-order sea-level rise 
event and the 3rd-order, sediment supply/accommodation space driven, stratigraphic architecture of the 
Upper Ferron Sandstone. The fluvial deltaic architecture shows little response to these 4th-order sea-level 
events. 
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Coal zones generally thicken landward relative to the mean position of the landward pinch-out of the 
underlying parasequence set, but after some distance landward, they decrease in thickness. Coal zones also 
generally thin seaward relative to the mean position of the landward pinch-out of the underlying parase- 
quence set. The coal is thickest in the region between this landward pinch-out and the position of maximum 
zone thickness. Data indicate that the proportion of coal in the coal zone decreases progressively landward 
from the landward pinch-out. The effects of differential compaction and differences in original pre-peat 
swamp topography have the effect of adding perturbations to the general trends. These coal zone systematics 
have major impact on approaches to exploration and production, and the resource accessment of both coal 
and coalbed methane. 

INTRODUCTION sented by Garrison and van den Bergh, reiterated in the 

This Field Excursion is conducted in the northwestern 
field trip stop descriptions. 

portion of the Colorado Plateau in East-central Utah (fig. 1). 
Energy Resources in Fluvial-deltaic Reservoirs 

Here uplift and erosion of the broad north-northeast-trend- 
ing anticlinal structure of the San Rafael Swell along the 
northwestern margin of the Colorado Plateau exposes Creta- 
ceous rocks. The focus of this Field Excursion will be the 
outcrops of the fluvial-deltaic Upper Cretaceous (Turonian) 
Ferron Sandstone Member of the Mancos Shale (fig. 2). 

This field guide is organized in a fashion as to provide 
the field trip participant, and future workers in the Ferron 
Sandstone, with a comprehensive database and detailed field 
trip guide. A general introduction to the geology and stra- 
tigraphy of the Ferron Sandstone is presented and the 
major studies, that have contributed to our general under- 
standing of the stratigraphy of the Ferron Sandstone, have 
been discussed to provide a general background. Any omis- 
sions of previous works are due to unintentional oversights. 
This field guide has at its core, the recent and ongoing 
studies of Ganison and van den Bergh (e.g., van den Bergh, 
1995; Garrison and van den Bergh, 1996; 1997; van den 
Bergh and Gamson, 1996). The results of these studies, up 
to the time of the printing of this guidebook, are compiled 
and are included below in a short paper. 

A detailed road log, through the outcrop belt of the 
Ferron Sandstone, is provided below. Each day of the two 
day field trip has its own road log. Each of the road logs 
starts and end in Price, Utah. The road logs attempt to pro- 
vide the reader with geological, geographical, and cultural 
information, in hopes that the excursion through the Ferron 
Sandstone outcrops in the Castle Valley will both enjoyable 
and informative. The detailed discussions of the geology of 
each days field trip stops are presented separately from the 
road logs. They can be found immediately following each 
day's road log. This is done, first, to make it easier for the 
reader to follow the road log without interruptions, and sec- 
ondly, to make it more easy to obtain the key points and 
background geology for each field trip stops. In order to 
preserve continuity and to have both the paper of Gamson 
and van den Bergh and the field trip stop descriptions able 
to stand alone, the reader may find some information, pre- 

Fluvial-deltaic sandstones, such as the Ferron Sandstone, 
combined with their related strand-plain deposits, make up 
an estimated 45% of world's oil and gas reservoirs. The 
Ferron Sandstone produces natural gas; cumulative pro- 
duction exceeds 128 BCF (Laine and Staley, 1991), with a 
cumulative production of 8.8 MMCF from the Ferron Gas 
Field alone. In addition, the coals of the Ferron Sandstone 
have been targeted for coalbed methane production, result- 
ing in a cumulative production of over 30 BCF of coalbed 
methane. 

Most of the worlds coal reserves occur in fluvial-deltaic 
facies associations, such as the Ferron Sandstone. The Ferron 
Sandstone coals are analogous to, and similar in occurrence 
to, the coals of many coal fields in the eastern United States, 
Europe, Asia, and Australia. The Upper Ferron Sandstone 
of the Emery Coal Field has itself produced as much as 
600,000 tons/year of bituminous B rank coal. Total cumula- 
tive coal production from the Emery Coal Field exceeds 
9.5 million tons (Jahanbani, 1996). It is estimated that the 
Emery Coal Field has reserves in excess of 2.15 billion tons 
(Doelling, 1972). The Ferron Sandstone is but one of sever- 
al formations in the Cretaceous of Central Utah to produce 
coal. Estimates are that total coal production exceeds 22 
million tonsfyear in the Emery, Book Cliffs, and Wasatch 
Plateau Coal Fields of Central Utah (Semborsh, 1991). 

Coal Correlation and Geometry as a Tool in the Energy 
Industry 

In fluvial-deltaic facies associations, coals are ubiquitous, 
although many times discontinuous, lithostratigraphic hori- 
zons. There is a natural tendency to connect together these 
compact, lithologically unique beds in outcrop and subsur- 
face correlations. In the coal mining and the petroleum 
industries, performing subsurface coal correlations is an 
every day event. Even after years of industry experience, 
many subsurface correlations can still be problematic. This 
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Figure 1.  Location map for Ferron Sandstone outcrop belt andjeld trip stops. 
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Figure 2. Stratigraphic column for the Cretaceous of the Castle Valley. 
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uncertainty introduces risk into exploration and production 
decisions. The desire to reduce this risk drives geologists to 
continue to investigate and to seek improved methodolo- 
gies for making reliable subsurface correlations. 

There appears to be a genetic relationship existing be- 
tween the geometries of major coal beds and the geome- 
tries of the associated near-marine sediments in fluvial- 
deltaic deposits (e.g., see Ryer, 1981; Cross, 1988; Hamilton 
and Tadros, 1994). Numerous authors have proposed theo- 
ries to utilize these relationships in lithostratigraphic, genetic 
sequence stratigraphic, depositional sequence stratigraphic, 
and/or regression1 transgression sequence stratigraphic cor- 
relations (e.g., see Ryer, 1981; Cross, 1988; Hamilton and 
Tadros, 1994; Aitken, 1994; Ryer et al., 1980; Gamson and 
van den Bergh, 1996). 

Garrison and van den Bergh (1996) outlined, in a case 
study within the Upper Ferron Sandstone, stratigraphic 
relationships existing between the geometries of major coal 
beds and the geometries of the associated near-marine and 
non-marine sediments in Ferron fluvial-deltaic deposits. 
They describe this approach as coal zone stratigraphy and 
outline its use in depositional sequence stratigraphy. 

This field excursion will examine the use of coal zone 
stratigraphy in high-resolution depositional sequence strati- 
graphic correlations of the Upper Ferron Sandstone. The 
stratigraphic positions and compositions of the Ferron coal 
zones will be discussed, in the context of this stratigraphy. 
The implications of this stratigraphy for coal and hydrocar- 
bon exploration and production will also be addressed. 

GENERAL GEOLOGY AND STRATIGRAPHY 
OF THE FERRON SANDSTONE 

Introduction 

The Upper Cretaceous (Turonian) Ferron Sandstone 
Member of the Mancos Shale is one of several eastward 
thinning clastic wedges that prograded into the Mancos Sea 
dong the western margin of the Interior Cretaceous Seaway, 
between 89 and 90 million years ago (Gardner, 1992). The 
Ferron deltaic complex was deposited into the Mancos Sea 
in response to the abundant supply of sediments shed from 
the thrust-faulted and uplifted Sevier Orogenic belt located 
to the west in southeastern Nevada, western Utah, and 
southern Idaho. It reaches a thickness of over 1100 feet in 
the western area beneath the Wasatch Plateau and extends 
over 10,500 square kilometers (Tripp, 1989). The Ferron 
Sandstone is exposed along the approximately 170 kilome- 
ter length of the northeasterly trending outcrop belt. 

The Ferron Sandstone can be divided into two distinct 
clastic wedges (Ryer, 1981). The lower portion of the Ferron 
Sandstone is a thin, northerly derived storm- and wave- 
dominated shorelineIdeltaic complex, informally called the 
Vernal delta. The upper portion of the Ferron Sandstone is 

a younger, thicker, and more north-northeasterly prograding 
deltaic complex, informally called the Last Chance delta. 
The Last Chance deltaic complex is exposed along the out- 
crop belt generally parallel to the deltaic progradational 
direction. There is almost a complete 92 lan long dip sec- 
tion exposure of the deltaic complex. The width of the out- 
crops of the Ferron Sandstone perpendicular to the trend of 
the outcrop belt is generally less than about 5 km, thus 
allowing very little opportunity to examine the deltaic 
deposits in the strike direction (Ryer, 1981) (fig. 1). In this 
discussion, only the upper clastic wedge of the Ferron 
Sandstone lmown as the Ferron Last Chance delta complex 
or the Upper Ferron Sandstone (Ryer, 1981) will be 
addressed, unless otherwise noted. 

Stratigraphy 

Ryer and McPhillips (1983) recognized that the Ferron 
deltaic complex was composed of sediments deposited dur- 
ing a series of transgressions and regressions of the Creta- 
ceous shoreline. Ryer (1981;1982) recognized five deltaic 
cycles within the Last Chance deltaic complex of the south- 
em Ferron Sandstone outcrop belt. These delta-front sand- 
stones were referred to as sandstones 1-5. Ryer (1981; 1982) 
noted that the delta-front sandstone 2 had both a seaward 
and landward limit displaced further seaward than delta- 
front sandstone 1 and that delta-front sandstones 3-5 each 
have seaward limits displaced successively landward. In a 
subsurface well-log study, Ryer and McPhillips (1983) iden- 
tified delta-fiont sandstones 1-5 in the subsurface beneath 
the Castle Valley and the Wasatch Plateau. Subsequent 
work by Gardner (1992; 1993) and Ryer (1991) led to the 
identification of two more, stratigraphically higher, delta 
cycles in the outcrop belt, referred to as 6-7; both have sea- 
ward limits displaced successively landward. The Ferron 
Sandstone was subdivided into 7 major deltaic events 
(Gardner, 1992; 1993). Gardner also suggested that an eighth 
delta-front sandstone occurred in the subsurface further 
south. Gardner's eighth, subsurface, deltaic unit will not be 
discussed in this paper. Recent works have subsequently 
delineated an additional eighth delta-front sandstone in the 
outcrop belt. 

Major coal beds occur within the Ferron sandstone com- 
plex and generally mark the top of the deltaic events. The 
coal nomenclature was first developed by Lupton (1916) 
and retained by Ryer (1981; 1982) and Gardner (1993). These 
coal beds can be easily correlated through the Ferron delta- 
front complex and can be further correlated as discontinu- 
ous zones of coal and carbonaceous shale into the distribu- 
tary channeI dominated delta-plain setting (Garrison and 
van den Bergh, 1996). Many of the major coal beds within 
the Ferron Sandstone contain one or more layers of kao- 
linitichentonitic material representing altered volcanic ash 
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falls (Ryer et. al., 1980). The coal beds together with altered Gardner (1992; 1993) described the individual deltaic 
volcanic ash layers can be generally used as chronostrati- events, within the 3rd-order Ferron Sequence, as genetic se- 
graphic indicators. quences (Galloway, 1989). Recent workers have described 

them as depositional parasequence sets (e.g., van den Bergh, 
Sequence Stratigraphy-Historical Development 1995; Anderson and Ryer, 1995; Ryer and Anderson, 1995; 

Gardner (1992; 1993) examined these deltaic events and 
placed them into a sequence stratigraphic framework. He 
recognized the upper portion of the Ferron Sandstone to be 
a Type-2 third-order depositional sequence, called the 
Ferron Sequence. A Type-2 sequence boundary is physical- 
ly expressed by a downward shift in coastal onlap, onlap of 
overlying strata, and subaerial exposure with minor ero- 
sional truncation at the top or base of the progradational, 
parasequence set (Van Wagoner et. al., 1990). The south- 
westerly derived deltaic deposits of the 3rd-order Ferron 
Sequence contains Scaphites ferronensis and is separated 
by a type-2 sequence boundary from the underlying 3rd- 
order Hyatti Sequence, which contains the ammonite E 
hyatti (Gardner, 1992). The Hyatti Sequence has its sedi- 
ment source from the northwest (Gardner, 1993). Gardner 
(1993) places the sequence boundary at the base of the 
Upper Ferron Sandstone above the Hyatti condensed sec- 
tion. Ryer (1994) suggested that the fluvial-deltaic sandstones 
of the lower Ferron Sandstone (i.e., the Hyatti Sequence) 
probably formed in response to a dominantly eustatic sea 
level change. Leithold (1994) also suggested that the Hyatti 
Sequence (i.e., Lower Ferron Sandstone and its correlative 
siltstones and shales of the Tununk Member of the Mancos 
Shale) was formed as a result of a high frequency (i.e., 3rd- 
order) eustatic sea level change superimposed on the tec- 
tonically induced 2nd-order ~ r e e n h o i  sea level cycle. 
Leithold (1994) also suggested that the Lower Ferron Sand- 
stone, of the Hyatti Sequence, probably formed during the 
regressive phase of the Greenhorn sea level cycle (i.e., at 
the point of maximum sea level regression). Ryer (1994) 
postulated that the Upper Ferron Sandstone (i.e., the Ferron 
Sequence) probably formed in response to an increase in 
sediment supply associated with increased tectonic activity 
in the Sevier orogenic belt, during a period of slow sea 
level rise (i.e. during a 3rd-order slow sea level rise). These 
3rd-order cycles are postulated to be on the order of 
400,000 years in duration (Leithold, 1994). 

Leithold (1994) hypothesized that the higher frequency 
Greenhorn events (i.e., parasequence sets and parase- 
quences) are probably associated with local autocyclic 
events, although many of these events appear to be more 
basin-wide in extent and thus, may be associated with cli- 
matic changes or Malankovitch cycles, van den Bergh and 
Sprague (1995) and van den Bergh (1995) first discussed 
the possibility of additional high frequency (i.e., 4th-order) 
sequences within the 3rd-order Ferron Sequence deltaic 
complex. 

Gamson and van den Bergh, 1996). After examining the 
seaward and landward limits of the delta-front complexes, 
Gardner (1993) recognized that genetic sequences 1 3  suc- 
cessively stepped seaward recording an overall regressive 
event and genetic sequences 4-7 recorded a relative trans- 
gression, with genetic sequences 45 being aggradational 
and genetic sequences 6-7 back-stepping sharply landward. 
Although described as depositional parasequence sets, the 
stacking pattern of the delta cycles was later confirmed by 
Ryer and Anderson (1995). van den Bergh and Sprague 
(1995) postulated that these parasequence sets may be 
grouped into high-frequency 4th-order depositional se- 
quences within Gardner's 3rd-order Ferron Sequence. 

Coals, where preserved within the Ferron Sandstone, 
generally occur below the flooding surface at the top of 
each of the delta cycle or parasequence sets (e.g., see 
Garrison and van den Bergh, 1996). Gamson and van den 
Bergh (1997) have noted that in a few instances, that in 
addition a transgressive lag or a high-order depositional 
sequence boundary may occur at the top of a parasequence 
set. Based on the Ferron coal zone stratigraphy and detailed 
stratigraphic mapping, Garrison and van den Bergh (1996; 
1997) have subsequently documented the existence of at 
least 12 parasequence sets (i.e., including single hierarchi- 
cally equivalent parasequences) which form four high fre- 
quency, 4th-order depositional sequences (fig.3). These 4th- 
order events are superimposed on the slow 3rd-order sea- 
level rise event discussed by Gardner (1993) and Leithold 
(1994). The work of Garrison and van den Bergh (1997) 
suggests that the 3 stratigraphically lowest parasequence 
sets, within the Ferron clastic wedge, may actually belong 
to the underlying 3rd-order Hyatti Sequence. Widespread 
condensed sections lie stratigraphically above (Garrison 
and van den Bergh, 1997) and below (Gardner, 1993) the 
Upper Ferron Sandstone clastic wedge. 

COAL ZONE AND HIGH-RESOLUTION 
DEPOSITIONAL SEQUENCE STRATIGRAPHY 

AND ARCHITECTURE OF THE UPPER 
FERRON SANDSTONE 

James R. Garrison, Jr. and TC.V van den Bergh 

Introduction 

In the petroleum industry, performing subsurface corre- 
lations is an every day event. Uncertainty in subsurface cor- 
relations introduces risk into exploration and/or production 
management decisions. The desire to reduce this risk drives 
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geoscientists to continue to investigate and to seek improved 
methodologies for mahng reliable subsurface correlations. 

Coals are intuitively excellent stratigraphic correlation 
horizons because they are easily recognizable in outcrop, 
core, and on logs, they tend to be laterally extensive, and 
generally chronostratigraphic markers. In fluvial-deltaic 
facies associations, coal seams are ubiquitous, although many 
times discontinuous, lithostratigraphic horizons. There is 
an intuitive tendency to connect together these compact, 
lithologically unique beds in outcrop and subsurface corre- 
lation exercises. 

There appears to be a clear genetic relationship between 
the geometries of major coal beds and the geometries of the 
associated near-marine sediments in fluvial-deltaic deposits. 
Numerous authors have proposed theories to utilize these 
relationships in lithostratigraphic, genetic sequence strati- 
graphic, depositional sequence stratigraphic, and/or regres- 
sion/transgression sequence stratigraphic correlations (e.g., 
see Cross, 1988; Hamilton and Tadros, 1994; Ryer, 1981; 
Aitken and Flint 1994,1995, van den Bergh, 1995; Garrison 
and van den Bergh, 1996). This paper details the high-reso- 
lution depositional sequence stratigraphy of the Upper 
Ferron Sandstone and outlines the ideas for the use of coal 
zone stratigraphy as a tool in high-resolution depositional 
sequence stratigraphic correlations, as proposed by Garrison 
and van den Bergh (1996). 

Coal zones-An Extension of Coal Seam Stratigraphy 

Flint et al., (1995), Aitken and Flint (1995), Gastaldo et al., 
(1993), Garrison and van den Bergh (1996) and van den 
Bergh (1995) have examined coal stratigraphy in a deposi- 
tional sequence stratigraphic context. Aitken (1994) pointed 
out that in many situations coals may become thin and lat- 
erally restricted, commonly becoming poorly developed, 
with carbonaceous mudstones, shales, and siltstone and 
paleosols becoming more prevalent. The observation that 
coal seams, in the Ferron Sandstone, are commonly associ- 
ated with carbonaceous siltstone and shales and paleosols, 
has suggested to the authors that coal zones (i.e. coals and 
their lateral equivalents) may prove useful tools in se- 
quence stratigraphic correlations in fluvial-deltaic systems. 

Garrison and van den Bergh (1996) define coal zones as 
coal seams and their laterally equivalent fissile carbona- 
ceous mudstones, shales and siltstones, paleosols (e.g., root- 
ed horizons), and flood plain mudstones. It should be noted 

variable geometry, associated with back barrier environ- 
ments, while coals in the upper delta plain to alluvial plain 
become thicker, more elongate, and associated with lacus- 
trine and fluvial deposition systems (e.g., Fielding, 1985). 
This paper extends the well documented coal seam stratig- 
raphy, as discussed above, to more non-marine, continental 
environments. Gamson and van den Bergh (1996) explain 
where these coal zones reside in the shoaling upward facies 
tracts outlined by Van Wagoner et. al. (1990) and developed 
a methodology for using coal zones in high resolution depo- 
sitional sequence stratigraphy. 

In the study of Garrison and van den Bergh (1996), a 
model was proposed in which peat accumulations and their 
laterally equivalent delta plain/alluvial plain facies associa- 
tions, occur, generally time synchronously, in a variety of 
depositional situations ranging from back barrier (near- 
marine) peat swamps (i.e., generating true coal seams as 
defined by Hamilton and Tadros (1994) and Ryer, (1981)), to 
local to sub-regional ephemeral organic-rich swamp/lacus- 
trine environments to very localized abandoned fluvial chan- 
nel settings. All of these organic-rich peat or organic-rich 
mud accumulations are time synchronous, although not 
necessarily connected in space, either in elevation or geo- 
graphic proximity. Ye (1995) also describes rooted paleosols 
that can also be correlated, for many kilometers, in fluvial 
flood-plain settings. This "South Louisiana" bayou/swamp 
model is most common in temperate to tropical delta plain 
and d~stal alluvial plain settings. Ryer (1981), McCabe (1993), 
Shanley and McCabe (1993), Cross (1988), and Vail (1987) 
have also discussed the occurrences of coal bearing strata in 
relation to their stratigraphic positions within a fluvial- 
deltaic sequence and hypothesized that the thickest accu- 
mulations of coal occur in areas landward of aggradational 
or landward-stepping shorelines. 

The coal zone stratigraphic model has been successfully 
tested in a 3 km strike cross-section of the delta plain/allu- 
vial plain facies association of the Ferron Sandstone. This 
coal zone correlation has also been further tested by con- 
structing of a 40 krn dip section, both north and south of 
the strike section, in the delta plain/alluvial plain to near- 
marine facies associations. It has been clearly demonstrated 
that coal seams occurring above near-marine parasequence 
sets are transitional into coal zones as they are traced land- 
ward into the non-marine facies associations (van den Bergh, 
1995; Gamson and van den Bergh, 1996). 

that a coal zone may, vertically or laterally, consist of any 
A Case Study in the Upper Ferron Sandstone 

combination of these components. This concept of coal 
zones has evolved as an outgrowth of the challenge of cor- The Upper Cretaceous Ferron Sandstone Member of 
relating coal horizons from within the lower delta plain/ the Mancos Shale accumulated during late Turonian time 
near-marine transition landward into the delta plain /allu- as a series of river- and storm-dominated deltaic deposition- 
vial plain environments. It is well known that lower delta al episodes (e.g., see Ryer, 1981). Offshore marine, delta- 
plain coals are generally laterally extensive and thin, with front, delta-plain, and alluvial-plain depositional facies are 
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recognized within the Ferron delta complex. Ryer and 
McPhillips (1983) recognized that the Ferron deltaic com- 
plex was composed of sediments deposited during a series 
of transgressions and regressions of the Cretaceous shore- 
line of the Mancos Sea. The upper clastic wedge of the 
Ferron Sandstone, known ad the Last Chance delta, can be 
subdivided into 7 major deltaic events (Ryer, 1991). Gardner 
(1993) described these deltaic events as genetic sequences. 
Recent workers have described them as parasequence sets 
(e.g., van den Bergh, 1995; Anderson and Ryer, 1995; Gar- 
rison and van den Bergh, 1996; 1997). Major coal beds 
occur within the Ferron Sandstone complex and, generally, 
mark the top of parasequence sets (van den Bergh, 1995; 
Garrison and van den Bergh, 1996). The coal nomenclature 
was first developed by Lupton (1916) and retained by Ryer 
(1981) and Gardner (1993). These coal beds can be easily 
correlated through the Ferron delta-front complex. Most of 
the major coal beds within the Ferron Sandstone contain 
one or more layers of kaolinitic/bentonitic material repre- 
senting altered volcanic ash falls (Ryer et. al., 1980; Gamson 
and van den Bergh, 1996). The coals together with altered 
volcanic ash layers can be used as time line indicators. 

The studies of Garrison and van den Bergh (1996; 1997) 
resulted in the construction of a short 3 krn strike cross-sec- 
tion in Willow Springs Wash, Willow Springs Quadrangle, 
to document the uses of coal zones as tools for delineating 
parasequence sets in non-marine sections, and in the con- 
struction of a 40 km long sub-regional dip cross-section 
from the Limestone Cliffs, north of Last Chance Creek, to 
Dry Wash, in Willow Springs, Walker Flat, Mesa Butte, 
Emery East, and Short Canyon Quadrangles to test the coal 
zone stratigraphy model. The strike cross-section is based 
on 11 measured sections, seven of which are detailed sedi- 
mentological measured sections and four are geometric 
(i.e., only thicknesses of lithologic units are recorded with 
grain-size and sedimentary structures generalized). The dip 
cross-section is a projected 40 km long section based on 45 
measured sections, five of which are geometric, and one 
core. The emphasis in the construction of these cross-sec- 
tions was the application of coal zone stratigraphy and its 
relationship to the architecture and stacking patterns of 
parasequences and parasequence sets in a depositional 
sequence stratigraphic framework. Parasequence sets were 
delineated, and where possible, parasequences were bro- 
ken out. The nature of the upper boundaries of parase- 
quences and parasequence sets was determined. 

The original delta cycle and/or genetic sequence and/or 
depositional sequence nomenclature (e.g., cycles 1-7, genetic 
sequences 1-7, and parasequence sets 1-7) is so prevalent 
in the literature (e.g., Ryer, 1991; Gardner, 1993; Ryer and 
Anderson,l995;, and Garrison and van den Bergh, 1996), 
that the authors have chosen to retain this numeric scheme 
in this study, although more than seven events have been 

identified by the authors. How this will be accomplished is 
described below. For example, multiple parasequences iden- 
tified within the original delta cycle 2 will be consecutively 
denoted as Parasequences 2a, 2b, 2c, etc. (Parasequence de- 
noted as upper case ). Furthermore, multiple parasequence 
sets identified within delta cycle 2 will be consecutively 
denoted as Parasequence Sets 2A, 2B, 2C, etc. (Parasequence 
Set denoted as upper case). This convention will retain the 
connection to the original Ferron nomenclature and make 
discussions of the newer depositional sequence stratigra- 
phy easier. The only exception to this scheme is that the 
oldest identified parasequence in Parasequence Set 1 is 
given the non-sequential, designation of Parasequence lz. 
This was done, in part, because its entire dip length has not 
yet been quantified in the studies of Gamson and van den 
Bergh (1996). 

Ferron Sandstone Depositional Sequence Stratigraphy 

These detailed cross-sections have delineated 12 parase- 
quence sets within the Upper Ferron Sandstone (fig. 3). In 
the cross-sections, 12 near-marine parasequences have been 
identified within Ferron Parasequence Set 1 (denoted lz, 
la-lk); 4 occur within Ferron Parasequence Set 2A (denoted 
2a-2d). Parasequence Set 2B contains only Parasequence 
2e. Parasequence Set 2C contains 5 parasequences (denot- 
ed 2f-2j). Parasequence Set 3 contains only two parase- 
quences. Both Parasequence Sets 4A and 4B contains only 
one parasequence. Parasequence Set 5A contains 2 parase- 
quences and Set 5B contains only one. Parasequence Set 6 
contains one parasequence. Parasequence Set 7 contains 4 
parasequences. Parasequence Set 8 contains two parase- 
quences. The single parasequences of Parasequence Sets 
2B, 4 4  4B, 5B, and 6 have been given hierarchical equiva- 
lence to a parasequence set. Parasequence Sets 3-8 are 
represented along the Ferron Sandstone outcrop belt as 
dominantly delta plain facies associations (fluvial channel 
belts, crevasse splays, delta plain mudstones, and carbona- 
ceous shale/coals). Fluvial channel belts have widthlthick- 
ness that varies as a function of parasequence set stacking 
pattern (van den Bergh and Gamson, 1996). These system- 
atics are honored in the coal zone stratigraphy and parase- 
quence set delineations. 

The 12 parasequence sets form four high frequency, 4th- 
order depositional sequences (denoted FS14)  (fig. 3). The 
lowest 4th-order sequence FS1 consists of three parase- 
quence sets. FS2 also consists of three parasequence sets. 
FS3 consists of two parasequence sets and FS4 consists of 
four parasequence sets. In general, the 4th-order deposi- 
tional sequences consist of progradational and/or aggrada- 
tional parasequence sets, with the upper-most, highstand 
(back-stepped) parasequence set lying stratigraphically 
above a transgressive lag deposit. The upper boundaries of 
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Figure 3. Cross-section showing the depositional sequence stratigraphy of the Upper Femon Sandstone. Between Limestone Cliffs and the Emery Mine is datum is the top of 
the sub-A coal zone; from the Emery Mine to Pictograph Point the datum is the base of the composite A-C coal zone; from Pictograph Point to Dry Wash the datum is the top 
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parasequence sets, when not coincident with sequence 
boundaries, are coal zones. 

The upper boundaries of 4th-order depositional se- 
quences FS1, FS2, and FS3, are marked by regionally ex- 
tensive erosional unconformities produced by major fluvial 
events that record major basinward shifts in depositional 
facies. It appears that erosion along these sequence bound- 
ary surfaces has removed most, if not all, of any previously 
deposited coals. The up-dip correlative surface of the upper 
boundary of FS2 is an extensive rooted zone in the non- 
marine part of the section. The up-dip correlative surfaces 
of FS1 and FS3 are still problematic. The lower boundary 
of FS1 is immediately above the Hyatti condensed section 
(Gardner, 1993) suggesting that it is actually a correlative 
conformity/condensed section boundary in this part of the 
basin. The upper boundary of FS4 is a below a concretion- 
bearing condensed section a few m above the uppermost 
sandstones of FS4. Based on this interpretation, FS1 should 
probably be assigned to the 3rd-order Hyatti Sequence of 
Gardner (1993) and FS2, FS3, and FS4 assigned to the 3rd- 
order Ferron Sequence of Gardner (1993). FS1 would be 
the 4th-order highstand depositional sequence of the 3rd- 
order Hyatti Sequence. FS2 and FS3 would be the 4th- 
order progradational to aggradational sequences of the 3rd- 
order Ferron Sequence (i.e., representing a shelf-margin 
systems tract) and FS4 is the 4th-order transgressive depo- 
sitional sequence of the Ferron Sequence. The 4th-order 
highstand sequence of the Ferron Sequence is not located 
in the study area, but is only represented by condensed 
section sediments. 

Seaward-Stepping Parasequence Sets 

In the context of the larger scale 3rd-order Ferron Se- 
quence defined by Gardner (1992; 1993), each of the delta 
cycles represented by Ferron Parasequence Sets 1, 2A-2C, 
and 3 progressively step seaward. The landward pinch-out of 
the near-marine sandstones (i.e., location of paleo-shorelines) 
of each younger parasequence set is progressive hrther 
down-dip. Internally, within each of these parasequence 
sets, the parasequences themselves exhibit a progradation- 
al, seaward-stepping stacking pattern. Coal zones typically 
occur at or near the top of these depositional parasequence 
sets, with the thickest portion of the coal zones occumng 
near the landward pinch-out of the near-marine delta-front 
sandstones of the depositional parasequence sets. The sub- 
A coal zone caps Ferron Parase- quence Set 1; the A coal 
zone caps Parasequence Set 2; the C coal zone caps Parase- 
quence Set 3. It is common for these coal zones to split 
near the top of a depositional parasequence set. 

Paraseauence Set 1 

Ferron Parasequence Set 1 contains at least 12 river-dom- 
inated, fluvial-deltaic parasequences (denoted lz, la-lk), 

that exhibit a seaward-stepping stacking pattern (fig. 3). 
Within Parasequence Set 1, the landward pinch-out of the 
near marine facies of each successively younger parase- 
quence steps seaward by an average of about 2-5 km, rela- 
tive to the landward pinch-out of the near marine facies of 
immediately underlying parasequence. The near-marine 
sandstones of Parasequence Set 1 extend at least 27 km in 
the dip direction. 

The near-marine parasequences in Ferron Parasequences 
Set 1 exhibit both vertical and lateral facies changes from 
(1) stream mouth bar (SMB), to (2) proximal delta front 
(pDF), to (3) distal delta front (dDF), to (4) prodelta (PD) 
(figs. 4 and 5). Both poximal and distal delta front deposits, 
as denoted here, represent subdivisions of the distal bar 
facies of Ryer (1981). Distributary channels (DC) and delta 
plain (DP) facies associations are commonly present as 
well. Distal prodelta/shelf slumping, indicating instability 
as a result of rapid deposition, is common. Contorted bed- 
ding, flame structures, escape burrows, and the cannibaliz- 
ing of distal stream mouth bar by poximal stream mouth 
bar (or distributary) channels also suggests generally a rapid 
rate of deposition (van den Bergh, 1995). In general, Para- 
sequence Set 1 delta front deposits exhibit little to mild evi- 
dence of wave influence. They locally exhibit poorly devel- 
oped hummocky stratification and only rare bi-directional 
ripple stratification. 

Parasequences lz-ld appear to represent a series of 
delta lobes prograding seaward in a northeasterly direction 
(25'40" azimuth), each of which progressively steps sea- 
ward and rises stratigraphically relative to the immediately 
underlying parasequence. The outcrop belt is approximately 
along the depositional dip direction. The landward pinch- 
out of the near marine facies, of each successively younger 
parasequence, steps seaward by an average of about 2-5 
krn, relative to the landward pinch-out of the near marine 
facies of immediately underlying parasequence. The near- 
marine facies of Parasequences la, Ib, Ic, and Id are 
approximately 4.9 km, 6.3 km, 8.4 km, and 7.5 km, in dip 
length, respectively, and maximum thicknesses are 24 m, 20 
m, 10 m, and 17 m, respectively. Parasequence l c  is a com- 
posite delta with 2 3  mouth bars. Parasequences le,  If, Ig, 
and l i  appear to have formed in response to the northwest- 
erly (310°3350 azimuth) progradation of very small, river- 
dominated sub-delta lobes. The outcrop belt cuts these 
parasequences in a strike-oblique direction. Parasequences 
le,  If, lg, and l i  are approximately 2.9 km, 3.7 km, 2.7 km, 
and 2.5 km in strike width, respectively, and the maximum 
thicknesses are 22 m, 17 m, 9 m, and 13 m, respectively. 
Parasequence If appears to be a composite delta with two 
mouth bars. Parasequences l h  and Ik appear to represent 
small delta lobes prograding seaward in a northeasterly 
direction. Parasequence Ik pinches out into a split of the 
sub-A coal zone. The dip lengths of l h  and lk are approxi- 
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Figure 4. Photograph of the Upper Fen-on Sandstone Parasequence Set 1 at Ivie Creekll-70 outcrop. 

mately 2.5 km and 2.4 km and maximum thicknesses are 15 
m and 7 m, respectively. 

Parasequence Ij, occurs within a split in the sub-A coal 
zone, and is represented in the outcrop belt as a brackish 
water bay mudstone, to the south near 1-70, and as a small 
2.9 km, 3 m thick delta front sandstone body, to the north in 
Quitchapah Creek Canyon. 

In the Limestone Cliffs, the sub-A coal zone is approxi- 
mately 15 m thick and splits into two components denoted 
sub-A1 and sub-A2. The sub-A1 coal zone disappears in 
Coyote Basin and the Sub-A2 coal zone disappears in Rock 
Canyon. A coal zone stratigraphically equivalent to the 
Sub-& reappears in Blue Trail Canyon and splits into two 
components near 1-70, where they are designated the sub- 
A3 and sub-A4. The sub-A3 and sub-A4 section of the sub- 
A coal zone extends some 8.5 km, from Blue Trail Canyon 
to North Quitchapah Creek. The total dip length for the 
sub-A coal zone is at least 27 km. In the Limestone Cliffs, 
the sub-A2 coal zone contains a very well-developed ton- 
stein. This sub-A2 tonstein has not been identified further 
down-dip. 

2B. Parasequence Set 2B is severely truncated by sequence 
boundary erosion, such that its true extent cannot be ascer- 
tained. Parasequence Set 2C contains 5 parasequences 
(2f-2j). The near-marine sandstones of Parasequence Set 
2C extend allout 29 km in the dip direction. 

The near-marine parasequences in Ferron Parasequence 
Set 2A, 2B, and 2C all exhibit both vertical and lateral facies 
changes from (1) stream mouth bar and reworked stream 
mouth bar (frequently preserved as upper shoreface deposits 
(USF)), to (2) reworked delta front (pDF and dDF) (fre- 
quently preserved as middle (MSF) and lower shoreface 
(LSF) deposits), to (3) prodelta (figs. 6 and 7). South of 
Willow Springs Wash, distributary channels and delta plain 
facies associations are present as well. In general, Parase- 
quence Set 2 stream mouth bar and distal bar (i.e., pDF 
and dDF) deposits exhibit evidence of moderate wave 
influence. The stream mouth bar deposits are frequently 
moderately burrowed (ichnofacies Skolitlaos) and may exhibit 
well-developed trough and hemngl>one stratification. The 
distal bar deposits are frequently moderately burrowed 
(ichnofacies SkolitJlos and Cwiana),  but exhibit well- 
developed hummocky and planar stratification and bi- 
directional ripple-stratification (van den Bergh, 1995). 

Parasequences 2a and 2b appear to represent large wave 
influenced, river-dominated delta lobes prograding seaward 
in a northeasterly direction. South of 1-70, Parasequence 2a 
progrades northeast (034" azimuth) (van den Bergh, 1995). 
In the vicinity of 1-70 and Ivie Creek, Parasequence 2a pro- 
grades northeast (025" azimuth). Parasequence 2b is actually 

Paraseauence Sets 2A. 2B. and 2C 

Parasequence Set 2A contains 4 wave-modified, river- 
dominated parasequences (2a-2d), that exhibit a seaward- 
stepping stacking pattern (fig. 3). The near-marine sand- 
stones of Parasequence Set 2A extend about 36 km in the 
dip direction. Parasequence 2e is hierarchically equivalent 
to a parasequence set and is placed in Parasequence Set 
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Figure 5. Measured section through the Upper Ferron Sandstone Parasequence Set 1 at the 1- 70 roadcut. 
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a composite delta lobe with a more easterly progradation 
direction. In the vicinity of Scabby Canyon and 1-70, Para- 
sequence 2b progrades northeast (045" azimuth). The land- 
ward pinch-out of the near-marine facies of Parasequence 
2b steps seaward 3.5 lan, relative to the landward pinch-out 
of the near-marine facies of the immediately underlying 
Parasequences 2a. Near-marine Parasequence 2c appears 
to be a deltaic lobe prograding northeast (025" azimuth) into 
a quiet brackish-water bay. The landward pinch-out of near- 
marine facies of Parasequence 2c occurs almost 7.5 km sea- 
ward of the landward pinch-out of the underlying Parase- 
quence 2b. Parasequence 2d is a major delta lobe prograd- 
ing northeast (050" azimuth). The landward pinch-out of 
Parasequence 2d steps seaward almost 2.7 km from the 
pinch-out of Parasequence 2c. There is slight stratigraphic 
rise associated with each seaward step. The near-marine 
facies of Parasequences 2a, 2b, 2c, and 2d are approximately 
18.0 km, 15.1 km, 11.4 km, and 24.0 km in dip length, re- 
spectively and maximum thicknesses are 31 m, 16 m, 10 m, 
and 19 m, respectively. 

Parasequence 2e has its landward pinch-out, in Quit- 
chapah Creek Canyon, about 0.5 km seaward from the 
pinch-out of Parasequence 2d. In Bear Gulch, Parasequence 
2e lies upon a highly bioturbated transgressive lag deposit. 
This transgressive lag deposit can be traced over 3 km 
northward into Muddy Creek Canyon, where it goes into 
the subsurface. Parasequence 2e has a very small stream 
mouth bar deposit and for much of its length. In Muddy 
Creek Canyon, it has distal delta front and prodelta facies 
lying stratigraphically above the stream mouth bar deposits 
of Parasequence 2d, suggesting a slight back-stepping rela- 
tive to Parasequence 2d. Based on these observations, Para- 
sequence 2e has been assigned to the stratigraphically higher 
Parasequence Set 2B. Due to severe degrees of erosional 
truncation by overlying fluvial deposits, it cannot be deter- 
mined whether additional parasequences existed in Parase- 
quence Set 2B prior to Parasequence Set 2C fluvial erosion. 

From North Quitchapah Creek Canyon, near the Emery 
Mine, to Muddy Creek Canyon, Parasequence Set 2C con- 
sists of a major fluvial channel belt complex that incises up 
to 25 m deep into Parasequence 2A and 2B. South of 1-70, 
this incision is represented only as an erosional unconfor- 
mity, with up to 30 m of relief, as most of the sediment was 
by-passed some 5 km seaward to the northeast. This fluvial 
system marks a basinward shift of 3 km and a substantial 
base level fall. The wave-modified, river dominated, near- 
marine sandstones of Parasequence 2C, represented by 
Parasequences 2f, 2g, 2h, 2i, and 2j have their landward 
pinch-outs in South Muddy Creek Canyon, Muddy Creek 
Canyon, north of Bitter Seep Wash on the Molen Reef, Dry 
Wash, and near Short Canyon, respectively. Parasequences 
2f and 2g are near vertically stacked. Parasequences 2h, 2i, 

and 2j represent seaward steps of 6.7 km, 1.2 km, and 7.5 
krn respectively The near-marine facies of Parasequences 
2f, 2g, 2h, 2i, and 2j are approximately 16.2 km, 16.8 km, 
11.6 km, 16.7 km, and 13.3 km in dip length, respectively 
and maximum thicknesses are 8 m, 10 m, 13 m, 15 m, and 
11 m, respectively. Locally, in the Miller Canyon area, the 
upper part of Parasequence Set 2C contains small laterally 
restricted flood tidal delta deposits. These deposits are inti- 
mately associated with the A coal zone. 

Parasequence Set 2C is capped by the A coal zone (fig. 
3). In Blue Trail Canyon, the A coal zone splits into three 
components denoted Al, A2, and A3; the A1 coal zone dis- 
appears near 1-70; only the A2 and A3 coal zones can be 
seen in Quitchapah Creek Canyon. In the region from just 
south of Bear Gulch to Muddy Creek, the A coal zone lies 
conformably below the C coal zone. The A coal zone 
extends over 40 km, from the Limestone Cliffs to just north 
of Dry Wash. Most of the coal deposited at the top of 
Parasequence Sets 2A and 2B was probably subsequently 
removed by erosion and is now represented only by the 
unconformity between FS1 and FS2. This will be discussed 
in more detail below. 

Parasequence Set 3 

Parasequence Set 3 contains 2 wave-modified, river- 
dominated parasequences, that exhibit an aggradational to 
seaward-stepping stacking pattern (fig. 3). The near-marine 
sandstones of Parasequence Set 3 extend about 22 km in 
the dip direction. Parasequence Set 3 contains 2 parase- 
quences, denoted Parasequences 3a and 3b. In the south- 
em half of the outcrop belt, Parasequence Set 3 is repre- 
sented by non-marine delta plain facies associations com- 
posed of delta plain mudstones, large distributary channel 
belts, crevasse splay sandstones, over-bank deposits, and 
carbonaceous shales and siltstones. 

The near-marine parasequences in Ferron Parasequence 
Set 3 exhibit both vertical and lateral facies changes from 
(1) stream mouth bar and reworked stream mouth bar (fre- 
quently preserved as upper shoreface deposits (USF)), to 
(2) reworked delta front (pDF and dDF) (frequently pre- 
served as middle (MSF) and lower shoreface (LSF) deposits), 
to (3) prodelta. From Cedar Ridge Canyon to Dry Wash, 
Parasequence Set 3 also contains tidal inlet and channel 
deposits. 

Parasequences 3a and 3b represent delta lobes with a 
general east-northeastern progradational direction (075" 
azimuth). This paleoshoreline is much north-south oriented 
(approximately 345" azimuth) than that of underlying and 
overlying parasequence sets. Parasequence 3a and 3b have 
near-marine facies that are 10.8 km and 20.8 km in dip 
length, respectively, and maximum thicknesses of 5 m and 
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Figure 6. Photograph of the Upper Ferron Sandstone Parasequence Set 2A at the 1-70 roadcut. 

16 m, respectively. Parasequence 3b steps seaward less 1 km 
relative to Parasequence 3a. Parasequence 3a steps land- 
ward 13 km relative to the youngest parasequence in Para- 
sequence Set 2C. 

Parasequence Set 3 is capped by the C coal zone. The C 
coal zone extends over 35 km from the Limestone Cliffs to 
it seaward pinch-out in Cedar Ridge Canyon. In Willow 
Springs Wash, the C coal zone splits into two components 
denoted C1 and C2; the C2 coal zone appears to not be 
present further down-dip than north Quitchapah Creek; 
the C1 coal zone locally splits into two components near 
Rock Canyon, but merges at Blue Trail Canyon and splits 
again at Ivie Creek, but merges again just south of Bear 
Gulch. The C coal zone has multiple tonstein layers. The 
C2 coal zone tonstein can be traced from Ivie Creek to its 
pinch-out in north Quitchapah Creek. The thickest tonstein 
in the C1 coal zone can be traced from Corbula Gulch, just 
south of Blue Trail, northward to northern portions of 
Muddy Creek, near Pictograph Point. Numerous smaller 
tonsteins can also be correlated from north of 1-70 to 
Muddy Creek. 

Aggradational Parasequence Sets 

In the context of the larger scale 3rd-order Ferron 
Sequence defined by Gardner (1993), the delta cycles rep- 
resented by Ferron Parasequence Sets 4A4B and 5A5B 
are essentially vertically stacked (i.e., aggradational) (fig. 3). 
In the southern 25 km of the outcrop belt, Parasequence 
Sets 4A, 4B, 5A, and 5B are represented by non-marine 
delta plain facies associations composed of delta plain mud- 
stones, large distributary channel belts, crevasse splay sand- 
stones, over-bank deposits, and carbonaceous shales and 
siltstones. Coal zones occur at or near the top of Parase- 
quence Sets 4B and 5B, with the thickest portion of the 
coal zones occurring near the landward pinch-out of the 
near-marine delta-front sandstones. Parasequence Set 4B is 
capped by the G coal zone and Parasequence Set 5B is 
capped by the I coal zone. The near-marine facies of Para- 
sequence Set 4A and 5A are sub-regionally bounded above 
by erosional unconformities representing 4th-order deposi- 
tional sequence boundaries. 
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Figure 7. Measured section through the Upper Ferron Sandstone Parasequence Set 2A at the 1- 70 roadcut. 
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Parasequence Set 4A and 4B 

Parasequence Sets 4A and 4B appears to contain only 
one parasequence (fig.3). The near-marine facies of the single 
parasequence in each Parasequence Sets 4A and 4B repre- 
sent wave-dominated, wave-reworked delta front deposits. 
Near-marine facies of the parasequences in Parasequence 
4a is 15.0 km, and the maximum thickness is approximately 
28 m. Near-marine facies of the Parasequences 4b, in 
Parasequence Set 4B, is 11.2 krn in dip length with a maxi- 
mum thicknesses of approximately 20 m. The near-marine 
facies of both parasequences exhibit vertical and lateral 
facies changes from (1) stream mouth bar and reworked 
stream mouth bar (frequently preserved as upper shoreface 
deposits (USF)), to (2) reworked delta front (pDF and dDF) 
(frequently preserved as middle (MSF) and lower shoreface 
(LSF) deposits), to (3) prodelta. The stream mouth bar and 
reworked stream mouth bar deposits contain trough and 
hemngbone stratification and frequently contain the ichno- 
fossil Ophiommpha. The reworked delta front deposits (pDF 
and dDF) contain hummocky, planar, and ripple cross-strat- 
ification and frequently the ichnofossils Ophiomorpha, 
Teichichnus, Chondrites, Cylindrichnus, Arenicolites, Diplo- 
craterion, and Thalassinoides. 

In Miller Canyon, Parasequence 4a of Parasequence Set 
4A rests on a transgressive lag deposit. This deposit reworks 
the upper part of the C coal zone and exhibits extreme bio- 
turbation. This transgressive deposit can be traced north- 
ward over 13 km to Dry Wash. The paleoshoreline of the 
near-marine facies of Parasequence 4a shifts landward 
approximately 7 krn relative to the paleoshoreline of under- 
lying Parasequence 3b. In Miller Canyon and southward 
into Bear Gulch, there is approximately 20 m of erosional 
relief developed on Parasequence Set 44, as fluvial channel 
belts of Parasequence Set 4B scour down into the underly- 
ing parasequence (fig 8). The paleoshoreline of the near- 
marine facies of Parasequence Set 4B shifts basinward some 
7 krn relative to the paleoshoreline of Parasequence Set 4A 
and is accompanied by at least 32 m of erosion. This change 
in shoreline position and baselevel and the development of 
the erosional unconformity indicate that the boundary 
between Parasequence Sets 4A and 4B is the sequence 
boundary between 4th-order depositional sequences FS2 
and FS3. In the non-marine part of the Parasequence Set 
4A, south of Bear Gulch, Parasequence Set 4A is capped by 
a very laterally extensive rooted zone (designated the E 
Rooted Zone). This rooted zone can be traced from just 
north of Last Chance Creek northward to just south of Bear 
Gulch, where it is correlative with the erosional unconfor- 
mity between Parasequence Set 4A and 4B cropping out in 
Bear Gulch and Miller Canyon. 

The G coal zone caps Ferron Parasequence Set 4B. 
South of Indian Canyon, in the Limestone Cliffs, the G coal 

zone is completely scoured out by distributary channel 
belts and does not occur further south than Mussentuchit 
Wash. Curiously, the G coal zone does not split within the 
study area. The G coal zone extends over 27 km from its 
erosional limit in the Limestone Cliffs to it seaward limit 
north of Bitter Seep Canyon. 

Paraseauence Set 5A and 5B 

Parasequence Set 5A is a progradational to aggradational 
set containing two parasequences (fig. 3). The near-marine 
facies of the parasequences in each Parasequence Sets 5A 
and 5B represent wave-dominated, wave-reworked delta 
front deposits. They all exhibit both vertical and lateral 
facies changes from (1) stream mouth bar and reworked 
stream mouth bar (frequently preserved as upper shoreface 
deposits (USF)), to (2) reworked delta front (pDF and dDF) 
(frequently preserved as middle (MSF) and lower shoreface 
(LSF) deposits), to (3) prodelta. The stream mouth bar and 
reworked stream mouth bar deposits contain trough stratifi- 
cation and frequently contain Ophiomorpha. The reworked 
delta front deposits (pDF and dDF) contain hummocky, 
planar, and ripple cross-stratification and are commonly 
contain the ichnofossils Ophiomorpha and Thalassinoides 
and occasionally Skolithos. 

The landward pinchout of Parasequence 5b is truncated 
by fluvial channels of Parasequence Set 5B, but can be 
located to within 1 km. This erosion makes estimates of 
maximum length and thickness problematic. Near-marine 
facies of the Parasequences 5a, and 5b, in Parasequence Set 
5A, are approximately 10.4 km, and 9.6 km in dip length, 
respectively, and maximum thicknesses are approximately 
14 m, and 15 m, respectively. The estimated overall dip 
length of Parasequence Set 5A is approximately 11 km with 
a maximum thickness of approximately 33 m. The near- 
marine facies of the Parasequence 5c, in Parasequence Set 
5B, is 8.5 km in dip length and has a maximum thickness of 
16 m. 

Parasequence Set 5A backsteps landward about 2.2 km, 
from the position of the landward pinch-out of Parasequence 
Set 4B. From the southern goosenecks of Muddy Creek Can- 
yon to Picture Flats, the top of Parasequence Set 5A has 
from 10 to 20 m of erosional relief developed, as fluvial 
channel belts of Parasequence Set 5B scour down into the 
underlying parasequence set. This represents a basinward 
shift of at least 3 km. Within progradational to aggradational 
Parasequence Set 5A, Parasequence 5b steps seaward 0.7 
km, relative to the underlying Parasequences 5a. 

The I coal zone caps Ferron Parasequence Set 5B. South 
of Indian Canyon, in the Limestone Cliffs, the I coal zones 
are completely scoured out by distributary channel belts 
and does not occur further south than Mussentuchit Wash. 
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Figure 8. Photogruplt showing the sequence hozinclary separating Upper Ferron Purasequence Sets 4A and 4B in Bear Gulch. 

South of Coyote Basin, the I coal zone splits into three 
zones, denoted as the 11, 12, and IB coal zones. 

Landward-Stepping Parasequence Sets 

Ferron Parasequence Sets 6, 7, and 8 each progressively 
step landward, relative to the older, underlying parase- 
quence sets (Gardner, 1993) (fig. 3). Along most of the out- 
crop belt, Parasequence Sets 6, 7, and 8 are represented by 
delta plain facies associations composed of delta plain mud- 
stones, wide distributary channel belts, crevasse splay sand- 
stones, over-bank deposits, and carbonaceous shales and 
siltstones. Parasequence Sets 6, 7, and 8 contain one, four, 
and two parasequences, respectively. The near-marine facies 
of the parasequences in each Parasequence Sets 6, 7, and 8 
represent a wave-dominated, wave-reworked delta front 
deposit. They all exhibit both vertical and lateral facies 
changes from (1) stream mouth bar and reworked stream 
mouth bar (frequently preserved as upper shoreface deposits 
(USF)), to (2) reworked delta front (pDF and dDF) (fre- 
quently preserved as middle (MSF) and lower shoreface 
(LSF) deposits), to (3) prodelta. The stream mouth bar and 

reworked stream mouth bar deposits contain trough stratifi- 
cation and frequently contain Ophiomorpha and Arenico- 
lites. The reworked delta front deposits (pDF and dDF) 
contain hummocky, planar, and ripple cross-stratification 
and commonly contain the ichnofossils Ophiomorpha and 
Thalassinoides. Locally, the base of Parasequence Set 7, 
resting on the J coal zone, contains the trace fossils Teich- 
ichnus, Thalassinoides, Planolites, and Rhizocorallium. 

Near-marine facies of Parasequence Sets 6, 7, and 8 are 
approximately 2.8 km, 6.7 km, and 5.4 km, in dip length, 
respectively. The thicknesses of the near-marine facies of 
the Parasequence Sets 6, 7, and 8 are 6 m, 8 m, and 7 m, 
respectively. Parasequence 6a of Parasequence Set 6 is 2.8 
km in dip length and has a maximum thickness of 6.4 m. 
Parasequence 6a backsteps 2 km relative to Parasequence 
Set 5B. Parasequences 7a, 7b, 7c, and 7d of Parasequence 
Set 7 are 1.3 km, 2.4km, 3.2 km, and 3.8 km in dip length 
and have maximum thicknesses of 3.6 m, 2.1 m, 8.5 m, and 
3.6 m, respectively. Parasequence Set 7 is a retrogradational 
parasequence set with the near-marine facies of Parase- 
quence 7d back-stepped landward 2.9 km, relative to Para- 
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sequence 7c. Parasequence 7c backsteps 1.4 lan landward, 
relative to Parasequence 7b and Parasequence Set 7b back- 
steps 1.7 km landward, relative to 7a. Parasequence 7a steps 
landward 0.2 km, relative to Parasequence Set 6. Parase- 
quences 8a and 8b of Parasequence Set 8 are 2.8 km and 
3.4 km in dip length and have maximum thicknesses of 3.2 
m and 3.4 m, respectively. Parasequence Set 8 is a retrogra- 
dational parasequence set with the near-marine facies of 
Parasequence 8b back-stepped landward 2.0 lan, relative to 
Parasequence 8a. Between south Quitchapah Creek and 
the Emery Mine, Parasequence 8 is separated from Parase- 
quence Set 7 by a extra-basinal pebble lag. The pebbles 
range from 1 cm up to 10 cm in length and are found 
nowhere else in the Upper Ferron Sandstone. In some 
areas, these pebbles are found floating throughout the near- 
marine facies of Parasequence Set 8. 

Coal zones occur at or near the top of these depositional 
Parasequence Sets 6 and 7. The J coal zone caps Ferron 
Parasequence Set 6; the M coal zone caps Ferron Parase- 
quence Set 7. The M coal zone capping Parasequence Set 7 
is only exposed from North Fork Canyon to Willow Springs 
Wash and from Ivie Creek to south Quitchapah Creek 
Canyon. North of Willow Springs Wash, the top of Parase- 
quence Set 7 is represented only as a burrowed transgres- 
sive surface; the burrows are marine Thulassinoides belong- 
ing to the Skolithos ichnofacies. South of North Fork Canyon 
the surface is rooted and is burrowed by non-marine 
Scoynia. In the Muddy Creek Canyon area, Parasequence 
Set 7 is capped by a thin shale interval containing septarian 
nodules. Parasequence Set 8 is locally capped by lag of oys- 
ter fragments and a thin shale interval containing septarian 
nodules. 

Architectural Systematics of Near-Marine Facies 

A plot of dip length versus thickness for Ferron Parase- 
quence Sets and Parasequences is shown in figure 9. 
Examining the dimensions of parasequence sets and para- 
sequences, clear trends can be discerned. When classified 
according to their delta cycle stacking arrangement in the 
3rd-order Ferron Sequence (Gardner, 1993), the total near- 
marine facies of the parasequence sets occupy distinct 
fields on the plot of dip length versus thickness. The 3rd- 
order seaward-stepping Parasequence Sets 1,2A-2C, and 3 
have mean dip lengths of 24 km with mean thicknesses of 
24 m; the mean aspect ratio (i.e., length/thickness) is 1180. 
The 3rd-order aggradational Parasequence Sets 4A4B and 
5A5B have mean dlp lengths of 11 km with mean thick- 
nesses of 24 m; the mean aspect ratio is 490. The 3rd-order 
landward-stepping Parasequence Sets 6,7, and 8 have mean 
dip lengths of 5 km with mean thicknesses of 7 m; the mean 
aspect ratio is 682. This suggests that the general trend in 
3rd-order delta cycle evolution within the Ferron Sequence 

(Gardner, 1993) is one of first seaward-stepping of thick, 
long parasequence sets, followed by the aggradation of thick, 
short parasequence sets, and finally followed by the back- 
stepping of thin, short parasequence sets. When considered 
in the context of the slow 3rd-order sea-level rise, this over- 
all trend can be explained by a systematic decrease in sedi- 
ment supply. In the seaward-stepping parasequence sets, 
sediment supply is large relative to available accommodation 
space, resulting in substantial seaward-stepping (i.e., pro- 
gradation) of the deltas. Very early in this period (i.e., Para- 
sequence Set 1 time), the deltas were extremely river domi- 
nated, with little wave-reworlang. Later, there is an increase 
in the degree of wave-reworking, but still an abundance of 
sediment for major seaward progradation. Midway through 
the Ferron deposition (i.e. the aggradational phase of the 
3rd-order cycle), sediment supply declined. This, coupled 
with substantial wave reworking slowed the seaward pro- 
gradation, allowing aggradation of several delta cycles. In 
the final phase (i.e., during the back-stepping phase of 
Ferron deposition), sediment supply decreased dramatical- 
ly resulting in small retrogradational deltas and a retreat of 
the paleoshorelines. These well defined trends suggest that 
the 4th-order depositional sequence events, described 
above, are superimposed on the 3rd-order sediment supply/ 
accommodation space driven trends and that the superim- 
posed 4th-order internal stacking patterns have little over- 
all geometrical effects. 

Examination of the dip length and thickness systematics, 
at the parasequence scale, reveals groupings based on the 
degree of wave-reworlang (fig. 9). In particular, in the sea- 
ward-stepping phase of the 3rd-order cycle where both 
river-dominated parasequences and wave-reworked parase- 
quences occur, the effects of degree of wave-reworking is 
very evident. In the very river-dominated Parasequence 
Set 1, the average near-marine facies of the parasequences 
is 15 m thick and 5.4 km long, with a mean aspect ratio of 
400. The strike dimensions of parasequences suggest that 
these deltas had dip lengthlstrike width aspect ratios near 
1.8. These systematics are reasonable in light of the typical 
morphology and avulsion frequency exhibited by river-domi- 
nated deltas. The river-dominated, but wave-reworked 
near-marine facies of parasequences of Parasequence Sets 
2A, 2C, and 3 are similar in thickness, with a mean thick- 
ness of 15 m, but have substantially longer dip lengths, 
averaging 15.9 km, and higher aspect ratios (e.g., mean 
aspect ratio is 1124). The length and thickness systematics 
of the parasequences belonging to the 3rd-order aggrada- 
tional phase of Ferron deposition are somewhat thinner 
than the wave-reworked seaward-stepping deltas (i.e. mean 
thickness is 19 m), and shorter in dip length (i.e., mean dip 
length is 11 km); mean aspect ratio is 602. This decrease in 
progradational length reflects the overprint of a declining 
sediment supply, as discussed above. The parasequences 
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belonging to the back-stepping phase of Fei-ron deposition 
have lengths and thickness that appear to be mainly con- 
trolled by the continued, but dramatic, decrease in sediment 
supply. They are shorter in dip length, with mean lcngtl~s of 
only 2.8 km, and are thin, with mean thicknesses of only 4 
m, resulting in a rnearl aspect ratio of 754. 

It is clear fi-on1 these dimensional data that the volume 
of seditnent progressively decreased throughout Ferron 
deltaic deposition. No relationship can be fitund with the 
positions of parasequences or parasequence sets within the 
higher frecluency 4th-order sequences. Therefore, it can he 
assumed that the effects of the 4th-order sea-level tluctua- 
tions were over-shadowed by the overwhelming effects of a 
constantly varying sediment supply. 

Arclutectural Syste~rutics of No~i-marine Chamel 
Belt Sandstones 

A favorable strike outcrop section that exposes almost 
the complete delta plain facies association of the Ferron 
Sandstone stratigraphic interval is located in Willow Springs 
Wash, M'illow Springs Quadrangle, Emery and Sevir~r Coun- 
ties (fig. 1). Outcrop studies to quantify the sizes and shapes 
of Ferron Sandsto~le tluvial channel belts were conducted 
hy the authors in FVillow Springs Wash, along both the north 
and south canyon walls (van den Bergh, 1995; varr den Bergh 
and Garrison, 1996). These data represent the majority of 
the data for the followi~lg discussion and subsequent statis- 
tical analyses. Barton (1994) and Lowry and Jacobsen (1993) 
acquired data for some fluvial channel belts hrther north 

from Willow Springs Wash; diis clata is also included in the 
following analysis. 

Exanrination of the channels belts in Willow Springs 
Wash reveals clear differences in charlnel belt in tend  and 
external architecture as a function of channel position with- 
in the stacking arrangement in the 3rd-order Iierron 
Sequence (fig. 10). The fluvial channel belts of seaward- 
stepping paraseqrrence sets are generally laterally restricted 
and multi-storied with channel filling elcmerlts (i.c., macro- 
forms ancllor bdorms) geiierally stacked vcrtically within 
the channel belt boundaries. The fluvial channel belts of 
aggraciational parasequence sets are generally quite laterally 
extensive and multi-storied with channel filling elements 
generally stacked en echelon laterally within the channel 
belt boundaries. The fluvial channel belts of landward-step- 
ping parasequence sets are laterally extensive and sheet-like 
with channel filling elements generally stacked vertically 
within the channel belt boundaries. 

The proximal seaward-stepping fluvial chanirel belts 
(i.e., those charrnel belt cross-sections that are located near 
the upper delta plain and adjoining the allt~vial plain) in 
Willow Springs W a ~ h  have a bimodal thickness distribution 
ranging in tllicktiess from 2.4 m to 20.1 nl with thicknesses 
hetween 3-5 m and 12-14 m being most common. Their 
widths range fro111 77 111 to 580 111, with widths near 90-220 
and 360430 m being most common. The width/thickncss 
aspect ratios range from 7.8 to 52.9, with an average of 29.5 
(fig. 10). Tlie distal distributary cllannel belts (i.e., those 
near the paleoshoreline) are generally narrower anc'l thicker 
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than the proximal channel belts with widths ranging from 
43 m to 510 m, averaging 195 m, and thicknesses ranging 
from 4.9 m to 22.9 m, with thickness of 5-9 and 15-18 m 
being most common. The aspect ratios of the distal distrib- 
utary channel belts are also much less than those of the 
proximal channel belts ranging from 7.1 to 45.5, averaging 
16.6. This change in size and shape of the seaward-stepping 
hstributary channel belts is consistent with the change in 
channel morphology resulting from river bifurcation. 

The proximal aggradational distributary channel belts in 
Willow Springs Wash have a bimodal thickness distribution 
ranging in thickness from 4.6 m to 18.3 m, with thicknesses 
between 8-11 m and 17-18 m being most common. Their 
widths range from 380 m to 1448 m, with widths near 
380580 m being most common. The width/thickness aspect 
ratios range from 31.9 to 97.4, with an average of 57.2 (fig. 
10). The distal distributary channel belt, reported by Barton 
(1994) at Cedar Ridge, is generally narrower and thicker 
than the proximal channel belts with a width of 255 m, and 
a thickness of 21.3 m. The aspect ratio of 12.0 for the distal 
distributary channel belt at Bitter Seep Canyon is also much 
less than those of the proximal channel belts. This change 
in size and shape of the aggradational fluvial channel belts 
is consistent with the change in channel morphology result- 
ing from river bifurcation. The proximal aggradational fluvial 
channel belts in Willow Springs Wash are generally much 
wider than the seaward-stepping channel belts, while the 
thicknesses are generally slightly greater; aspect ratios of 
the aggradational fluvial channel belts are a factor of two 
higher that those of the proximal channel belts. 

The proximal landward stepping fluvial channel belts in 
Willow Springs Wash have a thickness distribution ranging 
in thickness from 2.7 m to 7.9 m, averaging 5 m in thick- 
ness. Their widths are uniformly distributed from 228 m to 
809 m. The widthfthickness aspect ratios range from 43.8 to 
195.0, with aspect ratios near 65-90 and 185-195 being 
most common (fig. 10). The landward-stepping channel belts 
in Willow Springs Wash are similar in width to the proximal 
channel belts, but generally much wider than the seaward- 
stepping channel belts; these channel belts are generally 
thinner that either the aggradational or seaward-stepping 
channel belts; aspect ratios of the landward-stepping fluvial 
channel belts are generally higher that those of the aggra- 
dational and seaward-stepping channel belts. 

The aspect ratio distributions for the individual channel 
fill elements within the fluvial channel belts, are similar, 
regardless of position within the deltaic staclang pattern, 
suggesting that only channel belt internal stacking patterns 
vary between the fluvial channel belts within the Ferron 
seaward-stepping, aggradational, and landward-stepping 
stacking pattern. The proximal channel belt fill elements 
are generally thicker and wider than the distal channel belt 

fill elements. This change in size of the distal fluvial chan- 
nel belt macroforms is also consistent with the change in 
channel morphology resulting from river bifurcation. 

The channel belts, in context of their position within the 
Ferron staclang pattern, exhibit clear differences in channel 
belt internal and external architecture as a function of 
stacking pattern. Channel belts evolve through the spec- 
trum from supplying the purely river-dominated to the 
lobate wave-dominated to the strandbeach type strongly 
wave-dominated deltaic systems. As they move from river- 
dominated, seaward-stepping deltaic systems to more wave- 
dominated aggradational systems, they change from multi- 
storied belts with channel fill elements stacked vertically 
within the channel belt boundaries to increasingly wider 
and quite laterally extensive multi-storied channel belts with 
channel fill elements generally stacked in echelon laterally 
within the channel belt boundaries. As the deltas begin to 
step landward during strong (relative) transgressions, the 
channel belt morphology responds by becoming thinner 
and narrower, yet still quite laterally extensive. 

Lithologic Composition of Coal Zones 

Analysis of the coal zone thicknesses and compositions 
obtained from detailed measured sections has allowed 
some quantification of coal zone systematics as a function of 
dip length along the Ferron delta cycles (i.e., parasequence 
sets). Choosing an appropriate datum, with respect to which 
systematics are to be examined is difficult and problematic. 
One might choose the landward pinch-out of the near-marine 
facies of a parasequence set, or the landward pinch-out of 
the stratigraphically highest parasequence in the parase- 
quence set, or the mean paleoshoreline position for the 
parasequence set, or the mean position of the paleoshore- 
line of the highest parasequence in the parasequence set. 
In this paper, the coal zone systematics are examined as a 
function of position along the dip cross-section of Garrison 
and van den Bergh (1996; 1997) (fig. I), but the details of 
the coal zones are discussed in terms of the general archi- 
tecture of the underlying parasequence set. In this analysis, 
the coal seam and coal zone thicknesses are the sums of all 
coal seams and coal zone thicknesses of all splits of the coal 
zone at the sampling location. The total coal zone thickness 
is the sum of the thicknesses of the coal seams, the carbona- 
ceous shales, mudstones, and siltstones, tonsteins, paleosols, 
and delta plain mudstones and siltstones included within 
the coal zone. 

Coal zones generally thicken landward relative to the 
mean position of the landward pinch-out of the underlying 
parasequence set, but after some distance landward, they 
decrease in thickness. This can be seen well in a plot of coal 
zone thickness and coal thickness versus &stance for the C 
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Figure 11. Thickness profile of Upper Ferron C coal zone along its Figure 12. Thickness profile of Upper Fem-on sub-A coal zone along 
dip length. its dip length. 

coal zone, from Limestone Cliffs to Muddy Creek Canyon 
(fig. 11). In this plot, the C coal zone progressively increases 
in thickness in a landward direction until it reaches a maxi- 
mum thickness of 13.8 m, at Cowboy Mine Canyon, about 
6 krn landward of the approximate projected position of the 
landward pinch-out of Parasequence 3a in Parasequence 
Set 3; further south the zone continually decreases in thick- 
ness. The coal is thickest in the region between this land- 
ward pinch-out and the position of maximum zone thick- 
ness. The data indicate that the proportion of coal in the 
coal zone decreases progressively landward from the land- 
ward pinch-out of Parasequence Set 3 (fig. 11). The balance 
of the coal zone is composed of carbonaceous shale and 
mudstone; with tonstein and delta plain mudstone and silt- 
stone occurring as minor constituents. 

Coal zones generally thin seaward relative to the mean 
position of the landward pinch-out of the underlying para- 
sequence set. This is particularly well shown in the data for 
the sub-A coal zone (f ig .  12). The landward extent of the 
sub-A coal zone cannot be determined because it occurs 
south of the Ferron outcrop belt. Therefore, the outcrops of 
the sub-A are seaward of the landward pinch-out of the old- 
est near-marine rocks of Parasequence Set 1. The sub-A 
coal zone appears to have two distinct parts, the southern 
most part is composed of the sub-A1 and sub-A2 splits and 
overlies Parasequences Iz-ld, and the northern part con- 
sists of the sub-A3 and sub-A4 splits and overlies Parase- 
quences le-lk. The composite sub-Al+A2 portion of the 
sub-A coal zone decreases dramatically in thickness in a 

seaward direction, from 6.1 m in the Limestone Cliffs to 0.5 
m in Rock Canyon, before pinching out in Corbula Gulch. 
The composite sub-A3+A4 portion of the sub-A coal zone 
also decreases dramatically in thickness in a seaward direc- 
tion, from 2.4 m in Scabby Canyon to 0.5 m in north 
Quitchapah Creek Canyon, before pinching out near Bear 
Gulch. These systematics suggest that the sub-A should 
actually be divided into 2 distinct coal zones. Examining 
composite sub-Al+A2 coal thickness, in light of the posi- 
tion of the near-marine pinch-out of Parasequence Id, in 
Coyote Basin, it appears that the coals become thicker just 
landward of this position. The same is true of the composite 
sub-A3+A4 coal thickness, where it becomes thicker near 
the landward pinch-out of Parasequence lk  in Quitchapah 
Creek Canyon. 

The effects of differential compaction and differences in 
original pre-peat swamp topography have the effect of add- 
ing perturbations to the general trends discussed above. 
The A coal zone illustrates this particularly well (fig. 13). 
Almost the entire A coal zone is exposed in the outcrop belt 
from Limestone Cliffs, where it is only 0.7 m thick, to its 
seaward pinch-out just north of Dry Wash. In Dry Wash, 
the A coal zone is 1.9 m thick and contains 0.45 m of coal. 
This zone represents the seaward extension of the A coal 
zone. The A coal zone has its minimum thicknesses near its 
landward limit and then again as it approaches its seaward 
limit. The most notable feature of the A coal zone is that it 
does not thicken to a maximum and then thin seaward, but 
has at least 4 distinct maxima. The A coal zone has its thick- 
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Figure 13. Thickness profile of Upper Femon A coal zone along its 
dip length. 

est accumulations just south of Coyote Basin (8.8 m thick) 
and just north of Ivie Creek and Quitchapah Creek Canyon 
(6.4 m thick). In the vicinity of Rock Canyon and Corbula 
Gulch and at 1-70, the A coal zone appears to be abnormally 
thin. The coal is thickest in the area near Rock Canyon and 
to the north in Quitchapah Creek Canyon. In the vicinities 
of Rock Canyon and 1-70, the A coal zone is composed of 
about 75% coal. The compaction of the coal zone (i.e., the 
original peat accumulation) was greater in these areas than 
in Coyote Basin, where it is composed of 20% coal, 56% 
carbonaceous shale, and 24% interlayered delta plain mud- 
stones, and north of Ivie Creek area, where it is composed 
of 58% coal, 17% carbonaceous shale, and 25% delta plain 
mudstones. The A coal zone appears to be associated with 
the landward pinch-out of Parasequence Set 2C, because, 
except for a small A coal "split" between South Blue Trail 
Canyon and 1-70, the A coal zone lies above the erosional 
unconformity on Parasequence Sets 2A and 2B, marking 
the sequence boundary between FS1 and FS2. Most of the 
older coals associated with Parasequence Sets 2A and 2B 
must have been removed by erosion. The only exceptions 
may be in the area south of Willow Springs Wash, where 
the zone becomes extremely thick, and in the area immedi- 
ately south of 1-70. 

Altered Volcanic Ash Layers in Coal Zones (Tonsteins) 

In the Ferron Sandstone, coal zones frequently contain 
volcanic ash layers (Ryer et al., 1980; Gamson and van den 

Bergh, 1996). These volcanic ash horizons are character- - 
ized as laterally continuous kaolinitic claystone partings 
called "tonsteins" (Williamson, 1970). These tonsteins are 
greenish-white to gray in color and contain kaolinite book- 
lets, beta quartz, volcanic K-feldspars, Fe-oxide and Ti- 
oxide minerals, and zircons (fig. 14) (van den Bergh, 1995). 
Tonsteins have been found in all major coal zones in the 
Ferron Sandstone (Garrison and van den Bergh, 1997). 
Many coal zones contain multiple tonstein layers. The ton- 
steins associated with these coal zones document near time 
synchroneity of the coal zone horizons, but splits in coal 
zones clearly indicate significant time represented by these 
deposits. 

In the 7 Ferron Sandstone coal zones, 13 distinct ton- 
steins have been identified. In the Limestone Cliffs, the 
sub-A2 coal zone contains a very well-developed tonstein. 
This sub-A2 tonstein has not been identified further down- 
dip. Both the A1 and A2 splits of the A coal zone contain 
tonstein layers. The tonstein in the A1 coal zone extends as 
far up-dip as the Limestone Cliffs and as far down-dip as 
Blue Trail Canyon. The tonstein in the A2 coal zone has 
been identified in Coyote Basin and at I-70JIvie Creek. 
North of 1-70, the A2 coal zone contains two tonsteins that 
can be traced northward to at least Bear Gulch. North of 
1-70, the C coal zone contains at least 2 tonsteins and occa- 
sionally up to four tonsteins. The thickest tonstein in the C 
coal zone has been traced from Corbula Gulch to Muddy 
Creek Canyon, a distance of over 16 km. No tonsteins have 
been identified in the C coal zone south of Corbula Gulch. 
A tonstein occurs in the G coal zone from Willow Springs 
Wash to Muddy Creek. A tonstein was identified in the I 
coal zone from Rock Canyon to Bear Gulch. The J coal zone 
contain a tonstein from Willow Springs Wash to Rochester 
Creek, a distance of about 23 km. From the South Goose- 
necks of Muddy Creek to Rochester Creek, the J coal zone 
also contain an additional tonstein layer. A tonstein has 
been identified in the discontinuous M coal zone in Willow 
Springs Wash and in Coal Wash, north of Ivie Creek. 

Landward and seaward of near-marine pinch-outs of 
parasequence sets, preservation potential of volcanic ash 
layers decreases dramatically, as illustrated well by the sub- 
A1-A2 and C coal zones. The southern most 15 km of the C 
coal zone, in the outcrop belt, is devoid of tonstein. From 
Corbula Gulch to 1-70 only a single tonstein is present in 
the C coal zone, in Bear Gulch four tonsteins are assigned 
to the C coal zone, in Miller Canyon 3 tonsteins occur, and 
about 4 krn north of Miller Canyon, near Pictograph Point, 
where the C coal zone goes into the subsurface, it still con- 
tains 2 tonsteins. This is approximately 20 krn landward of 
the seaward pinch-out of Parasequence Set 3. The compos- 
ite sub-Al-A2 coal zone is devoid of tonstein seaward from 
the Limestone Cliffs to its seaward limit in Rock Canyon, a 
distance of over 8 km. 
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Figure 14. Photomicrogruphs of tonsteins within tlze A coal zone 
(top) and the]  coal zone (iiottorn). 

Depositional Sequence Stratigraphic History 
of the Last Chance Delta 

Based on radiometric age dates of Obradovich (1991) 
and ammonoidea and inoceramadae faunal zonations, Gard- 
ner (1992) suggested that the Upper Turonian Ferron Sand- 
stone Last Chance Delta was deposited between 89.8 and 
88.8 m.y.b.p. During this period, the eustatic sea-level curves 
indicate a slow 2nd-order sea-level fall event, upon which 
are superimposed two 3rd-order sea-level cycles (Gardner, 
1992). The tectonic activity in the Sevier orogenic belt was 
relative quite during this period, although a period of fore- 
land basin expansion was occumng (Gardner, 1992). Based 
on the geochronology and faunal zone correlations, Gardner 
(1992) developed a relative sea-level curve for Central Utah 
and hypothesized that tectonic subsidence, coupled with 
the eustatic events, produced a local slow 3rd-order sea- 
level rise event in Central Utah during the Upper Turonian. 
The 3rd-order Ferron Sequence was deposited during this 
slow Upper Turonian 3rd-order sea-level rise. 

Based on the geochronology and the sea-level curve 
developed by Gardner (1992), it is possible to speculate on 
the timing and durations of the depositional episodes occur- 
ring within the Ferron clastic wedge. The earliest deposi- 

tion of Ferron Parasequence Set 1 occurred during the 
beginning of this slow sea-level rise, near 89.8 m.y.b.p. The 
youngest parasequence set of the outcrop belt, Parase- 
quence Set 8, was deposited in earliest Coniacian time at 
about 88.8 m.y.b.p., while the local relative sea-level was 
still rising. Ryer (1994) suggested that this sea-level rise 
event was accompanied by an increase in sediment supply 
from the Sevier Orogenic Belt. The available stratigraphic 
and architectural data, for both near-marine and non- 
marine facies, as quantified by Gamson and van den Bergh 
(1996; 1997) and van den Bergh and Garrison (1996), indi- 
cate that, when taken in the context of 3rd-order deltaic 
parasequence set stacking patterns, the over-all Ferron 
Sandstone Last Chance Deltaic deposition is controlled by 
sediment supply. This is also confirmed by the calculations 
of Gardner (1992), in which he demonstrated that the total 
volume of sediment progressively decreased during each 
successive depositional episode. The increased sediment 
supply, in the early stages of deltaic development, resulted 
in a volume of sediment that exceeded the available accom- 
modation space, with subsequent deltaic events stepping 
seaward at a dramatic rate. During each successive deltaic 
cycle, less sediment was available, resulting in aggradation 
and eventual back-stepping of the final delta cycles (i.e. 
transgression), as the sediment supply could no longer keep 
pace with the rise in relative sea-level. 

The 4th-order Upper Ferron Sequences FS1-FS4 are 
superimposed on the 3rd-order sea-level rise event and the 
3rd-order stratigraphic architecture of the Ferron Sand- 
stone. The dramatic erosional unconformities associated 
with the sequence I~oundaries at the tops of Upper Ferron 
Sequences FS1, FS2, and FS3, indicate that there was up 
to 20-30 m of erosion, signifying locally substantial base- 
level drops. These base-level drops were accompanied by a 
basinward shift in paleoshorelines by as much as 5-7 km. 

The internal architecture of the 4th-order depositional 
sequences FS1-FS4, of the Ferron clastic wedge (fig. 3), 
also reflect the progressive change in the ratio of sediment 
supply to available accommodation space. 4th-order se- 
quence FS1, formed during a period in which available 
sediment supply was much greater than available accom- 
modation space. It has an internal architecture dominated 
by progradational parasequence sets. The transgressive 
phase is probably only represented by the transgressive lag 
deposit. The highstand parasequence set is poorly devel- 
oped. 4th-order sequence FS2 formed during a period in 
which available sediment was initially greater than avail- 
able accommodation space, but later became more bal- 
anced. It has an internal architecture consisting of a progra- 
dational parasequence set overlain by an aggradational para- 
sequence set. A transgressive lag is well developed and is 
overlain by a well-developed highstand parasequence set. 
4th-order sequence FS3 developed during a period when 
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sediment supply was balanced with the rate of develop- 
ment of accommodation space. Its internal architecture is 
dominated by aggradational parasequences. The oldest para- 
sequence set consists of a single parasequence overlain by a 
poorly developed transgressive lag deposit. The highstand 
parasequence set is slightly progradational to aggradational. 
4th-order sequence FS4 developed during a period when 
the sediment supply was waning and could not keep up 
with the development of accommodation space. Its internal 
architecture is dominated by retrogradational (back-step- 
ping) parasequence sets. The oldest parasequence set con- 
sists of a single (slightly progradational to aggradational) 
parasequence (i.e. its dip length is consistent with older 
aggradational parasequences). The transgressive phase is 
represented by retrogradational (back-stepping) parase- 
quence sets. A transgressive lag is not apparently devel- 
oped. A highstand parasequence set was either apparently 
not developed or has not been identified within the outcrop 
belt. 

As stated above, FS1 actually belongs to the Hyatti Se- 
quence and FS2, FS3, and FS4 belong to the Ferron Se- 
quence. FS1 would be the 4th-order highstand sequence of 
the 3rd-order Hyatti Sequence. The lower boundary of FS1 
is immediately above the Hyatti condensed section (Gard- 
ner, 1993) suggesting that it is actually a "correlative confor- 
mity/condensed section boundary" in this part of the basin. 
FS2 and FS3 would be the 4th-order progradational to 
aggradational sequences of the 3rd-order Ferron Sequence 
and FS4 is the 4th-order transgressive sequence of the 
Ferron Sequence. The upper boundary of FS4 is a below a 
concretion-bearing condensed section a few m above the 
uppermost sandstones of FS4, suggesting that the 4th-order 
highstand sequence of the Ferron Sequence is not located 
in the study area, but is only represented by condensed 
section sediments. On balance, these 4th-order events are 
most easily explained as forming as a result of small, rapid, 
sea-level fall and rise events. These events are superimposed 
on the overall 3rd-order patterns of the Upper Ferron Last 
Chance Delta, as described by Gardner (1992; 1993). 

Within the clastic wedges of the Cretaceous interior sea- 
way, conglomerates can mark major basinwide unconformi- 
ties (Ryer, 1994). Within the Upper Ferron Sandstone only 
two major occurrences of extrabasinal pebble and conglom- 
eratic lags have been identified. The channel belts of Ferron 
Parasequence Set 4B contain extrabasinal pebbles with a 
maximum long dimension of up to 4 cm. Extrabasinal peb- 
bles (up to 15 cm) occur at the base of, and occasionally 
floating within, Ferron Parasequence 8a. The pebbles, in 
both Parasequence Sets 4B and 8 are quartzite, chert, sand- 
stone, siltstone, volcanic-derived lithics, and large, rounded 
K-feldspar crystals. The pebbles, within Parasequence Set 
4B, appear to occur in response to base-level drop during 

sequence boundary development. The pebbles in Parase- 
quence Set 8 may be related to sedimentological events 
that are~correlative with the events that produced the 
Calico Beds of southern Utah and the Coalville Conglom- 
erate of Northern Utah (e.g. see Ryer, 1994). 

Based on stratigraphic data (Garrison and van den Bergh, 
1996; 1997) and faunal zonations (Gardner, 1992), the 
Upper Ferron 4th-order Sequences would have each been 
deposited over about a 250,000 year period. The individual 
depositional events that produced the parasequences with- 
in the Upper Ferron Sandstone, would have been deposit- 
ed over, on average, about a 2O,OOWO,OOO year period. It 
is estimated that the parasequence sets within the Upper 
Ferron Sandstone, would have been deposited, on average, 
during a 60,000-100,000 year period of time. The duration 
of the Upper Ferron 4th-order depositional sequence events 
is similar to the duration of older 3rd-order events within 
the Tununk Shale (i.e., the Woolgari and Hyatti Sequences), 
observed by Leithold (1994). The duration of the deposi- 
tional episodes that resulted in the Upper Ferron Parase- 
quences and Parasequence Sets is similar to the 20,000- 
100,000 year durations postulated for 4th-order events in 
the Tununk Shale (Leithold, 1994). 

DAY 1 ROAD LOG 

Int. Cum. 
Miles Miles 

0.0 0.0 Leave parking lot of Holiday Inn in Price, 
Utah. Travel east on Utah Highways 6 and 
191. 

0.6 0.6 Price River. 
0.7 1.3 Exit 241. Junction with Utah Highway 

10. Travel south on Utah Highway 10 
through Huntington, Castle Dale, Ferron 
and Emery to Fremont Junction. 

1.5 2.8 Industrial Park. The Book Cliffs can be 
seen to the north. The reddish coal bums 
are in the Blackhawk Formation that over- 
lies ledges of Star Point Formation and 
the Aberdeen Tongue (fig. 2). 

0.5 3.3 Four Mile Hill. The Blue Gate Shale in 
the road cut contains thin sandstone lens- 
es probably representing small channels. 

0.6 3.9 Junction with Ridge Road. Continue south 
on Utah Highway 10. To the southeast, 
Cedar Mountain and the San Rafael Swell 
can be seen. Cedar Mountain is capped 
by the Lower Cretaceous Buckhorn Con- 
glomerate Member of the Cedar Moun- 
tain Formation (fig. 2). 

1.0 4.9 Miller Creek. 
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Junction with Stake Farm Road on east. 
Continue south on Utah Highway 10. To 
the west, the northwest dipping Garley 
Canyon Sandstone can be seen (fig. 2). 
Pump jacks and well heads of the 
Drunkards Wash Coalbed Methane Field 
can be seen in the foreground to the 
west. 
PinnacIe Peak. A pinnacle of Blue Gate 
Shale. 
Junction with Utah Highway 122 to the 
west. Continue north on Utah Highway 
10. The Plateau Coal Mine is visible to 
the west on the Wasatch escarpment. The 
first prominent cliff former on the Wasatch 
escarpment is the Panther Tongue of the 
Star Point Formation (fig. 2). 
Road cut in Blue Gate Shale. Note the 
sandy nature of the upper part of the out- 
crop. 
Emery-Carbon County Line. Enter Car- 
bon County. 
Road cut in Blue Gate Shale. Note the 
sandy nature of the Blue Gate Shale and 
the thin sandstone lenses that are about 1 
foot thick and 30-40 feet wide. 
Broad Valley Wash. 
Road cut in Blue Gate Shale. 
Washboard Wash. 
Road cut exposes small lamprophyre dike 
cut by a small thrust fault. 
North junction with Utah Highway 155 
to Cleveland (pop. 498). Cleveland was 
established in 1885 by Samuel Alger and 
Henry Oviatt (Geary, 1996). Continue 
south on Utah Highway 10. 
Wildcat Draw. 
Road cut in Blue Gate Shale. Trail to the 
west up the steeply sloping Poison Spring 
Bench. The Hiawatha Coal Mine is at the 
head of Poison Spring Bench. 
Top of Hill. View of Castle Valley with 
Wasatch Plateau to the west and the Book 
Cliffs to the north and northeast and Cedar 
Mountain to the east. Low outcrops of 
the reddish Jurassic Momson Formation 
can be seen in the middle ground (fig. 2). 
Potter Wash. To the west the Panther 
Tongue is well exposed on the Wasatch 
escarpment. 
Huntington International Airport on the 
east. 

South junction with Utah Highway 155. 
Continue south on Utah Highway 10. 
Utah 155 provides access to the Cleve- 
land-Lloyd Dinosaur Quarry. The Cleve- 
land-Lloyd Dinosaur Quany is managed 
by the BLM. More than 12,000 bones 
from at least 70 dinosaurs representing 
14 species, including two previously un- 
known species, have been recovered. 
Huntington Creek. Huntington Creek is 
a major tributary of the San Rafael River 
that dissects the San Rafael Swell. 
Junction with Utah Highway 31 to the 
west. Continue south on Utah Highway 
10. 
Huntington. Huntington (pop. 1875, elev. 
5791 feet) was established in 1879 by 
Elias Cox. Proceed south on Utah High- 
way 10. 
Junction with north road to Lawrence. 
Continue north on Utah Highway 10. 
Five Mile Wash Bridge. Prominent topo- 
graphic feature on the western skyline is 
Red Point. The lower slope of the Wasatch 
escarpment is the Blue Gate Shale, over- 
lying the Emery Sandstone at the base of 
the escarpment. The three sandstone 
benches overlying the shale are the Pan- 
ther, Storrs, and Spring Canyon Tongues 
of the Star Point and Blackhawk Forma- 
tions. The Spring Canyon Tongue and the 
overlying Blackhawk Formation are red- 
dish in color due to coal burns in the 
Blackhawk Formation (fig. 2). 
Wilberg Wash. Junction with south road 
to Lawrence (pop. 80, elev. 5652 feet). 
Lawrence was established in 1885 (Geary, 
1996). Continue south on Utah Highway 
10. 
Junction with Utah Highway 29 to the 
west to Joe's Valley Reservoir. Continue 
south on Utah Highway 10. 
Junction with the Old Spanish Trail to the 
east. Continue south on Utah Highway 
10. 
Roadcut through dark gray Blue Gate 
Shale, containing no sand or silt. 
100 East Street in Castle Dale. Castle 
Dale, Utah (pop. 1707, elev. 5600 ft) was 
originally settled in 1877 by Orange Seely. 
Castle Dale lies in the central part of the 
Castle Valley located between the Wasatch 
Plateau to the west and the San Rafael 
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Swell to the east and is the county seat of 
Emery County. Proceed south on Utah 
Highway 10 through the Castle Valley. 
Cottonwood Creek. Cottonwood Creek is 
a major tributary of the San Rafael River. 
Hunter Power Plant. The power plant is 
fueled by local coal. 
Junction with Utah 57 on right to Orange- 
d l e  (pop. 1459, elev. 5772 ft). Orangeville, 
named after Orange Seely, was established 
in 1880 (Geary, 1996). Continue on Utah 
Highway 10. 
Old Rest Area in Rock Canyon Flat. On 
the right, cliffs exposing the Cretaceous 
age Mesaverde Group can be seen. The 
Blackhawk Formation overlies the cliff- 
forming Star Point Sandstone mid-way 
up the escarpment. The escarpment is 
capped by the Castlegate Member of the 
Price River Formation (fig. 2). The lower 
part of the Star Point Formation become 
more sandy as the correlative Panther 
and Storrs Tongue Members are devel- 
oped. The "reddish" area marking a coal 
bum is on the uppermost Spring Canyon 
Tongue Member of the Blackhawk Forma- 
tion. 
Junction with Main Street of Clawson 
(pop. 151, elev. 5950 feet). Continue on 
Utah Highway 10. 
South access road to Clawson. Continue 
on Utah Highway 10. 
"Castles" within the Blue Gate Shale along 
the Castle Valley These "castles" are held 
up by thin sandstone tongues of the 
Garley Canyon Sandstone, can be seen in 
the foreground to the west and south- 
west. The Emery Sandstone can also be 
seen, in the background, up Garley Can- 
yon. Note the down thrown fault block 
up the canyon, demarking the Joe's Valley 
fault system. 
Ferron (pop. 1606 and elev. 5934 feet ). 
Ferron was established in 1880 by Abram 
Conover (Geary, 1996). 
Ferron Creek. Ferron Creek is a major 
tributary of the San Rafael River. 
Ferron Creek Drainage. View to the west, 
toward Ferron Canyon, that dissects the 
Wasatch Plateau escarpment, showing the 
units of the Upper Cretaceous Mesaverde 
Group. The Blue Gate Shale is the slope- 
former near the base of the escarpment, 

which is overlain by the cliff-forming Star 
Point Sandstone. The Star Point Sand- 
stone is overlain by the coal-bearing 
Blackhawk Formation. The Castlegate 
Member of the Price River Formation 
caps the escarpment. Nelson Mountain 
(9070 feet) is the highest peak along the 
escarpment. 

0.2 39.2 Ferron Gas Field. West of the highway, 
the pumping unit of the Pan Amer~can 
Ferron Unit 3 well within the Ferron Gas 
Field (10,022 ft TD) can be seen. This 
well produced over 36,000 bbl oil from 
the Permian Kaibab Formation and over 
10 BCF gas from the Ferron Sandstone 
and the Kaibab Formation. 

2.2 41.4 Top of Hill. Roads cuts expose the Blue 
Gate Shale Member of the Mancos Shale. 
Note the lack of sandstone, siltstone, or 
concretions in the Blue Gate Member. 

1.1 42.5 Junction with old Utah Highway 10 to 
Moore (pop. 6, elev. 6269 feet). Moore, 
originally named Rochester, was estab- 
lished about 1903 (Geary, 1996). To the 
west, Youngs Peak (9005 feet) is the high 
peak along the Wasatch escarpment. 
Continue south on Utah Highway 10. 

1.3 43.8 ViewofDryWashtotheeast.DryWash 
is formed by a major drainage that dis- 
sects the western limb of the San Rafael 
swell, a prominent north-south trending 
anticlinal structure, and exposes sand- 
stones of the Upper Ferron Sandstone 
Member of the Mancos Shale. The Upper 
Ferron Sandstone (figs. 1 and 2) in this 
area is represented by the the more distal 
near-marine sandstones of the Last Chance 
Delta complex. Coal deposition was very 
minimal in this portion of the Upper 
Ferron Sandstone. Only the A coal zone 
remains in this northern portion of the 
outcrop belt. 

2.7 46.5 The town of Moore is visible in the fore- 
ground, to the east. In the foreground, 
the western limb of the anticlinal San 
Rafael Swell containing outcrops of the 
Upper Ferron Sandstone, can be seen 
dipping westward, while the eastern sky- 
line is dominated by the distant peak- 
forming outcrops of Jurassic Navajo Sand- 
stone. 

1.6 48.1 South road to Moore and to the "Rochester 
Panel" Fremont Indian rock art site. A 
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replica of the rock art panel is on display 
at the Museum of the San Rafael. Con- 
tinue on Utah Highway 10. 
Muddy Creek. One of the three major 
drainages that dissects the San Rafael 
Swell. It provides drinking and imgation 
water for both Moore and Emery. At its 
confluence with the Fremont River near 
Hanksville, they become the Dirty Devil 
River which flows into the Colorado River 
near Hites Crossing at Lake Powell. 
Camp Muddy Creek Monument. From 
1885-1888, early settlers, led by Heber 
Petty and Casper Christensen, dug a 
1200 foot long tunnel through the Blue 
Gate Shale to bring waters from Muddy 
Creek to supply the settlement of Emery. 
In the middle ground to the east, Miller 
Canyon can be seen cutting through the 
Molen Reef, a topographic escarpment 
whose western slopes are defined by the 
anticlinal San Rafael Swell. The Molen 
Reef rises almost 1,000 feet above the 
desert floor. In the background through 
the gap of Miller Canyon, the peaks of 
the Henry Mountains can be seen. The 
highest peak on the skyline to the south is 
Mount Hilgard (elev. 11,527 feet) in the 
Wasatch Mountains south of 1-70, 
Junction with 300 East Street to Miller 
Canyon road and Interstate-70. Continue 
south on Utah Highway 10. 
Emery (pop. 300, elev. 6250 ft). Emery 
was established in 1884 by Samuel 
Williams. Rest Area on the west side of 
Utah Highway 10. 
Junction with road to Emery Coal Mine. 
The mine, inactive since about 1990, is 
owned by Consolidation Coal Company 
(Consol). Continue south on Utah High- 
way 10. 
Sevier-Emery County Line. Enter Sevier 
County. Coal beds can be seen in the 
Blackhawk Formation in the Wasatch 
Plateau escarpment to the west. 
Junction with BLM access road to the 
east. In the middle ground to the east the 
Emery Coal Mine can be seen at the con- 
fluence of Quitchapah Creek and Chris- 
tiansen Wash. 
To the west, the Joe's Valley fault system 
can be seen veering off to the north. In 
this area, the fault system has developed 

a graben system that is manifest as a sad- 
dle in the mountains to the north. 
Junction with paved road, to the east, to 
the Hidden Valley Coal Mine. The mine, 
currently owned by Consol, has been 
reclaimed. The Hidden Valley Mine is in 
the Ferron A coal zone. 
Northern limit of Miocene basalt boulder 
field. These boulders were fluvially trans- 
ported from Miocene basalt flows to the 
southwest. 
Junction with BLM access road to the 
east of Utah Highway 10. This road fol- 
lows part of the historic Spanish Trail, a 
major trading route that wound through 
Utah, New Mexico, Arizona, Nevada, and 
California during the period from 1800- 
1850. Portions of the trail were first pene- 
trated by Juan Maria de Rivera in 1765, 
and late in 1776 by Padres Dominquez 
and Escalante. 
Sandstone cliffs on the west side of Utah 
Highway 10 are formed by the Emery 
Sandstone Member of the Mancos Shale. 
The Emery Sandstone is another fluvial- 
deltaic wedge that prograded eastward 
into the Mancos Sea and is 3-4 million 
years younger than the Ferron Sandstone 
deltaic complex (fig. 2). 
Fremont Junction. Proceed under the 
overpass to the south side of 1-70 and 
immediately turn left onto the east-bound 
entrance ramp. Proceed east onto 1-70, 
Road cuts expose the Blue Gate Shale 
Member of the Mancos Shale. 
To the north and northwest, the skyline is 
dominated by the Wasatch Plateau. The 
Castle Valley lies to the east of the plateau 
and is floored by the Mancos Shale. The 
northeastern skyline is Coal Cliffs out- 
crops of the fluvial-deltaic Ferron Sand- 
stone. Note the gently westward dipping 
western limb of the north-south trending 
anticlind San Rafael Swell. 
Sevier-Emery County Line. Enter Emery 
County and continue east on 1-70. 
To the south of the highway, a Ferron 
Parasequence Set 5 channel belt occurs 
within a split in the I coal zone. Coal 
zones such as this occur at the tops of 
parasequence sets within the Upper 
Ferron Sandstone. Splits such as seen 
here are common in the coal zones. Note 
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the accretionary surfaces within the chan- 
nel complex and the mud-filled channel 
margin on the west side of the channel. 
Continue east on 1-70 through the Ferron 
Sandstone outcrops. 

0.8 68.7 On the north side of 1-70 near Mile 
Marker 94, the C coal zone. is well ex- 
posed and consists of several coal seams, 
layers of carbonaceous shale, delta plain 
mudstones and siltstones, and volcanic 
ash (tonstein). 

0.1 68.8 On the south side of 1-70, the upper split 
of the A2 coal zone. is very well exposed 
and contains a thick white tonstein layer. 
Continue east on 1-70 descending through 
the massive cliffs of Upper Ferron Para- 
sequence Set 2A near-marine sandstones 
and the more mud-rich delta-front sand- 
stones of Upper Ferron Parasequence Set 
1. The gray shale underlying the Ferron 
Sandstone is the Tununk Shale Member 
of the Mancos Shale. 

2.2 71.0 Ivie Creek Canyon. Note the slope-form- 
ing gray Tununk Shale exposed in the 
mesas to the south of the highway. The 
Coal Cliffs can be seen to the north of the 
highway. Mesa Butte is the high butte to 
the south of the highway. The amphithe- 
ater at the mouth of Ivie Creek Canyon 
exposes the near-marine rocks of Ferron 
Parasequence Sets 1 and 2. 

0.6 71.6 Turn right off 1-70 at exit 97. Intersect the 
north-south Ranch Road, turn north, and 
cross over 1-70. Where the Ranch Road 
intersects the 1-70 entrance ramp, turn 
west and proceed west onto 1-70. 

2.2 73.8 Mouth of Quitchapah Creek Canyon is 
located to the north of 1-70. The mouth of 
Blue Trail Canyon can be seen on the 
south side of 1-70 to the southeast. Note 
the intense red color of the canyon walls, 
to the north, due to coal bums in the A 
and C coal zones. 

0.8 74.6 STOP 1: 1-70 Road Cut at Ivie Creek 
(fig 1). (no facilities). Pull off 1-70 on the 
north side of the highway, midway up the 
narrow road cut. The massive cliffs of the 
road cut expose the sand-rich Upper 
Ferron Parasequence Set 2A near-marine 
sandstones and more mud-rich delta-front 
sandstones of Upper Ferron Parasequence 
Set 1 (figs.3, 4 and 6). Two splits of the 

sub-A (sub-A3 and sub-A4) coal zone. 
separate these two parasequence sets. 
Parasequence Set 2A is capped by the A 
coal zone. Ferron Parasequence Set 3 is 
chiefly represented by the C coal zone. 
Carefully pull back onto 1-70 and pro- 
ceed west. 
Sevier-Emery County Line. Enter Sevier 
County. 
Exit 1-70 to north at exit 89. Stop sign at 
junction of 1-70 exit ramp to Utah High- 
way 10. Turn north onto Utah Highway 
10 and proceed north to Emery. 
Junction with 300 East Street in Emery. 
Turn south and proceed south down 300 
East Street. 
Junction with Miller Canyon Road on east 
side of 300 East Street. Proceed south on 
300 East Street. Leave paved road and 
continue on dirt road south. Miller Can- 
yon can be seen to the east cutting 
through the Coal Cliffs and Molen Reef 
to the southeast. 
Junction with Emery County Road to 
east. Continue south on dirt road. 
Cattle guard. Junction with Cowboy Mesa 
County Road. Turn east on the County 
Road and proceed up the dip slope of 
Cowboy Mesa. Cowboy Mesa, expressed 
as the gently sloping topographic feature 
in the middle ground, is the west side of 
the topographic Molen Reef and marks 
the western limb of the San Rafael Swell, 
in this area. 
Christiansen Wash. Continue on County 
Road up the dip slope of Cowboy Mesa. 
The low sandstone outcrop to the north 
of the road is the retrogradational (back- 
stepping) near-marine facies of Ferron 
Parasequence Set 7. 
Cattle guard. 
Intersection with jeep trail to the south. 
Turn south and continue along Cowboy 
Mesa. The sandstone ridges to the east of 
the road are fluvial channel belts of Ferron 
Parasequence Sets 5A and 5B. 
Cowboy Mine Canyon. Intersection with 
jeep trail to east and west. Turn east and 
proceed up switchback, on jeep trail 
across Cowboy Mesa. 
Intersection with jeep trail to west. Turn 
west onto jeep trail and poceed along 
the south side of Cowboy Mine Canyon. 
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STOP 2: Overlook of Quitchapah Creek 
Canyon (fig 1). (no facilities). 
Retrace road back to Cowboy Mesa 
County Road. 
Junction of jeep trail with Cowboy Mesa 
County Road. Turn east onto Cowboy 
Mesa County Road and proceed up the 
dlp slope of Cowboy Mesa. 
Junction with jeep trail to the north. Turn 
north on jeep trail to Bear Gulch. 

STOP 3: Bear Gulch (fig 1). (no facili- 
ties). 
Retrace road back to Cowboy Mesa 
County Road. 
Intersection of jeep trail with Cowboy 
Mesa County Road. Turn west onto Cow- 
boy Mesa County Road and proceed down 
the dip slope of Cowboy Mesa. 
Junction with Emery County Road. Turn 
north on County Road and proceed north. 
Junction with Emery County Road to the 
east. Turn east and proceed east along 
County Road. 
Junction with paved Miller Canyon Road. 
Turn southeast on Miller Canyon Road 
and proceed. 
Cattle guard. Enter Miller Canyon and 
descend along paved road. The massive 
sandstone outcrops are fluvial channel 
belt sandstones of Ferron Parasequence 
Sets 5A and 5B. 
Midway up the canyon walls, outcrops of 
the Ferron G Coal zone can be seen. In 
Miller Canyon, the G coal zone is domi- 
nantly carbonaceous shale and contains 
only three thin coal seams. 
On the east side of the Canyon, near the 
base of the cliffs, a small mine shaft into 
the C coal zone can be seen. Whitish- 
gray tonstein layers can be seen in this 
2.6 m thick coal seam. 

STOP 4: Miller Canyon (fig 1). (no facili- 
ties). 
Pull back on Miller Canyon Road and 
proceed on paved road northwest back to 
Emery. 
Junction with Emery 300 East Street. 
Turn north on 300 East Street and pro- 
ceed. 
Junction with Utah Highway 10. Turn 
east and proceed along Highway 10 

through Ferron, Castle Dale, and Hunt- 
ington and back to Price. 

49.7 160.8 Junction of Utah Highway 10 with Utah 
Highways 6 and 191. Turn west onto 
Utah Highways 6 and 191. 

1.3 162.1 Pull into parking lot of the Holiday Inn in 
Price. 

DAY 1 STOPS 

Stop 1: 1-70 Road Cut at Ivie Creek 

Vertical Sedimentology and Architecture of the Near- 
Marine facies of Ferron River-Dominated Parasequence 
Set 1 and Wave-modified Parasequence Set 2A 

The road cut of 1-70 through the Ivie Creek Bench, near 
Mile Marker 94, and the canyon incised by Ivie Creek, 
near Mile Marker 95, provide excellent 3-D exposures of 
Upper Ferron Parasequence Sets 1 and 2A (figs. 3, 4, 5, 6, 
and 7). Ferron Parasequence Set 1 is strongly river-domi- 
nated. Parasequence Set 2A is also river-dominated, but it 
exhibits evidence of substantial wave reworking. 

Ferron Parasequence Set 1 contains at least 12 river- 
dominated, fluvial-deltaic parasequences. The near-marine 
parasequences in Ferron Parasequences Set 1 exhibit both 
vertical and lateral facies changes from (1) stream mouth 
bar (SMB) to, (2) proximal delta front (pDF) to, (3) distal 
delta front (dDF) to, (4) prodelta (PD) (fig.5). Distributary 
channels (DC) and delta plain (DP) facies associations are 
commonly present as well. Distal prodelta/shelf slumping, 
indicating instability as a result of rapid deposition, is com- 
mon. In general, Parasequence Set 1 delta front deposits 
exhibit little to mild evidence of wave influence. The high 
proportions of shale present in the near-marine facies of the 
parasequences within Parasequence Set 1, are characteris- 
tic of river-dominated delta front deposits. 

At the 1-70 road-cut and along Ivie Creek, Parasequences 
le, If, Ig, and l j  are exposed. Parasequences le-f are rep- 
resented by distal bar delta front deposits consisting of 
steeply dipping (31O0-33S0 azimuth) prograding clinoforms 
(fig. 4). These clinoforms average about 3 m thick at their 
thickest part. Parasequence Ig also exhibits dipping, pro- 
grading clinoforms, although these clinoforms are of a 
much smaller scale (C 1.5 m). The uppermost parasequence 
(Parasequence Ij) occurs within a split in the sub-A coal 
zone, and is represented at this outcrop as a thick succes- 
sion of brackish water mudstones, containing fragments of 
gastropods and molluscs, as well as crevasse splay deposits. 
A selected portion of a measured section from 1-70 showing 
Parasequences If, Ig, and l j  is shown in figure 5. 

Ferron Parasequence Set 2A contains 4 wave-modified, 
river dominated, fluvial-deltaic parasequences (denoted as 
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2a-2d). The near-marine facies of these parasequences 
exhibit both vertical and lateral facies changes (1) stream 
mouth bar and reworked stream mouth bar (frequently pre- 
served as upper shoreface deposits (USF)), to (2) reworked 
delta front (pDF and dDF) (frequently preserved as middle 
(MSF) and lower shoreface (LSF) deposits), to (3) prodelta 
(figs. 6 and 7). The mouth bar deposits exhibit well-devel- 
oped trough stratification. The distal bar deposits are mod- 
erately burrowed (Ophiomorpha, Teichichnus, and Thalassi- 
noides) and locally exhibit well-developed hummocky strat- 
ification and planar stratification. 

Figure 6 is a photograph of an outcrop of Parasequence 
Set 2A at 1-70 showing Parasequences 2a, 2b, and 2c. A 
selected portion of a measured section at the 1-70 roadcut 
showing Parasequences 2a, 2b, and 2c is shown in figure 7. 
The low proportion of shale present in Parasequences 2a 
and 2b, at 1-70, is characteristic of wave reworked distal bar 
deposits in Parasequence Set 2A.Parasequence 2c occurs 
between the A1 and A2 coal zones. 

Composition and Stratigraphic Positions of the Ferron 
Sub-A, A, and C Coal Zones 

Coal zones have been defined by Garrison and van den 
Bergh (1996) as coal seams and their laterally equivalent 
carbonaceous shales and siltstones, carbonaceous rich mud- 
stones and siltstones, paleosols, rooted horizons, and inter- 
layered flood plain mudstones and siltstones. The sub-A 
coal zone caps Ferron Parasequence Set 1; the A coal zone 
caps Ferron Parasequence Set 2; the C coal zone caps 
Ferron Parasequence Set 3. At 1-70, the delta plain facies 
association of Parasequence Set 3 overlies the A coal zone 
(fig. 3). At the 1-70 road cut, Parasequence Set 3 is com- 
posed dominantly of the C coal zone. 

The sub-A coal zone splits into two components near I- 
70, where they are designated the sub-A3 and sub-A4, 
which are 0.6 m and 0.3 m thick, respectively. The A coal 
zone splits into two components denoted A1 and A2; the A1 
coal zone disappears near 1-70; the A2 coal zone splits into 
two components near Corbula Gulch, denoted A2 and A3, 
and are well exposed at 1-70. The A2 and A3 coal zones are 
2.5 m and 0.6 m thick at 1-70, respectively and are separat- 
ed by a small mud-filled fluvial channel. The C coal zone 
splits into two components denoted C1 and C2; the C2 coal 
zone pinches out at Blue Trail Canyon and is not present at 
1-70. A selected portion of a measured section from 1-70 
showing the nature and composition of the 6.3 m thick C1 
coal zone is shown in figure 15. The C coal zone is com- 
posed of 26% coal, 7% carbonaceous shale, 19% mudstone, 
44% delta plain sandstones and siltstones, and 4% tonstein. 

Within coal zones, coal seams themselves are rarely 
homogeneous and can generally be sub-divided into dis- 

Figure 15. Measured section through the Upper Ferron C coal 
zone at the 1-70 roadcut. Symbols and nomenclature defined as 
in figure 5. 

tinct lithological sections. A distinct lithologic subdivision 
of a coal seam that has a uniform character is call a ply or 
coal lithotype. A lithotype that can be correlated through a 
seam over large lateral distance is defined as a coal facies. 
Figure 16 shows the lithotype (i.e., coal brightness) profiles 
of the A2 coal zone and the C 1 coal zone at 1-70. 

In the Ferron Sandstone, coal zones frequently contain 
volcanic ash layers. These volcanic ash horizons are charac- 
terized as laterally continuous kaolinitic claystone partings 
called "tonsteins." Some whitish tonstein layers are almost 
completely kaolinized, while the other more grayish ton- 
steins are dominantly bentonitic and contain a full suite of 
volcanic minerals such as beta quartz, volcanic K-feldspars, 
Fe-oxide and Ti-oxide minerals, and zircons (fig. 14) (van 
den Bergh, 1995). The tonsteins associated with the Ferron 
Sandstone coal zones may represent time lines within the 
coal zone horizons. Splits in coal zones and multiple ton- 
stein layers clearly indicate significant time represented by 
these coal zone deposits. 

Tonsteins have been found in all major coal zones in the 
Ferron Sandstone (Garrison and van den Bergh, 1997). 
Many coal zones contain multiple tonstein layers. At 1-70, 
the sub-A coal zone is devoid of tonstein layers, but further 
south in the Limestone Cliffs, it contains a very well-devel- 
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C, Coal Zone Lithotype Profile at 1-70 Roadcut A, Coal Zone Lithoty~e Profile at 1-70 Roadcut 
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2c, of Parasequence Set 2A, exhibit a vertical shoal- occurs in Quitchapah Creek Canyon. Parasequence l k  can 
ing upward sedimentary profile and are extremely be seen out into a split i f  the sub-A coal zone. 
sand-rich. Parasequence Set 2A is a progradational Parasequence Set 2A contains 4 river-dominated, wave- 
(seaward-stepping) parasequence set. modified parasequences, that exhibit a seaward-stepping 

stachng pattern (Parasequences 2a-2d). All 4 can be seen 
Coal zones are lithologically complex and are com- in Quitchapah Creek Canyon. The near-marine sandstones 
posed of coal seams, carbonaceous shales and silt- of Parasequence Set 2A extend about 36 km in the dip 
stones, carbonaceous rich mudstones and siltstones, direction. Parasequence 2e of Parasequence Set 2B is also 
paleos0ls, rooted and interlayered exposed in Quitchap& Creek Canyon The true extend of 
plain mudstones and siltstones. Coal zones occur at parasequence 2e cannot be determined due to erosional 
the tops of parasequence sets. Coal zones frequently truncation by fluvial channels in the overlying Parasequence 
split into multiple zones. Set. Parasequence 2e is hierarchically equivalent to a para- 

* Coal facies are distinct, uniform, lithologic subdivi- 
sions of a coal seam that can be correlated through a 
seam over large lateral distance. 

Coal zones frequently contain altered volcanic ash 
layers called "tonsteins." Tonsteins tend to be pre- 
served at and seaward of the landward pinch-outs of 
the delta front sands. As tonsteins are traced land- 
ward of near-marine pinch-outs, preservation poten- 
tial decreases dramatically. 

Stop 2: Quitchapah Creek Canyon 

Lateral (Dip Section) Stacking and Architecture of the 
Near-Marine facies of Ferron River-Dominated 
Parasequence Set 1 and Wave-modified Parasequence 
Sets 2A and 2B 

The canyon incised by Quitchapah Creek provides excel- 
lent 2-D, dip section, exposures of Upper Ferron Parase- 
quence Sets 1, 2A, and 2B (fig.3). Ferron Parasequence Set 
1 contains at least 12 river-dominated, fluvial-deltaic para- 
sequences, that exhibit a seaward-stepping stacking pattern. 
In Quitchapah Creek Canyon, elements of 6 of these para- 
sequence can be seen (Parasequences If-lk). In general, 
each successively younger parasequence steps seaward by 
an average of 2-5 km. The near-marine sandstones of Para- 
sequence Set 1 extend at least 27 km in the dip direction. 

Ferron Parasequences le,  If, lg, and l i  formed in 
response to the progradation of very small, river-dominated 
sub-delta lobes prograding in a northwesterly direction 
(310O-335" azimuth). Parasequences le, If, lg, and l i  are 
approximately 2.9 km, 3.7 km, 2.5 km, and 3.2 km in strike 
width, respectively, and the maximum thicknesses are 22 
m, 17 m, 10 m, and 13 m, respectively. Parasequence l h  
and Ik appear to represent small delta lobes prograding in 
a northeasterly direction. Their dip lengths are approxi- 
mately 2.5 km and 2.6 km and maximum thicknesses are 15 
m and 6 m, respectively. Parasequence lj, occurring with a 
split in the sub-A coal zone, is represented in the outcrop 
belt as a brackish water bay mudstone, to the south at 1-70, 
and a small 2.92 km, 3 m thick delta front sandstone body 

sequence set and is placed in Parasequence Set 2B. 
Parasequences 2a and 2b appear to represent large wave 

influenced, river-dominated delta lobes prograding seaward 
in a northeasterly direction. Parasequences 2a, 2b, 2c, and 
2d all progrades northeast with azimuths of 025", 045", 
025", and 050°, respectively. The near-marine facies of 
Parasequences 2a, 2b, 2c, and 2d are approximately 18.0 
km, 15.1 km, 11.4 km, and 24.0 km in dip length, respec- 
tively and maximum thicknesses are 31 m, 16 m, 10 m, and 
19 m, respectively. The landward pinch-out of the near- 
marine facies of Parasequence 2b steps seaward 3.5 km, rel- 
ative to the landward pinch-out of the near-marine facies of 
the immediately underlying Parasequences 2a. The land- 
ward pinch-out of near-marine facies of Parasequence 2c 
occurs almost 7.5 km seaward of the landward pinch-out of 
the underlying Parasequence 2b. The landward pinch-out 
of Parasequence 2d steps seaward almost 2.7 km from the 
pinch-out of Parasequence 2c. The landward pinch-out of 
Parasequence 2e steps seaward only about 0.5 km from the 
pinch-out of Parasequence 2d. 

Although their compositions may vary laterally and they 
may split into multiple components, coal zones occur at the 
tops of parasequence sets. When they are not present at the 
tops of parasequence sets, it is due to the development of 
erosional unconformities associated with high-order se- 
quence boundaries. This is well illustrated in Quitchapah 
Creek Canyon. In Quitchapah Creek Canyon, Parasequence 
Set 1 is capped by the sub-A (sub-A3 and sub-A4) coal 
zone. The sub-A3 and sub-A4 section of the sub-A coal zone 
extends some 8.5 km, from Blue Trail Canyon to North 
Quitchapah Creek. The total dip length for the sub-A coal 
zone is at least 27 km. In Quitchapah Creek Canyon, Para- 
sequence Set 2 is capped by the A (A2 and A3) coal zone. 
The A coal zone extends over 40 km, from the Limestone 
Cliffs to north of Dry Wash. In Quitchapah Creek Canyon, 
the reddish coloring of the outcrop is due to a coal bum in 
the C coal zone. The C coal zone splits in the southern part 
of Quitchapah Creek Canyon and become one zone again 
in the northern part of Quitchapah Creek Canyon. The C 
coal zone extends over 34 km, from the Limestone Cliffs to 
just south of Dry Wash. 
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Key Concepts of Stop 2: graphically above the mouth bar deposits of Parasequence 

The river-dominated, near-marine facies of Ferron 
Parasequences le ,  If, lg, lh,  and l i  exhibit a down 
dip stacking pattern, within Parasequence Set 1, 
indicating that each successively younger parase- 
quence steps seaward (i.e., is progradational), rela- 
tive to the underlying parasequence. 

The river-dominated, but wave-modified, near-marine 
facies of Ferron Parasequences 2a, 2b, 2c and 2d, of 
Parasequence Set 2A, exhibit a progradational (sea- 
ward-stepping) down dip pattern. 

Coal zones are quite laterally extensive. The lateral 
dip section extend of the sub-A coal zone is over 27 
km. The sub-A3 and sub-A4 section of the sub-A 
coal zone extends 8.5 km. The lateral dip section 
extends of the A and C coal zones are at least 40 km 
and 34 krn, respectively. 

Coal zone compositions vary laterally and frequently 
they may split into multiple components. Within the 
Ferron clastic wedge, coal zones occur at the tops of 
parasequence sets. When they are not present at the 
tops of parasequence sets, it is due to the develop- 
ment of erosional unconformities associated with 
high-order sequence boundaries. 

Stop 3: Bear Gulch 

Depositional Sequence Stratigraphy and Sedimentology 
of the Near-Marine facies of Ferron Parasequence Sets 
2 4  2B, 2C and Parasequence Sets 4A and 4B and the 
Nature of the Sequence Boundaries above Ferron 4th- 
order Sequences FS1 and FS2 

The small north-south trending canyon of Bear Gulch 
exposes near-marine facies of Parasequence Sets 2A, 2B, 3, 
and 4A and non-marine facies associations of Parasequence 
Sets 4B, 5, and 6 (fig. 3). The sequence boundaries between 
FS1 and FS2 (i.e., SB1) and between FS2 and FS3 (i.e., 
SB2) are both well exposed in this canyon. Parasequences 
11 and Ik, of Parasequence Set 1, pinch-out at the bottom 
of the southern end of the canyon of Bear Gulch. 

The canyon exposes the seaward portions of parase- 
quences 2a and 2b and more proximal portions of Para- 
sequences 2c and 2d of Parasequence Set 2A. In this out- 
crop, the small back-stepped Parasequence 2e of Parase- 
quence Set 2B can be seen sitting on a yellowish, highly 
bioturbated, transgressive lag deposit that overlies Parase- 
quence 2d. This transgressive lag deposit can be traced 
over 5 km northward into Muddy Creek Canyon. Parase- 
quence 2e has a very small mouth bar deposit and for much 
of its length, it has distal bar delta front facies lying strati- 

2d suggesting a slight back-stepping relative to Parase- 
quence 2d. Parasequence 2e is almost completely scoured 
out by the fluvial channel belts of the overlying Parase- 
quence Set 2C. This is best seen near the northwestern end 
of the canyon of Bear Gulch to Miller Canyon and on into 
Muddy Creek Canyon. In some areas, this surface represents 
over 25 m of erosion into Parasequence Set 2A and 2B. This 
erosional surface can be identified in outcrops from Coyote 
Basin to Muddy Creek Canyon, representing a distance of 
over 18 krn. Based on the back-stepped nature of Parase- 
quence Set 2B, lying immediately below this surface, and 
the regional extent of the erosional surface between Para- 
sequence Sets 2B and 2C, this erosional surface has been 
interpreted to represent the sequence boundary between 
Ferron 4th-order Sequences FS1 and FS2. Parasequence 
Sets 1, 2A, and 2B have been assigned to Ferron 4th-order 
Sequence FS1 and Parasequences 2C, 3, and 4A have been 
assigned to Ferron 4th-order Sequence FS2. 

In Bear Gulch, the upper of Parasequence Set 2C, 
capped by the stacked A and C coal zones, is represented 
by a laterally restricted, flood tidal delta. This unit can be 
traced to the south of Bear Gulch only about 0.9 km and 
pinches out into the C coal zone on the western canyon wall 
of Bear Gulch. A correlative unit crops out again in Miller 
Canyon. These small flood tidal deltas crop out about 1 km 
landward of the associated shoreline near-marine facies, 
sensu stricto, of Parasequence 2g. This small near-marine 
unit rests on a thin, 30 cm thick, section of the A coal zone. 
The A coal zone pinches out 16 km northward of Bear Gulch, 
just north of Dry Wash. The flood tidal delta deposit of Para- 
sequence Set 2C, exposed in Bear Gulch, is represented by 
a sand-rich middle to upper shoreface facies that is trough 
and hemngbone cross-stratified and contains abundant 
Ophiomorpha burrows in the upper part and Thallasinoides 
burrows in the lower part. 

Parasequence Set 4A is represented, in the outcrops of 
Bear Gulch, by the reworked stream mouth bar/upper shore- 
face and reworked proximal delta frontlmiddle shoreface 
facies of Parasequence 4a. Parasequence 4a rests on the C 
coal zone and has a bioturbated base with sand-filled 
Thallasinoides burrows extending into the underlying C 
coal zone. Large wood fragments can also be seen in the 
base above the C coal zone. The lower part of Parase- 
quence 4a is sand-rich, with horizontal to massive bedding, 
and is pervasively burrowed, containing Thallasinoides and 
Teichichnus, with occasional Ophiomorpha burrows. The 
upper part of Parasequence 4a is sand-rich, with trough 
cross-stratification, and contains pervasive Ophiomorpha. 
The upper surface of Parasequence 4a is scoured by the flu- 
vial channel belts of Parasequence Set 4B (fig. 8). There is 
up to 20 m of erosion of Parasequence Set 4A by the fluvial 
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ficits of Paraseque~ice Set 4B. In the norr-marinc part of C Coal Zone Lithotwe Profile in Bear Gulch 
the Pi~~itseqrttnce Set 4A, south of Bear Culch, P:~riireqr~ence 
Set 4A is capped I)y :i very lateridly extensive rooter1 zone 
(tlesignatecl the E Rooted Zone). This rootetl ~ o n c  1)e 
tracctl fr-txn just tiorth of L,ut Cliance Crcelc nortliward to 
jutst soutlr of Bear Gulch, whcre it is con-elativc with the 
erosional unconforn~ity bchweii Parasequcrrce 4A and 4B 
cropping out from Bear Gulch to &filler Canyo~r to Mutltfy 
Crecxk (i.c. over 5 hi). 'Tlie paleoshorelitie of t l r r  near-ltia~lne 
fkcics of I-'arasequencc 4B shifts basinwarcl sonlch 7 k ~ r ~  rela- 
tive to the paleoshorelitlr~ of Parasequence 4A aricl is accorri- 
pniud 13) at least 20 111 of erosion. Nortliwarcl i~ r  Miller Caul- 
yon, Riraseqrtence 411 lies oti a thick tr;tr>sgrcssive lag 
deposit, tlrat is r e p ~ s t n t e d  in Bear (;ulcl;i 1'y o~tly the 
7'Izalk~isi~~oi~les bioturl~atiout of t l ~ c  upper pi02 of the C coal 
;one.. This lag can bc tracer1 13 k ~ n  north to Llr) LVi~sh. This 
change irk slioreline positior~ anrl baselevel : u ~ l  the devc~lop- 
nwnt of an erosional urrconk)~mity i~idiaitc that tlte hon~~tl-  
11i-y \,eween 4A and 3.13 is the sequence boundary htahvecn 
FS2 itrltf FS3. Parasecluenee Sets 4B anti 5A ;ire assignrcl to 
I;ermti 4th-order Secjr~ence I W .  

Volcanic Ash Layers and Co~npositio~i of the 
C Coal Zonc 

In Bear Gulch. tire A ailti C cotd zones are stac.ked into 
5.9 rn thick composite cocrl zone cornpost~d of 60% coal, 
28% carl~onaceous shale, 3 4  mt~dstone. and 9% tonstein. 
Tlic coal litliotyvc profile is s110\%~r in fig~1rt1 17. Based on 
tor~stcin regional correlations, the lower 3.7 nl has been 
assigicd to the A coal zorrc. Tlie C coal zone is 2.2 m thick 
arrcl is conrposed of 80% eixil, 20% tonstein. A cod zone is 
co~ilposcd of 42% coal, 35% car1)onaeeous shiile, 10% nmud- 
stone axid sanrlstone, iuid 3% tonstein. The eo~nposite A 
and (: coal zone, in Bear C:ulch, contains 5 tonstcini. The 
upper fbur tonstcitrs have, bccn assigtrrcl to tlre C coal zotle 
and tlrc lower ton5tcin to the iZ cutd zone. Tlie uppennost 
tonstciri in the C coal Lorre is a 5 crn thick inrpun. tonstein, 
suggesting nliving of t.olc.anic material with olllrr terrige- 
noui material. The thickest tonsttin in the C: coctl zottc is 30 
r w  thick. Below this thick torrstein i \  ;I tor~itci~z tfoiiblet. 
'The uppermost tor-r%tei~l tloublet is 3 crn thick and the lower 
1s 5 CIII th~ek. The tl-ttck, tipper tonste~n of tlrc C cocll zonp 
can Irc traced ovcr 13 k111, froni Miller Canyon sortthward 
(i.e., lanclward) to Corllt~la (;tllch, south of Blue Trail C:im- 
yon, whcre it is 40 ear thick. There are no tonsteins pre- 
sc\rvc~l in the C co<zl zonp f~tfvlter south than Corlxtla Gulch. 
Tt)nitci~ls corrclatiw with the torlsteiii do1111lct cart be traced 
as sonth as C:oxvl,oy Mirrc Canyon arid as f:tr north ns 
Miller Canyon. The tonstein in the A coal zone is 10 cm 
thick. This A coal w n c  toristeiu can 11e ml-rclatecl as far 
south as 1-70 and as filr north as Pictograph Point at the 
corrfltlertce of Mtwlcly Creek and Rocllester Creek. 

Coals ruch as those cxpctsed withill the A-C coal zone at 
Bear Cl~lch consist of nlicroscopically idcntifialrle orgitnic 
sul>stariccs fornied hortr tlre initial plant niater~als and 
altercil plant ~natcriuls \vitlritr the peat accumulation (i.e., 
cell \vall material, spores, resins, cuticles. anti fossil char- 
coals). Thew organic strbstanceb are called niacerals. There 
arc three hasic tltaceral groups called vitrinitc, liptinitc, and 
inertinite. i'itrinites are generally derived fiortr plarit cell 
will or woc~dy material. Liptirritcs are cleri\ ed frort~ spores, 
crtticles, drrtl resins. Tllr i~rertinites represent fossil charcoal 
material ttrtd othcr oxiclized, inert plant debris. 'Tl r t  abun- 
tla~icc and ctistribution of these macerals in coal seams is 
controller1 Ity tlic original peat composition, as well as 1)oth 
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pre-burial history. The maceral compositions have been 
compiled for coal seams from the Ferron Sandstone C and I 
coal zones (Sommer et al., 1991; Crowley et al., 1989). The 
Ferron C coal has a complex composition due to the pres- 
ence of thick, laterally extensive altered volcanic ash layers 
(tonsteins) (Crowley et al., 1989). Sampling above and be- 
low tonsteins produced two distinct maceral compositions 
(figure 18). The C coal samples taken immediately below 
tonsteins (Group B) have a higher percentage of inertinite 
(range = 3150% and mean = 38%) relative to vitrinite 
(range = 45-65% and mean = 57%), while samples take 
immediately above tonsteins (Group A) have a higher per- 
centage of vitrinite (range = 72-89 and mean = 80%) rela- 
tive to inertinite (range = 5.7-21.0 and mean = 14.6%). 
Liptinites remain fairly constant between the two groups, 
with means of 5.3% and 5.4%, respectively. Desmocollinite, 
telenite, and detrocollinite are the dominant vitrinite group 
macerals. Semifusinite, fusinite, and inertodetrinite are the 
dominant inertinite group macerals. Resinite, exsudatinite, 
and fluorinite are the dominate liptinite group macerals. 
Four samples taken from below tonsteins fall within Group 
A. Crowley et al., (1989) suggested that precursor peats 
formed in well drained environments until volcanic ash lay- 
ers created impermeable zones and caused waters in the 
peat swamp to pond. Well drained, oxidizing initial condi- 
tions were favorable for the formation of degradofusinites, 
while poorly drained, more nutrient-rich conditions, fol- 
lowing an ashfall, would be more conducive to the preser- 
vation of vitrinite. 

Key Concepts of Stop 3: 

The sequence boundary between Ferron 4th-order 
Sequences FS1 and FS2 is represented, in Bear 
Gulch, as an erosional unconformity between the 
near-marine facies of Parasequence Set 2B and flu- 
vial channel belt facies of Parasequence Set 2C. This 
sequence boundary can be traced over 18 km and 
exhibits up to 25 m of erosional relief. The back- 
stepped Parasequence 2e of Set 2B lies on a biotur- 
bated transgressive lag deposit that can be traced 
over 3 krn northward. 

The sequence boundaries between Ferron 4th-order 
Sequences FS2 and FS3 is represented, in Bear 
Gulch, as an erosional unconformity between the 
near-marine facies of Parasequence Set 4A and flu- 
vial channel belt facies of Parasequence Set 4B. This 
sequence boundary can be traced over 5 km and 
exhibits up to 20 m of erosional relief. 

The A and C coal zones are stacked in Bear Gulch 
forming a thick composite zone containing 5 ton- 

Vitrinite 

Wasatch (Skyl~ne) 

o Fenon C Coal (below tonean) 
Femon l Coal 

+ Skyline #I and #2 

Liptinite lnertinite 

Figure 18. Ternary diagram showing the maceral composition of 
the Upper Ferron coal seams. 

steins. The C coal zone is 2.2 m thick and contains 4 
tonsteins, the thickest of which is 30 cm thick. This 
thick tonstein can be traced over 13 krn. The lower 
3.7 m of the composite zone and the lowest tonstein 
has been assigned to the A coal zone. 

Volcanic ash deposits alter the local environments 
within peat accumulations. These lead td variations 
in, and the alteration of, coal composition and coal 
quality. 

Stop 4: Miller Canyon 

Nature of the C Coal Zone to the Transgressive Lag 
Deposits of Parasequence Set 3 and the Near-Marine 
Sandstones of Parasequence Set 4 .  

The outcrops of Miller Canyon offer a final opportunity 
to examine the composition of the C coal zone and evaluate 
the variations in the C coal zone over a substantial distance 
along the Ferron outcrop belt. We have examined the C 
coal zone at two previous localities, 1-70 and Bear Gulch. 
From 1-70 to Miller Canyon, a down dip distance of over an 
8 krn has been traversed. 

In Miller Canyon, the A and C coal zones are stacked 
together into a composite 6.2 m thick coal zone which is 
composed of 44% coal, 38% carbonaceous shale, 16% mud- 
stone, and 6% tonstein. This coal zone is correlative with 
the exposures in Bear Gulch, therefore the lower 5.0 m of 
the zone is assigned to the A coal zone. The coal lithotype 
profile for the coal zone is shown in figure 19. The C coal 
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C Coal Zone Lithotype Profile in Miller Canyon ered up-dip end of the transgressive lag, and as far rlortll as 
Dry Wash, a distance of 13 krn. In Miller Canyon, tEris lag is 
a fine to niediulrl grained, poorly sorted, fining-upward 
deposit that reworks the upper part of the C con1 zone and 
exhibits cxtrerne Irioturbation. Abunclant O?)hiontorj.i,lzct, 
Thal~ssinoides, and Eichichnils are present at the top of 
the lag deposit. This deposit represents the lag developccl 
during the \ea-level transgression prior to the developrnerrt 
of the back-stepped deltaic cleposits of Parasequcnee & of 
Parasequence Set 4A. ?'he shoreline shifted lartclward by 
over 7 Ian. 

Key Concepts of Stop 4: 

Thc C: con1 zone contains 2 tonsteins, the thicke.;t of 
cvllich is 50 ern tlick. Thc thick tonstein can be traced 
over 18 k111 within the C coal zone. 

The C coal has litliofacies and tonstein, that can be 
cotl-clatecl over a distance of at least 20 kn1. 

Parasequerree 4a rests on a 2 rn thick transgressive 
lag deposit. This cleposit reworks the upper part ctf 
the C coal zone and exliibits extreme hioturl~ation. 

Figuru 19. Idit?zot!ype pi-(!file ofthe A cind C coinposite coal Lone in This lag was developed during the sea-level trans- 
hfiller Crrnyor~ gresriort prior to the developn~erlt of the back- 

stepped deltaic deposits of Parasequence Set 4A. 

zorz~ i\ composed of 76% coal arrtl 24% tonstein. The A coal 
zone is coniposed of 35% cod, 42% carbonaceous shale, 
20% rnudstot-re, and 2% tonstein. The C cocil zonc7, in Miller 
Canyon, contains three toncteins. The thick tonstein seen 
in the C con2 zone in Miller Canyon is the same tollstein 
examined in Bear Gulch and at the 1-70 road cut. Recalling, 
at 1-70 only a single tonstein was present, in Bear Gulch 
four tonsteins were present, and at this outcrop in Miller 
Cartyon, only three tonsteins arc present. About 4 km north 
of Miller Canyon, at Pictograph Point, where the C coal 
zone goes into the subsurfice, the C coal tonsteins are still 
preserved. The lower ton\tein in the compoqite A and C 
coal zone is assigned to the A cocrl zone. 

The C coal zone is 6.3 rn thick at 1-70 and increases 
northward until it is 13.8 rn thick in Quitchapah Creek 
Canyon and deceases again north\vard until it is 6.2 In thick 
in Miller Canyon. The percentage of  the, C; coul zone that is 
coal varies from 26% at 1-70 (1.6 111) to 40% in Qttitchapall 
Creek Canyon (5.5 nl) to 80% at Bear C:ulcli (1.8 111) to 76% 
in Miller Canyon (1.0 m). Figure 20 shows the lateral coal 
fbeies cross-section of the C coal frorn 1-70 to Miller 
Canyon. 

in Miller Canyon, prodelta deposits of Wrasecluence 4a 
itf Pmsequence Set 4A rests on a 2 111 thick transgressive 
lag cleposit. This lag deposit earl be traced into Bear Gtllch, 
where the reworked distal delta front filcies lie on the feath- 

Int. 
Miles 

DAY 2 ROAD LOG 

Leave parking lot of Holiday 11111 in Price, 
Ut:d~. Travel east on Utah Iiighways 6 
a id  191. 
Exit 241. Junction with Utah Highway 10. 
Trtivel south on Utah Highway 10 through 
Huntington, Castle Dale, Ferrotr and 
Emery to Fremont Junction. 
Frenront Junction. Junction of Utah 
Highway 10 with 1-70. Procred under 
overpass under 1-70 and continue south 
on unpaved Sevier County Roacl. 
Jutletion with Dog Valley Coal ;\firre 
Road. C:ontinue east on unpaved County 
Roucl. 
Jeep trail to east of the Co~111ty Road lead\ 
to Seal)by Canyon, Blue Trail Canyon, 
Corl>rtla Gulch, arid Rock Can) on. 
U.S.C.S. drill hole WS-22 is located on 
the cast side of the road. 111 1977, eight 
tlrill lioles were put dowrl irl ?"Villow 
Springs Quadrangle to evi~ltuxte and clas- 
sify the federally owned coal resources 
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Figure 20. Lithotype pn?file cross-sectiott of C coal zor~e.from 1-70 to hf i l l~r  Cr~nyovt. 

and lands in the Emcry Coal Field of the 
Upper Ferron Sandstone. 

0.3 67.1 Jeep trail to the east of the Count). Road 
leads to Coyote Basin arid Rock C:u~yon. 
A second jeep trail, up ahcad a short dis- 
tance, turns off the the west. U.S.C.S. drill 
hole WS-17 is located just north of this 
western jeep trail, about 0.5 rniles west of 
the County Road. 0.1 68.6 

0.6 67.7 Jeep trail to the east leads to the north 
canyon wall of Willow Springs Wash. 
Hills on the western skylitie are forrr~ed 
of the 131ue Gate Shale. C:orttintle south 
on County Road. 0.0 68.6 

0.2 67.9 Willow Spring Arnpliitheater. An outcrop 
of the Fenon Smclstone I coal zone can 
be seen on the south side of the County 
Road. Note thc distributary cltarirtel belt 0.6 69.2 
of Ferron Parasecluence Set 6 sittirig on 
the I coal zonr2. Descend into \Villow 
Springs IViish via County Road. 

0.6 68.5 CVillow Springs Wash. Note the sniall 

coal milie developed (and abandoned) in 
the Fenon A con1 zone. Small mining 
shacks can be seen on both sides of the 
County R(tad and the tnine loatling clzute 
can be seen down in bottom of CVillow 
Springs Wash on the south side of the 
County Road, just ahead. 

STOP 5: Willow Springs Wash South 
Canyon Wall (fig.1). Pull off 011 the south 
~ i d e  of the County Road. Walk thrortglr 
CVillow Springs Wash and climb up onto 
the south canyon \mil. 
Return to vehicles and proceed east along 
County Road on north side of Willow, 
Springs Wash. 

STOP 6: Willow Springs Wash North 
Canyon Wall and The County Line 
Channel (fig. 1). 7i1rn into dirt road on the 
nortlr side of the County Road. Clirnb up 
to the base of the County Line Channel. 
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Return along County Road to the west to 
the Junction with 1-70 and Utah Highway 
10. 
Fremont Junction. Junction of Utah High- 
way 10 with 1-70. Proceed under over- 
pass under 1-70 and continue north on 
Utah Highway 10. 
Junction with paved road, to the east, to 
Hidden Valley Mine. The mine, currently 
owned by Consol, has been reclaimed. 
Sevier-Emery County Line. Enter Emery 
County. 
Junction with road to Emery Coal Mine. 
Turn east onto Emery Coal Mine Road 
and proceed east toward Cowboy Mesa 
of the Molen Reef. Note the water pump- 
ing unit on the north side of the road. 
This unit is used by Consol to pump water 
from the Emery Mine Shafts 740 feet 
below. It is either used for imgation or is 
held in holding ponds and then returned 
to Quitchapah Creek. This marks the 
northwestern extent of the underground 
Emery Mine. 
Junction with paved County Road to 
Emery. Continue east on Emery Coal 
Mine Road. 

STOP 7: Emery Coal Mine (Consolida- 
tion Coal Company) (fig.1). Stop in front 
of Mine Office. The Emery Mine of Con- 
solidation Coal Company (Consol) is the 
largest mine in the Emery Coal Field. 
Retrace route back to Utah Highway 10. 
Junction of Emery Coal Mine Road with 
Utah Highway 10. Turn north onto Utah 
Highway 10 and proceed north through 
the Castle Valley to Price via Castle Dale, 
Ferron and Emery. 
100 East Street in Castle Dale. Proceed 
north on Utah Highway 10 to Price via 
Huntington. 
Emery-Carbon County Line. Enter Car- 
bon County. 
Junction with Utah Highway 122 to the 
west. Continue north on Utah Highway 
10. 
Junction with Stake Farm Road on east. 
Continue north on Utah Highway 10. 

STOP 8: Drunkards Wash Coalbed 
Methane Field (River Gas of Utah and 
Texaco) (fig.1). Pull off to the west of 

Utah Highway 10 onto dirt road leading 
up to pump jack of the Utah 17-103 Coal- 
bed Methane well. These pump jacks are 
used to pump produced salt water to the 
surface, along with the produced gas. The 
water is then disposed of by pumping 
units that pump it back into the subsur- 
face Navajo Sandstone. 

0.0 137.4 Continue north on Utah Highway 10 to 
Price. 

3.9 141.3 Junction with Utah Highways 6 and 191 
in Price. Turn west onto Utah Highways 
6 and 191 and continue northwest to 
Helper, Spanish Fork, and Salt Lake. 

0.0 113.6 End of Road Log. 

DAY 2 STOPS 

Note: Since the focus of the Day 2 Field Trip Stops will be 
petroleum and coal exploration and production oriented, 
the Day 2 Field Trip Stops will be discussed using the 
English units of feet, miles, and acres, in order to be consis- 
tent with current energy industry practice in the United 
States. The units of conversion for some of these units are 
given below: 

1 ft = 0.3048 meters 1 meter = 3 28 ft 
1 mile = 1.609 km 1 Ian = 0.621 miles 
1 acre = 43560 ft2 1 acre = 4049 m2 = 0.004 km2 
1 mi2 = 640 acres 1 Ian2 = 247 acres 
40 acre well spacing = 1380 ft 40 acre well spacing = 421 meters 

Stop 5: Willow Springs Wash South Canyon Wall 

Fluvial and Distributary Channel Belt Geometry and 
Architecture as a Function of Depositional Parasequence 
Set Stacking Patterns 

The north and south canyon walls in Willow Springs 
Wash contains a strike outcrop section that exposes almost 
the complete delta plain facies association of Ferron Sand- 
stone Parasequence Sets 2A-8 (fig.3). The lowermost cliff- 
forming units are the deltaic facies of Parasequences Ib  and 
lc. The delta plain facies association of Parasequence Id 
also crops out. This canyon offers a superb opportunity to 
examine the geometry and architectural systematics of the 
non-marine delta plain facies of the Ferron parasequence 
sets, as a hnction of depositional parasequence and parase- 
quence set stacking patterns. 

van den Bergh and Gamson (1996) have quantified the 
geometry and internal architecture of the fluvial channel 
belts exposed in the north and south canyon walls of 
Willow Springs Wash. They used the parasequence and 
parasequence set subdivisions of the Ferron Sandstone 
defined by Gamson and van den Bergh (1996; 1997) and 
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classified the channel belts according to their stratigraphic 
position within the 3rd-order parasequence set stacking 
pattern, originally outlined by Gardner. The channels belts 
in Willow Springs Wash exhibit differences in geometry and 
internal and external architecture that can be correlated 
with 3rd-order depositional parasequence set stacking pat- 
terns, which can be related to sediment supply and accom- 
modation space systematics (fig. 10). 

The channel belts of 3rd-order Ferron Sequence sea- 
ward-stepping parasequence sets formed in river-dominat- 
ed deltas, when the available sediment supply exceeded the 
available accommodation space. These are generally later- 
ally restricted and multi-storied with channel filling ele- 
ments (i.e., macroforms and/or barforms) that are generally 
stacked vertically within the channel belt boundaries. Thick- 
nesses from 10-15 feet and 40-45 feet and widths from 
300-700 feet and 1200-1400 feet are most common. Width/ 
thickness aspect ratios range from 7.8-52.9 and average 
about 29.5. Channel belts bifurcate as they approach the 
paleoshoreline and become narrower, averaging 638 feet in 
width, with lower aspect ratios, averaging about 16.6. 

The channel belts of 3rd-order Ferron Sequence aggra- 
dational parasequence sets that formed in more storm- 
dominated deltas, when the sediment supply was balanced 
with rate of development of accommodation space, are gen- 
erally quite laterally extensive and multi-storied with chan- 
nel filling elements generally stacked en echelon laterally 
within the channel belt boundaries. Their thicknesses range 
from 25-35 feet and 55-60 feet. Widths from 1250-1900 
feet are most common. Aspect ratios range from 31.9-97.4 
and average about 57.2. Channel belts closer to the pale- 
oshoreline have aspect ratios averaging about 12.0. 

The channel belts of 3rd-order Ferron Sequence back- 
stepping parasequence sets, formed in wave-dominated 
deltas, when the available sediment supply was less than 
the available accommodation space. These channel belts 
are laterally extensive and sheet-like, with channel filling 
elements generally stacked vertically within the channel 
belt boundaries. They range in thickness from 9-27 feet and 
749-2652 feet in width, with vertically stacked elements. 
Aspect ratios of 65-90 and 185-195 are most common. 

There is not much evidence to suggest that local pre- 
served sand body thickness (i.e., channel fill elements) 
changes significantly as a function of distance to the pale- 
oshoreline. Data suggest that preserved channel fill ele- 
ments do become thinner downstream, but the data are 
scattered. Therefore, the data would tend to indicate that 
the preserved thickness of channel fill elements is con- 
trolled by local sedimentation rates, which decrease slightly 
down stream. The modelling of Heller and Paola (1996) 

sedimentation rate, but changes in stacking patterns down- 
stream (i.e., along the &p direction of the alluvial/delta plain) 
are driven mainly by the rate of change of subsidence along 
the basin. Based on the modelling of Heller and Paola (1996), 
it appears that the driving force behind the development of 
different channel belt architectural styles can be attributed 
to changes in rate of sediment supply, with the relative rise 
in sea level being effectively constant and with regional 
avulsion frequency being also relatively constant. 

The ratio of net sand thickness to gross stratigraphic 
thickness (netlgross), calculated for intervals within the 
Willow Spring Wash section, also vary as a function of 3rd- 
order deltaic stacking pattern. The overall Ferron Sandstone 
netlgross ratio, in Willow Springs Wash, ranges from 0.22 
to 0.47, averaging 0.31. The netlgross ratios calculated 
for the seaward-stepping, aggradational, and landward- 
stepping intervals are 0.22f0.08 (range = 0.09-0.33), 
0.43f0.18 (range = 0.14-0.65), and 0.32f0.9 (range = 
0.23-0.45), respectively The aggradational interval has the 
largest netlgross ratios, reflecting the aggrading and lateral 
stacking of the channel belts. The seaward-stepping inter- 
val has the lowest netlgross reflecting the wide spacing of 
confined channel belts, in the river-dominated systems. 

The probability of inter-well connectivity (i.e., the prob- 
ability that two wells, at a specified well spacing, will pene- 
trated the same lithologic unit), at typical 40 acre and 80 
acre well spacings is also a strong function of position with- 
in the overall stacking pattern of the 3rd-order deltaic para- 
sequence sets. In the seaward-stepping parasequence sets, 
the average width is 742f412 feet. The probability of a 
channel belt extending between two wells spaced 40 acres 
apart is only about lo%, and there is very little probability 
at a 80 acre spacing. In the aggradational parasequence sets, 
the average width is 2045f 1101 feet. The probability of a 
channel belt extending between two wells spaced 40 acres 
apart is about 75%, and the probability at a 80 acre spacing 
is only about 22%. In the landward-stepping parasequence 
sets, the average width is 1499f 711 feet. The probability of 
a channel belt extending between two wells spaced 40 acres 
apart is about 50%, and the probability at a 80 acre spacing 
is less than 10%. 

Key Concepts of Stop 5: 

The channels belts in Willow Springs Wash exhibit 
differences in geometry and internal and external 
architecture that can be correlated with 3rd-order 
depositional parasequence set stacking patterns, 
which are related to sediment supply and accommo- 
dation space systematics. 

suggests that such a scenario would result in channel stack- Width/thickness aspect ratios for channel belts with- 
ing patterns (i.e., thickness and interconnectedness) that in 3rd-order seaward-stepping parasequence sets 
are a function of the relationship of avulsion frequency and range from 7.8-52.9 and average about 29.5. 
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Width/thickness aspect ratios for channel belts with- 
in 3rd-order aggradational parasequence sets range 
from 31.9-97.4 and average about 57.2. 

Aspect ratios of 65-90 and 185-195 are most com- 
mon for channel belts within 3rd-order landward- 
stepping parasequence sets. 

Net/gross ratios, calculated for intervals within the 
Ferron Sandstone non-marine section, also vary as a 
function of 3rd-order deltaic stachng pattern. 

The probability of inter-well connectivity, at typical 
40 acre and 80 acre well spacings, is also a strong 
function of position within the overall stacking pat- 
tern of the 3rd-order deltaic parasequence sets. 

Stop 6: Willow Springs Wash North Canyon 
Wall and The County Line Channel 

Internal Channel Belt Sedimentology and Architecture 
as a Function of Depositional Parasequence Set Stacking 
Patterns 

The channel belts in Willow Springs Wash exhibit differ- 
ences in internal sedimentology and architecture that can 
be correlated with 3rd-order depositional parasequence set 
stacking patterns, which can be related to sediment supply 
and accommodation space systematics. The channel belts of 
seaward-stepping parasequence sets are generally laterally 
restricted and multi-storied with channel filling elements 
(i.e., macroforms and/or barforms) generally stacked vertical- 
ly within the channel belt boundaries. The channel belts of 
aggradational parasequence sets are generally quite lateral- 
ly extensive and multi-storied with channel filling elements 
generally stacked en echelon laterally within the channel 
belt boundaries. The channel belts of landward-stepping 
parasequence sets are laterally extensive and sheet-like with 
channel filling elements generally stacked vertically within 
the channel belt boundaries. 

The type channel belts for each of these architectural 
styles crop out in the north canyon wall. The County Line 
Channel, a Parasequence Id (Parasequence Set 1) distribu- 
tary channel belt, is excellently exposed in the lower cliffs 
of the north canyon wall of Willow Springs Wash (fig. 21). 
The Kokopelli Channel Belt, a Parasequence Set 4B chan- 
nel belt, crops out mid-wall up the north canyon wall above 
the County Line Channel. The Caprock Channel, a Parase- 
quence Set 7 channel belt caps the north canyon wall of 
Willow Springs Wash. This stop will focus on the internal 
sedimentology and architecture of the County Line Channel 
(fig. 22). 

The County Line Channel, a Parasequence Id  distribu- 
tary channel belt, trending 040°, is excellently exposed on 

the north canyon wall of Willow Springs Wash. It has a 
meander wavelength of about 3 miles and a meander ampli- 
tude of only 0.6 miles. The County Line Channel bifurcates 
just south of Indian Canyon, resulting in a smaller channel 
belt, exposed further west in Willow Spring Wash. This 
smaller distributary, the Coal Miner's Channel, generally 
trending 360' north and has a meander wavelength of about 
2 miles and an amplitude of only 0.2 miles. The County 
Line Channel feeds a mouth bar complex near the mouths 
of Coyote Basin and Rock Canyon. The County Line 
Channel is a 1243 feet wide and 60 feet thick distributary 
channel belt, with an aspect ratio of 20.7. It incises through 
the Sub-A1 coal zone into Parasequence lc. The Coal 
Miner's Channel is 354 feet wide and 16.1 feet thick, result- 
ing in an aspect ratio of 22.0. This smaller channel branch 
does not cut through the Sub-A1 coal none. 

The external geometry of the County Line Channel sug- 
gests that there are at least three stages in the development 
of the distributary channel belt morphology. Each stage 
preserves from 14-33 feet of sand and each stage becomes 
progressively wider and less confined than the previous 
stage. The lower five elements represent scour and fill ele- 
ments deposited within a narrow 332 feet wide, confined 
channel. The preserved thickness of this first phase of the 
channel belt is approximately 33 feet, resulting in a width/ 
thickness aspect ratio of 10.0. The second phase of channel 
development is recorded by the next seven higher channel 
fill elements, reflecting both cut and fill characteristics and 
lateral accretion structures. These channel fill elements 
were deposited in a much wider, yet confined channel 1120 
feet wide. The preserved thickness of this second phase of 
the channel belt is approximately 22 feet, resulting in a 
width/thickness aspect ratio of 50.9. The final phase of the 
channel belt is dominated by lateral accretionary bedforms 
and bedsets, which interfinger with the laterally equivalent 
delta-plain facies associations. This channel fill event has 
well-developed levees and overbank facies. The preserved 
width and thickness of this phase are 1243 feet and 13.6 
feet, respectively, resulting in of a widthlthickness aspect 
ratio of 91.4. 

The County Line Channel is composed of fourteen 
channel fill elements. The lower 5 elements are associated 
with the narrow, confined first stage of the channel belt 
development and represent major scour and fill events. The 
bounding surfaces of these channel fill elements are fre- 
quently delineated by thick clay pebble lag deposits. These 
channel fill elements are generally medium-lower to medi- 
um-upper grained sandstones that fine upward to medium- 
lower to fine-upper grained sandstones. They generally 
have large trough cross beds (i.e., >0.5 feet thick) near 
their bases, which change upward into faint large troughs 
and massive sandstones. The trough cross-beds decrease in 
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Figure 21. Photograph showing tlze County Line Channel in Willow Springs Wash. The channel belt is 1243 feet wide and 60 feet thick. 

size upward (to < 0.3 feet thick). Occasionally, trough cross- 
beds near bounding surfaces are contorted. There are 7 
channel fill elements in the second stage of the develop- 
ment of the County Line Channel. These channel fill ele- 
ments are dominated by lateral accretion surfaces and bed- 
forms. The bounding surfaces between these channel fill 
elements are frequently defined by bedding surfaces be- 
tween major bedform domains or barforms. These channel 
fill elements are generally medium-lower to fine-upper 
grained and exhibit a general overall fining upward trend. 
These channel fill elements contain faint large trough cross- 
beds to massive, structureless sandstones that are transi- 
tional into smaller trough cross-beds and planar and wedge 
tabular cross-stratified beds that suggest a westward lateral 
migration. The upper two channel fill elements represent 
the final final phase of the development and preservation of 
the County Line Channel, and interfinger with delta-plain 
facies associations. These two channel fill elements are gen- 
erally medium-lower to fine-upper sandstones. They exhib- 
it large scale planar tabular cross-beds near the central por- 
tion of the channel, but exhibit small scale planar tabular 

cross-beds, ripple cross-stratification, and climbing ripple 
cross-stratification near the top and laterally towards the 
channel margins. 

The changes in the geometry and architecture of the 
County Line Channel are most easily explained as simple 
consequences of channel belt evolution as a result of nor- 
mal delta progradation. The narrow confined first stage of 
channel fill (i.e., aspect ratio of 10) probably represents the 
channel belt at a position close to the paleoshoreline. The 
wider second stage of channel fill may represent the chan- 
nel belt cross-section, some 1.4 miles from the paleoshore- 
line, after the delta front deposits prograded seaward about 
0.8 miles (Gamson and van den Bergh, 1997). This change 
in position of the cross-section relative to the paleoshore- 
line is consistent with the change in width/thickness aspect 
ratio (i.e., 50.9), although the overall preserved channel belt 
aspect ratio was only 24.3. During the third stage of chan- 
nel fill, the channel fill deposits had an aspect ratio of 91.4, 
although the overall preserved channel belt aspect ratio 
was only 20.7. The final channel fill and abandonment is 
probably a normal abandonment phase of the second stage. 
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Original in-place resources for the southern part of the 
Emery Coal Field are estimated at 2.15 billion tons (Doel- 
ling and Smith, 1982) for all beds greater than 4 feet thick 
and under less than 3,000 feet of cover. Demonstrated 
resources make up 1.43 billion tons of the total, with the 
remainder falling in the hypothetical resource category. 
Cumulative coal production for the whole field through 
1990 was 9.5 million tons (Jahanbani, 1996). Assuming a 
40% recovery rate for both past and future underground 
mining, the Emery Coal Field's remaining recoverable coal 
resources are estimated to be 822 million tons. The use of 
surface mining to recover coal from areas with less than 100 
feet of overburden would increase the recoverable resources 
in those areas. 

Compositions of Upper Ferron Coals from the Emery 
Coal Field 

Average proximate and ultimate compositional analyses 
for Upper Ferron Coals from the Emery Coal Field are 
summarized in Table 1 (Molter et al., 1979; Hatch et al., 
1979; Bunnell and Hollberg, 1991; Sommer et al., 1991). All 
analyses are reported in weight percent. Recent works indi- 
cate that the Upper Ferron coals are high volatile Bituminous 
B rank coals (Sommer et al., 1991; Tabet et al., 1995), 
although earlier studies by Doelling (1972) suggested high 
volatile Bituminous C rank coals. Vitrinite reflectance data 
from wells penetrating deep Ferron coals under the Wasatch 
Plateau indicate the coals gradually increase in rank to the 
west to high-volatile B bituminous (Tabet et al., 1995). 

The most notable differences in the compositions of the 
Upper Ferron coals is their ash and sulfur contents. The ash 
content of the Ferron Coals ranges from 9.5% in the I Coal 
at the Emery Mine, to 29.4% in the J cod (Table 1). BTU 
content varies with ash content, ranging from 12690 BTUAb, 
in the I coal, to 9480 BTU/lb, in the J coal. The sulfur con- 
tent ranges from 0.6% in the I cod, up to 4.1% in the J coal 
(Table 1). With the exception of the I coal, the higher coal 
zones in the Upper Ferron Sandstone (i.e., the G, J, and the 
M) all have high ash and sulfur contents. The stratigraphi- 
cally lower C coal also has a slightly higher ash and sulfur 
content than either the A and the I coals. 

Figure 24 shows a ternary plot of the sulfur types for the 
Ferron coals. The A and I coals have a high weight percent- 
age of organic sulfur, with pyritic sulfur being lowest; the G, 
J, and M are high in pyritic sulfur; the C coal appears to be 
intermediate between these two groups. Pyntic sulfur can 
be introduced after deposition. However, it is often early 
diagenetic and suggests continuing reducing conditions. 
Organic sulfur is generally introduced during deposition. 
The coals with the highest ash, total sulfur, and pyritic sul- 
fur contents belong to transgressive phases of either the 
3rd- or 4th-order depositional sequences; the coals with the 
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Figure 23. Location map for Emery, Bookcliffs, and Wasatch Coal 
Fields and the Femon Coalbed Methane Play. 

lowest ash and sulfur contents belong to parasequence sets 
that are either strongly aggradational or strongly prograda- 
tional. Peterson et al., (1996) noted that coals formed from 
peats influenced by marine waters, generally have high sul- 
fur contents. Such conditions are likely to occur during 
marine transgressions. These observations are consistent 
with the stratigraphic positions of the high sulfur Ferron 
coals. 

Coal Mining at the Emery Mine 

The Emery Mine, now operated by Consolidation Coal 
Company (Consol), produced coal from the Upper Ferron I 
coal zone. This was the largest and longest producing mine 
in the Emery Coal Field. The Browning Mine, the original 
underground mine in the canyon, was opened in 1910. The 
old Browning Mine has its portal about 200 m southeast of 
the current Emery Mine portal. The Browning Mine was 
abandoned when a major coal bum to the south was en- 
countered. The portal was moved northwest and the current 
Emery Mine opened in 1945. In 1975, Consolidation Coal 
Company began operating the underground Emery Coal 
Mine. By the early 1980s, Consol employed up to 200 peo- 
ple, and was producing over 430,000 tons of coal per year. 
Total coal production exceeded 18 million tons. The mine 
extends about 1.4 miles underground to the northwest and 
reaches a depth of 740 feet. There are over 5 miles of con- 
veyor belts. The main market for the Ferron I Coal from 
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Figure 24. Ternary diagram showing composition of suwur within 
the Upper Femon coal seams. 

the Emery Mine was the power plants scattered up the 
Castle Valley. In 1990, Consol ceased operations in the 
Emery Mine and by 1991, the mine was classified as inac- 
tive. In 1994, a small amount of coal was shipped from the 
stockpile. In 1995, Consol sealed the portals and limited 
maintenance to pumping water from the mine to prevent 
flooding. In 1996, the last coal from the Emery mine stock- 
pile was shipped. The lack of railroad access and the high 
costs of trucking cod to the Castle Valley power plants con- 
tributed to the eventual closing of the Emery Mine. 

At the Emery Mine, coal was produced from a 22 ft 
thick seam of coal within the Upper Ferron I coal zone. To 
the northwest the coal seam splits into two 10 ft thick seams. 
The I coal seam at the Emery Mine is low in ash (9.5%), 
with a BTU content of 12690 BTUAb (dry-basis) (see Table 
1). The sulfur content of the I coal seam is low (0.6%) and is 
dominantly organic sulfur, with only minor pyritic sulhr. 
The Emery Mine contains a moderate amount of free 
methane gas, and is considered by mining standards to be 
"gas-rich." 

Key Concepts of Stop 7: 

Emery Coal Field, containing only 9.5% ash and pro- 
ducing 12690 BTUllb. 

The Upper Ferron coals have ash contents that range 
from 9.5%, in the I Coal at the Emery Mine, to 29.4% 
in the J Coal. The sulfur content ranges from 0.6%, 
in the I coal, up to 4.1%, in the J coal 

Stop 8: Drunkards Wash Coalbed Methane Field 

Generation, Retention, and Production of Methane 
from Coal: Implications for the Ferron Coalbed 
Methane Play 

Coal forms a unique hydrocarbon reservoir in that the 
hydraulic pressure typically maintains the gas in place 
rather than in a sealed porous reservoir like that found in 
conventional hydrocarbon reservoirs. Coal bed gas (CBG) 
is also unusual in that the coal itself is the source of the gas 
it stores. This gas is methane-rich and has a biogenic or 
thermogenic origin. Biogenic gas generation is restricted to 
shallow depth but this generation can occur both during 
early diagenesis and burial or late diagenesis and exhuma- 
tion. Thermogenic gas generation typically caused by burial 
heating increases with coal rank. A coal of high volatile 
Bituminous B (hvBb) rank typically produces about 960 
standard cubic feet/ ton (SCFIton) of methane (Choate et 
al., 1986). 

Free gas is expulsed from coal when the internally gen- 
erated gas volume exceeds sorption capacity. The sorption 
capacity can also be filled by externally generated gas that 
migrates into the coal. Internally generated or migrating 
gas in excess of the sorption capacity continues through the 
coal and is not retained unless trapped. Thus, if a coal exists 
within a conventional gas trap, it is possible for the coal to 
retain gas above its apparent sorption capacity and become 
supersaturated with gas. 

Coal maceral composition and ash content are also impor- 
tant internal coal bed controls on CBG content. There are 
three maceral groups found in coal. The Vitrinite group is 
formed from woody plant debris, the liptinite group is from 
waxy, resinous and oily components and the inertinite is 
from fossil charcoal as well as other altered and oxidized 
plants materials. Increasing vitrinite content enhances gas 
storage capacity and cleat (i.e., fractures in coal) permeabil- 
ity. Increasing liptinite content enhances gas generation but 
reduces storage capacity. Increasing inertinite content 

The Emery Coal Mine of ConsO1ida- enhances matrix permeability but decreases gas generation 
Coal Company was the largest and pro- but reduces storage capacity. Ash (mineral matter) has little 

ductive of the coal mines in the Emery Coal Field. It 
storage capacity, reduces gas content in direct proportion to 

produced over 430,000 tons of coal per year from 
its abundance, and inhibits cleat formation. 

the Ferron I coal zone. 
Although coal porosity is high, matrix permeability is low, 

At the mine, Ferron I coal seam is 22 feet thick and malang cleat permeability an important control in commer- 
is the highest quality and thickest coal seam in the cial production. The capacity to hold and generate gas can 
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Table 1. Analyses of Ferron coals (all analyses reported air dried). 

U. Ferron U. Ferron U. Ferron U. Ferron U. Ferron U. Ferron L. Ferron Ferron Wasatch Wasatch 
A Coal C Coal G Coal I Coal J Coal M Coal Core Henry Mts Skyline SUFCO 

Volatile (wt%) 

Fixed Carbon (wt%) 

Ash (wt%) 

Sulfate S (wt%) 

F'yritic S (wt%) 

Organic S (wt%) 

be predicted using coal rank but coal seam permeability 
must be assessed in the field. In particular finding areas of 
enhanced production or high methane content are impor- 
tant to commercial production. Zones of high methane con- 
tent formed by coal facies, partial exhumation and conven- 
tional gas traps are likely in the Ferron CBG Fairway. 

Exploration for CBG generally ranges from 150 m to 2 
km depth because: (1) at shallow depths, low hydraulic head 
causes the coal to retain little methane; and, (2) beyond 2 
km, coal cleat is closed making commercial production dif- 
ficult. The depth of burial in the Ferron CBG Fairway to 
the east of the Wasatch Plateau and west of the outcrop belt 
is generally ideal for CBG production. 

Coalbed Methane Resources of the Ferron Sandstone 
Coalbed Methane Play 

The Ferron Sandstone Coalbed Methane Play is a 6-10 
mile wide by 80 mile long fairway (Tripp, 1989; Tabet et al., 
1995) (fig. 23). The methane is produced from coal beds in 
the Lower Ferron Sandstone (Vernal Delta). The coals occur 
at attractive drilling depths ranging from under 1,000 feet 
to over 7,000 feet. Some gas desorption data have been col- 
lected from shallow coals of the Upper Ferron Sandstone, 
at the southern end of the coal field (Doelling et al., 1979), 
but these few, near-outcrop samples yielded only 0-16 
standard ft3lton (SCFIton) methane. Only one gas content 
measurement for deep Ferron Sandstone coals has been 
released by companies currently exploring for gas. River 
Gas of Utah reports its initial core test well had in excess of 
400 SCFIton methane in a 36.7 foot thick coal interval (Lyle, 
1991). If the entire Ferron coal play contains similar gas 

contents, then in-place gas resources for the play could be 
as high as 9 TCE 

River Gas of Utah, Texaco, and Anadarko have been 
active in exploring and producing the coalbed methane 
from the Ferron play. The Ferron Sandstone CBM Play cur- 
rently contains over 100 producing coalbed methane wells. 
In 1995, almost 4% of Utah's total gas production came 
from wells in the Ferron Sandstone CBM Play (Petzet, 1996). 
Cumulative production from the Ferron CBM play through 
October 1996 is approximately 30 BCE Currently two 
fields are producing from the Ferron Sandstone CBM Play: 
the Drunkards Wash Field south of Price, Utah, operated 
by River Gas of Utah, and the Buzzards Bench Field at 
Orangeville, Utah, operated by Texaco. 

Drunkards Wash Coalbed Methane Field 

The Drunkards Wash Coalbed Methane Field is the 
largest field in the Ferron Sandstone CBM Play; it covers 
120,000 acres and contains 89 producing wells on an 160 
acre spacing (Lamarre and Bums, 1996). The wells have a 
classic coalbed methane negative decline curve with increas- 
ing gas rates as the reservoir pressure declines due to the 
production of water (Lamarre and Bums, 1996). These wells 
produce 43.7 MMCFD, averaging 491 MCFDIwell. As of 
mid-1996, thirty of these wells had been producing for over 
38 months and have an average of 692 MCFDhell (Lamarre 
and Bums, 1996). The daily water production is 16,500 bbl, 
averaging 185 BWPDIwell. In 1995, the field produced 11 
BCF of methane and 5.7 million bbl water. All wells are 
cased and hydraulically stimulated and most have pumping 
units to handle the large volume of produced salt water. 
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Salt water produced with the methane gas is disposed of by 
pumping units that pump the water into the subsurface 
Navajo Sandstone at a depth of 5500-6000 feet. 

The typical depth for these wells is 1800-3400 feet. The 
total coal thickness within the field ranges from 4-48 ft, but 
averaging 24 ft (Larnarre and Bums, 1996). The coal occurs 
in from 3 to 6 dlstinct seams. The coal is high volatile Bitu- 
minous B (hvBb) coal. The hvBb rank of the Ferron coal is 
within the window of thermogenic gas generation, which 
typically produces about 960 SCFIton of methane (Choate 
et al., 1986). This volume is gas is far more than the report- 
ed 440 SCFIton of methane present in the Lower Ferron 
coals in the Drunkards Wash Field (Bums and Lamarre, 
1996). The hvBb rank also suggests a sorption capacity of 
only 200 SCF/ton at their present burial depth of about 
2,000 ft (Kim, 1977), suggesting the Ferron coals are super- 
saturated with gas. This amount of gas is higher than the 
coal rank and depth would suggest. The gas appears to be a 
combination of thermogenic and secondary biogenic gas 
(Lamarre and Bums, 1996). Canister desorption data and 
measured sorption isotherms suggest the coal is supersatu- 
rated with respect to gas at the initial measured reservoir 
pressures of 765 psi (Bums and Lamarre, 1996). Further, 
when wells are initially completed in these Ferron coals, 
gas can flow without stimulation, a signature of supersatu- 
ration. The excess gas in these marginally mature coals 
seems to come from Ferron coals themselves and perhaps 
other source rocks buried deeper in to the west. After gen- 
eration, @e gas apparently migrated into the conventional 
gas trap formed by the updip pinchout of coalbeds into the 
mudrocks at the Drunkards Wash field. 

Key Concepts of Stop 8: 

The Ferron Sandstone Coalbed Methane Play is a 
6 1 0  mile wide by 80 mile long fairway that has been 
estimated to contain as much as 9 TCF gas. Cumu- 
lative production from the Ferron CBM play, through 
October 1996 is approximately 30 BCE 

The Drunkards Wash Coalbed Methane Field is the 
largest field in the Ferron Sandstone CBM Play; it 
contains 89 producing wells (1995). In 1995, the 
field produced 11 BCF of methane and 5.7 million 
bbl water. 

Salt water produced with the methane gas is dis- 
posed of by pumping units that pump the water into 
the subsurface Navajo Sandstone at a depth of 
5500-6000 feet. 
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ABSTRACT 

Structural relations in the Mineral Mountains and surrounding area in southern Utah indicate that the 
major north-south striking Cenozoic normal faults in the region were tilted to their present gentle dips by 
either rolling-hinge style footwall uplift or domino style faulting. Field, geochronologic and thermochrono- 
logic data demonstrate that the main period of east-west directed extension along these normal faults 
occurred 6 to 7 Ma after peak magmatism. Thus, no direct link between magmatism, normal faulting and 
ductile deformation associated with normal faulting exists in the area. Prior to, and synchronous with, the 
main episode of east-west directed extension, several sets of northeast- to northwest-striking normal faults 
generated a series of east-west trending grabens throughout the region. The timing of formation of these 
grabens varies across the study area and overlaps with regional magmatism. We infer a large amount of slip 
along the Sevier Desert detachment fault which is the only structure north of the Mineral Mountains that 
could accommodate the extensional deformation documented there. This argues against the interpretation 
that the Sevier Desert reflector is the result of fortuitous alignment of a Mesozoic thrust fault and a 
Cenozoic unconformity. Tertiary extension disrupted Mesozoic thrust faults across the Mineral Mountains 
and surrounding ranges; however, new mapping provides a basis for regional correlation. We correlate the 
Wah Wah, Frisco and Antelope Mountain thrusts, and a sub-Antelope Mountain thrust with the Beaver Lake 
thrust and Dry CanyonjTetons thrust zone. 
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INTRODUCTION 

The common spatial and temporal association of magma- 
tism and metamorphic core complexes suggests that a 
genetic relation exists between the two. The association of 
broadly coeval plutonic rocks with low-angle mylonitic 
detachment faults led Gans (1987), Lister and Baldwin 
(1993) and Parsons and Thompson (1993) to suggest direct 
links between magmatism, ductile deformation in core com- 
plexes, and the development of low-angle normal faults. In 
contrast, Axen et al., (1993) and Coleman et al., (in prepara- 
tion) acknowledge the widespread importance of magma- 
tism in extension, but find no consistent temporal or genet- 
ic link between magmatism and formation of extensional 
core complexes. 

Another persistent debate regarding the origin of exten- 
sional core complexes is whether presently low-angle nor- 
mal faults were active with shallow dips (e.g., Wernicke, 
1981; Davis and Lister, 1988; Reynolds and Lister, 1990; 
Scott and Lister, 1992), or were active as moderately to 
steeply dipping normal faults that were subsequently tilted 
to shallow orientations (Proffett, 1977; Buck, 1988; Wemicke 
and Axen, 1988). Evaluating footwall deformation is difi- 
cult in core complexes that are dominated by young pluton- 
ic rocks that lack markers for reconstruction of structural 
geometries (e.g., Reynolds and Rehrig, 1980; Gans, 1987; 
Walker et al., 1990; Lister and Baldwin, 1993; Wright and 
Snoke, 1993; Coleman and Walker, 1994). The nature and 
amount of footwall deformation in such complexes has been 
examined indirectly using paleomagnetic and/or thermo- 
chronologic data (Holm et al., 1990; Hoisch and Simpson, 
1993; John and Foster, 1993; Livaccari et al., 1993, 1995; 
Coleman and Walker, 1994; Coleman et al., in preparation). 
Furthermore, structures that directly record rebound kine- 
matics in initially isotropic plutonic rocks are increasingly 
recognized (Bartley et al., 1990, Manning and Bartley, 1994; 
Axen et d., 1995). 

The debate regarhng the original orientation of low-angle 
detachment faults recently took on new life with the asser- 
tion that the reflector in west central Utah, previously inter- 
preted as the Sevier Desert extensional detachment (Mac- 
Donald, 1976; Allmendinger et al., 1983; Von Tish et al., 
1985), actually is defined by the coincidental alignment of a 
Mesozoic thrust fault and the sub-Tertiary unconformity 
(Anders and Christie-Blick, 1994). The Mineral Mountains 
in southwest Utah lie directly south of the Sevier Desert, 
and displacement across the Sevier Desert detachment is 
interpreted to be partially accommodated in this and adja- 
cent basins and ranges (figs. 1 and 2; Price and Bartley, 
1990; Coleman, 1991; Coleman and Walker, 1994; Price, in 
preparation). The Tertiary Mineral Mountains batholith, 
which forms the majority of the northern and central part of 
the range (Smith and Bruhn, 1984; Nielson et  al., 1986; 

Coleman, 1991; Coleman and Walker, 1992), lies in the foot- 
wall of the Cave Canyon detachment. The detachment and 
a klippe of its hanging wall are preserved in the southern 
part of the range (Nielson et a]., 1986; Price and Bartley, 
1990, 1992; Price, in preparation). The structural geology, 
petrology, geochronology and paleomagnetism of the 
Mineral Mountains and ranges to the west reveal the histo- 
ry of the Cave Canyon detachment and related faults, and 
provide insight into the amount and nature of crustal exten- 
sion southward along strike from the Sevier Desert. 

The principal aim of this trip is to examine what we have 
learned regarding the relationship between magmatism 
and extension in the Mineral Mountains. We will also ex- 
amine field data bearing on the nature of footwall deforma- 
tion and the amount of extension accommodated in the 
area. We present relevant results of field work in the Min- 
eral Mountains and nearby Star Range, Beaver Lake Moun- 
tains and Wah Wah Mountains (figs. 1 and 2). We show evi- 
dence that magmatism and extension were not synchro- 
nous, but rather, that the main pulse of plutonism ended at 
least 6 Ma before the Cave Canyon detachment exhumed 
the pIutonic complex (Coleman et al., in preparation). 
Furthermore, closely following the last episode of intrusive 
magmatism, unroofing of the plutonic complex by slip 
across the Cave Canyon detachment resulted in up to 90' 
of west-side-up tilting resulting in the present low-angle 
geometry of the fault (Price and Bartley, 1990, 1992; Cole- 
man and Walker, 1994; Coleman et al., in preparation; Price, 
in preparation). Finally, restoration of mapped regional nor- 
mal faults accounts for a minimum of 20 kilometers of east- 
west directed extension. Because no other structures that 
could accommodate this magnitude of slip are recognized 
to the north, these observations support the existence of, 
and large slip across, the Sevier Desert detachment. 

An additional focus of our work in the Mineral Moun- 
tains region has been to document structural relations of 
the thrust faults in the area, including their overprinting by 
Cenozoic deformation, and to correlate the isolated expo- 
sures from range to range. Although severely disrupted by 
Tertiary extension, several thrust faults of regional signifi- 
cance are exposed in the area (figs. 1 and 2), including the 
Beaver Lake, Antelope Mountain, Pavant, and FriscoWah 
Wah thrusts. One of the aims of the field trip is to examine 
possible correlations amongst these structures. 

MAP UNITS 

Proterozoic Basement 

Precambrian banded gneiss crops out on the western 
margin of the Mineral Mountains batholith (fig. 2, unit PC; 
Stop 1-5; Nielson et al., 1978; Sibbett and Nielson, 1980). 
Aleinikoff et al., (1987) report a U-Pb zircon age of 1716 + 
31 Ma and a Rb/Sr model age of 1750 Ma for the gneiss. 
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Figure 1.  Simpl$ed geologic map of southwestern Utah simpl$ed after Hintze (1980) showing major thrust, nonnal and detachment 
faults. Locations offigures showing greater Atail of the geology are also shown. 



206 BYU GEOLOGY STUDIES 1997, VOL. 42, PART I1 

Figure 2. Simpl$ed geologic map of the Mineral Mountains and surrounding ranges. Approximate field trip stop locations and areas of 
more detailed geologic mapfigures are shown. Geologic data from Hintze (1980), Coleman (1991), Price (in preparation) and this study. 
Modijed after Coleman and Walker (1 992). 

Quartzite containing minor biotite, feldspar and chlorite 
occurs as inclusions within the Precambrian biotite gneiss 
and as xenoliths in the Mineral Mountains batholith (Nielson 
et al., 1978; Sibbett and Nielson, 1980; Coleman, 1991). Thin 
layers of sillimanite-K-feldspar schist also are found as in- 
clusions in the batholith near exposures of the Precambrian 
biotite gneiss (Nielson et al., 1978; Sibbett and Nielson, 
1980; Coleman, 1991). The quartzite and schist are assigned 
a Precambrian age because of their close association with 
the gneiss and high metamorphic grade; no known exposed 
Paleozoic wallrock experienced sillimanite zone metamor- 
phism. Nielson et al., (1978) and Sibbett and Nielson (1980) 
interpreted the gneiss as a paragneiss on the basis of its 
field relations with the sillimanite schist and quartzite and 
the nature of banding within the unit. 

Pakozoic-Mesozoic Rocks 

Late Proterozoic to Mesozoic strata in the Mineral 
Mountains region represent the transition from the mio- 
geocline to the craton inboard of a west-facing continental 

margin (fig. 3). The area lies outside of the late Paleozoic 
Oquirrh basin of northern Utah and is sufficiently far from 
the ancient continental margin not to have recorded the 
Antler or Sonoma orogenies. It thus was tectonically quies- 
cent from late Proterozoic time until initiation of the Sevier 
orogeny in latest Jurassic to early Cretaceous time when 
continental-margin facies were stacked, telescoped, and 
thrust toward the craton (Armstrong and Oriel, 1965; 
Armstrong, 1968; Heller et d. ,  1986; Royse, 1993; DeCelles 
et al., 1995). 

Antelope Mountain 
Stratified rocks of Cambrian and Cretaceous(?) age are 

exposed on Antelope Mountain at the northern end of the 
Mineral Mountains (fig. 2, unit CO; fig 4; Stops 1-1 and 1-2). 
Cambrian strata are part of the miogeoclinal sequence that 
is well described elsewhere (Hintze and Robison, 1975). 
Conglomerate of probable Cretaceous age, unrecognized 
prior to our mapping, is exposed in three outcrop areas 
bounded by faults and unconformities (fig. 4; Stop 1-2; 
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Pioche Shale 

Prospect Mountain Quartzite 

Figure 3. Generalized stratigraphic column for the Beaver Lake 
and Antelope Mountain areas. Unit assignments after Hintze and 
Robison (19751, Barosh (1960), and Lemmon and Morris (1984). 
Breaks in section correspond with faults within and between the 
two areas. 

Walker and Badey, 1991). The rocks consist of unfossilifer- 
ous, orange-weathering calcareous siltstone and conglom- 
erate with subordinate quartz sandstone. Siltstone beds are 
typically thinly laminated (1 mm) and from 0.5 to 1 meter 
thick. Conglomerate beds are thick (1 to 5 m) and massively 
stratified. The conglomerate is mostly matrix-supported 
and the matrix consists of orange-weathering siltstone. 
Clasts include quartzite and carbonate rocks identical to 

Cambrian strata in the hanging wall and footwall of the 
Antelope Mountain thrust. The basal contact of the con- 
glomerate is an unconformity developed on progressively 
older Cambrian strata passing to the north. The upper con- 
tact is the Antelope Mountain thrust. We correlate these 
strata with the Cretaceous Indianola Group on the basis of 
their structural position and lithologic similarity to strata in 
the southern Pavant Range. 

Central Mineral Mountains 
Paleozoic rocks exposed in the central Mineral Moun- 

tains include recrystallized limestone and dolomite, and 
quartzite (fig. 2, unit MP; Crawford and Buranek, 1945; 
Earl, 1957; Condie, 1960; Nielson et al., 1978; Sibbett and 
Nielson, 1980; Coleman, 1991). Paleozoic sedimentary rocks 
immediately adjacent to the batholith are generally too 
metamorphosed to make definitive stratigraphic assign- 
ments; however, several workers have assigned ages and/or 
formation names to various parts of these metasedimentary 
rocks, and the reader is referred to the references cited 
above for more detailed descriptions. 

Recognizable Paleozoic carbonate wallrocks in the Min- 
eral Mountains include Mississippian Redwall Limestone 
and a dark colored dolomite that may be correlative with 
the Devonian Simonson Dolomite on the eastern side of 
the range (fig. 2; Stop 2-1; Crawford and Buranek, 1945; 
Sibbett and Nielson, 1980; Price, in preparation), and Per- 
mian Kaibab Limestone (Earl, 1957) on the western side. 
However, Sibbett and Nielson (1980) noted that the car- 
bonate rocks on the western side of the batholith lack the 
chert nodules characteristic of the Kaibab Limestone, plac- 
ing some doubt on the correlation made by Earl (1957). 

Brown to gray schistose quartzite occurs as inclusions on 
the eastern side of the Mineral Mountains batholith, and in 
fault and depositional(?) contact with the carbonate rocks 
on the western side of the range (Nielson et al., 1978; 
Sibbett and Nielson, 1980; Coleman, 1991). This rock unit 
is assigned a Paleozoic age on the basis of the interpreted 
stratigraphic contact with rocks correlated with the 
Redwall Limestone (Crawford and Buranek, 1945; Nielson 
et al., 1978; Sibbett and Nielson, 1980) and may be equiva- 
lent to the Devonian Cove Fort Quartzite. 

Southern Mineral Mountains and Star Range 
Stratigraphic sections of pre-Cenozoic rocks exposed in 

the southern Mineral Mountains and in the Star Range 
across Milford Valley to the west are similar and therefore 
are treated together here (fig. 2, units SD, MP and TJ; fig. 5). 
The oldest exposed strata are assigned to the Devonian 
Simonson Dolomite based on the characteristic dark color 
and stromatoporoid fauna. The base of the section is every- 
where either faulted, intruded, or concealed. The youngest 
pre-Cenozoic strata in the Star Range are assigned to the 
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Figure 4. Geologic map of the Antelope Mountain area. The principal structure in this area is the Antelope Mountain thrust (see text for 
discussion). East-west trending folds in the footwall to the southern section of the Antelope Mountain thrust fault are attributed to synplu- 
tonic d e f m t i o n .  Mapping by J. D. Walker and J.M. Barthy. 
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Jurassic Navajo Sandstone, whereas the Mineral Mountains 
section locally includes overlying limestone assigned to the 
Jurassic Carmel Formation. The intervening upper Paleozoic 
through Triassic section is relatively thin and contains a 
larger proportion of quartzose clastic rocks and dolostone 
than miogeoclinal sections. As a result of this relatively cra- 
tonal character, most mapped formations are more readily 
correlated to the Colorado Plateau than to miogeoclinal 
sections (fig. 5 and compare to fig. 6). 

Northern Beaver Lake Mountains 
Stratified rocks of Cambrian to Mississippian age are 

present in the Beaver Lake Mountains (fig. 2 units CO and 
SD; fig. 3). The rocks are involved in a complex imbricate 
zone associated with the Beaver Lake thrust, intruded by 
mid-Tertiary granitoids, and dissected by normal faults; 
therefore the stratigraphy is fragmentary at best. Strati- 
graphic nomenclature that has been used for these rocks is 
a somewhat confusing patchwork of local names and names 
imported from Nevada and other parts of Utah. We have 
not attempted to resolve these problems, but use the unit 
designations of previous workers and names from the Wah 
Wah Mountains and southern Pavant Range (Barosh, 1960; 
Hintze, 1974; Abbott et al., 1983; Lemmon and Morris, 
1984). 

Southern Wah Wah Mountains 
Late Proterozoic to Mesozoic strata are exposed as sev- 

eral inliers within the southern Wah Wah Mountains (figs. 6 
and 7). Late Proterozoic strata consist mainly of quartzite 
and occur only in the Wah Wah thrust plate. Cambrian car- 
bonate rocks of the Blue Mountain thrust plate include 
Upper Cambrian units that are not exposed elsewhere in 
the Mineral Mountains region. Ordovician to Mississippian 
carbonate strata are well exposed in several imbricate thrust 
slices; this section is similar to the section of the Beaver 
Lake Mountains with the exception of the Oxyoke Canyon 
Sandstone, which appears as a thin yellow siltstone layer. 
The upper part of the Mississippian section includes clastic 
sedimentary rocks that may represent the distal edge of the 
Antler foreland basin, which is otherwise unrecognized in 
rocks structurally below the Wah Wah-Canyon Range thrust 
plate. A relatively complete section of Middle Paleozoic 
rocks is only preserved in one of the thrust slices (Dry Can- 
yon I thrust plate, Friedrich 1993; figs. 6 and 7). Individual 
sections appear to be thicker in this area than correlative 
strata in the Milford Valley area, consistent with a more 
open miogeoclind setting. 

Cenozoic Rocks 

Volcanic Rocks 
Tertiary volcanic rocks crop out throughout the Mineral 

Mountains (figs. 2 and 5; Stop 2-3). At the southern end of 

the range the sequence includes Oligocene intermediate 
lava flows assigned to the andesite of the Shauntie Hills, 
ash-flow tuffs of the Oligocene Needles Range Group (fig. 
2, unit Tvl; Best et al., 1989a), and latest Oligocene and 
early Miocene ash-flow tuffs and near-vent lava flows and 
volcaniclastic rocks of the Marysvale Volcanic Field (fig. 2, 
unit Tmv; Bullion Canyon Volcanics and Mt. Dutton Forma- 
tion; Steven et al., 1979). The andesite of the Shauntie Hills 
was correlated by Best and Grant (1987) with andesite in 
the Escalante Desert Formation of the Needles Range 
Group that has a stratigraphically bracketed age of 34-31 
Ma. The youngest volcanic rocks exposed in the southern 
Mineral Mountains are 7.6 Ma basalt (Best et d., 1980) 

On the northeast side of the Mineral Mountains, the 
Gillies Hill rhyolite was deposited at approximately 9 Ma 
(fig. 2, unit Tv2; Evans and Steven, 1982), and on the west 
side of the range, the Corral Canyon rhyolite was deposited 
at approximately 8 Ma (Evans and Nash, 1978). Quaternary 
volcanic rocks occur throughout the Mineral Mountains 
(Nash, 1976; Nielson et al., 1978; Sibbett and Nielson, 1980; 
Crecraft et al., 1981; Nash and Crecraft, 1982). These rocks 
include ash-flow tuffs and obsidian lava flows in the central 
Mineral Mountains that were deposited contemporaneous- 
ly with basalt lava flows in the northern Mineral Mountains 
between 0.8 and 0.5 Ma (fig. 2, unit Tv2; Lipman et al., 
1978). 

Volcanic rocks in the Star Range and Beaver Lake 
Mountains are Needles Range Group intermediate lavas 
assigned to the andesite of the Shauntie Hills and to the 
Horn Silver Andesite (fig. 2, unit Tvl; Stop 3-1; fig. 5). The 
volcanic section in the Wah Wah Mountains consists mainly 
of the Needles Range Group, and the bimodal early 
Miocene Blawn Formation (fig. 6). 

Intrusive Rocks 
Mineral Mountains. The largest area of the Mineral 

Mountains exposes a Tertiary batholith intruded between 
25 and 11 Ma (Aleinikoff et al., 1987; Coleman and Walker, 
1992). During this interval, there were three distinct epi- 
sodes of magmatism, all characterized by coeval intrusion 
and mixing of mafic and felsic magmas (Coleman, 1991; 
Coleman and Walker, 1992; Coleman et al., in preparation). 
The first is preserved as mixed diorite and hornblende grano- 
diorite (fig. 2, unit Til; Coleman, 1991). The second intru- 
sive episode includes rocks ranging in composition from 
gabbro to high-silica granite and accounts for greater than 
90% of the exposed batholith (fig. 2, unit Ti2). The final 
intrusive episode recorded is emplacement of rhyolite, 
basalt and mixed rhyolite-basalt dikes at 11 Ma (fig. 2, unit 
Ti2). 

The northern and westernmost parts of the Mineral 
Mountains batholith comprise an Oligocene [U-Pb zircon 
age of 25 + 4 Ma; (Aleinikoff et al., 1987)] resistant, light- 
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deformation and the timing relationship between extension 
and magmatism are well preserved. 

Antelope Mountain 

The principal structure on Antelope Mountain is the 
Antelope Mountain thrust (Stop 1-2; Liese, 1957; Whelan 
and Bowdler, 1979), which places Cambrian Prospect Moun- 
tain Quartzite over Cambrian Peasley/Dome Limestone 
and Cretaceous(?) conglomerate (fig. 4; Walker and Badey, 
1991). Although the actual thrust surface is not exposed, its 
location and attitude are tightly bracketed by outcrops. The 
thrust is folded into an open, east-plunging antiform. Tight 
folding of footwall rocks in the core of this antiform was 
synkinematic with contact metamorphism by the hornblende 
granodiorite intrusion and therefore we consider the fold- 
ing to be related to emplacement of the Mineral Mountains 
batholith rather than to the Sevier orogeny. 

The direction of emplacement of the Antelope Mountain 
thrust is uncertain, but its geometry is consistent with 
southeast vergence characteristic of the region. Footwall 
Cambrian rocks become stratigraphically higher to the 
south, but this relation is probably not related to ramping of 
the thrust because the intervening Cretaceous strata lie in 
angular unconformity on Cambrian footwall rocks. Thus, 
footwall rocks may have already dipped to the south before 
thrusting, and the footwall was deeply eroded by the time 
of deposition of the conglomerate. The cause of unroofing of 
the footwall probably was its elevation along a structurally 
lower thrust that we refer to as the sub-Antelope Mountain 
thrust. Considering the present distribution of the hanging 
wall, and assuming that the thrust climbs section at a mod- 
erate angle, displacement across the Antelope Mountain 
thrust must be at least 5 kilometers. 

Tertiary structures at Antelope Mountain include map- 
scale folds and numerous moderate- to high-angle normal 
faults (fig. 4). The normal faults strike north or east and 
most have separations of tens to hundreds of meters. How- 
ever, a north-striking fault zone on the western side of 
Antelope Mountain downdrops Middle Cambrian carbon- 
ate strata from the hanging wall of the Antelope Mountain 
thrust against footwall rocks (fig. 4, outcrops of Trippe(?) 
Limestone on far west side of Antelope Mountain). We 
know virtually nothing about either the Middle Cambrian 
stratigraphy or the internal structure of the Antelope Moun- 
tain thrust plate. Therefore, it is impossible to make a quan- 
titative slip estimate for this fault zone. 

Central Mineral Mountains 

Because the central Mineral Mountains are underlain 
almost exclusively by massive granitoid plutons (fig. 2), the 
internal structure of this part of the range is difficult to rec- 
ognize. Thin (less than 10 m) zones of cataclasite, ultracata- 

clasite and mylonite which typically contain top-to-the- 
west shear-sense indicators are found throughout the main 
intrusive phase. The cataclastic-mylonitic foliation defines a 
broad north-south trending antiform across the range which 
Coleman (1991) interpreted to reflect folding of the range- 
forming block. 

Range-scale folding is corroborated by structural orien- 
tations and paleomagnetic data from Paleozoic wallrocks 
and late Miocene dikes, and by the cooling history of the 
batholith. Rhyolite porphyry and basalt dikes in the north- 
em (Stop 1-4) and western (Stop 1-5) Mineral Mountains 
consistently have nearly vertical dips and intrude nearly 
horizontal strata cut by nearly horizontal thrust faults. 
Dikes of the same swarm in the eastern part of the batho- 
lith (Stop 2-1) dip gently and intrude nearly vertical strata 
cut by nearly vertical thrust faults (Sibbett and Nielson, 
1980; Coleman, 1991; Coleman and Walker, 1994). Paleo- 
magnetism of the dikes and the rocks they intrude (both 
plutonic and wallrocks) supports the interpretation that the 
dikes were emplaced with subvertical dips and are variably 
tilted across the range up to a maximum of approximately 
90" of west-side-up tilt on the east side of the range (fig. 9; 
Coleman et al., in preparation). Cooling dates (40Ar/3gAr 
and fission-track) for the main intrusive phase are older on 
the east side of the batholith relative to those on the west 
side, consistent with rapid west-side-up tilt of the batholith 
after approximately 10 million years ago (Evans and Nielson, 
1982; Coleman et al., in preparation). 

Southern Mineral Mountains 

The southern Mineral Mountains can be divided into 
three structural domains, from north to south: the Harkley 
Mountain domain, the Guyo graben, and the Yellow 
Mountain domain (fig. 10). 

Harkley Mountain domain. The Harkley Mountain domain 
lies north of the Cheny Creek fault and includes exposures 
of the Cave Canyon detachment fault (fig. 11, map and sec- 
tion A-A'; Stop 2-2) which places steeply dipping upper 
Paleozoic rocks in its hanging wall upon the Mineral Moun- 
tains intrusive complex in the footwall (Nielson et d. ,  1986; 
Price, in preparation). Slip across the Cave Canyon detach- 
ment formed up to 100 meters of protocataclasite and cata- 
clasite derived from footwall plutonic rocks. Extensional 
faulting and the intrusion of a small 11 Ma rhyolite porphyry 
pluton severely disrupted bedding in the hanging wall rocks. 

Two adjacent fault surfaces mapped within the Harkley 
Mountain domain are interpreted to be eastern and west- 
em segments of the Cave Canyon detachment (fig. 11, sec- 
tion A-A'; Price, in preparation). The eastern segment undu- 
lates gently and the fault surface can be measured directly 
to be subhorizontal. The western segment dlps 11" to 18" 
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Figure 9. Cooling and defonnational history of the Mineral Moun- 
tains batholith inferred from structural, thermochronologic and 
pabomagnetic data. Isobars are pressure estimates made using Al- 
in-hornblende barometry (Coleman, 1991). Numbers in white 
ellipses are biotite 40Ar/39Ar cooling dates in millions of years. We 
infer static cooling of the batholith between 18 and 11 Ma. By 18 
Ma, the rocks of the main intrusive phase emplaced into 
Pennsylvanian strata had cooled below the 300°C isotherm. By 11 
Ma, the 300°C isotherm had not reached the level where the 
batholith intrudes Proterozoic rocks. All of the exposed rocks had 
cooled below the 300"G isotherm by 9 Ma, following uplij3 and 
deformation of the batholith. Uplijl was accompanied by tilting of 
the rocks on what is now the east side of the exposed batholith 
resulting in exposure of the shallowest levels of the batholith on the 
east and the deepest level of the batholith on the west. Uplified and 
deformed isobars (indicated by italics) are shown in the lastfi-ame. 
Modified from Coleman et ab, (in preparation). 

Figure 10. Structural domain map of the southern Mineral Moun- 
tains. See text for discussion. 

west as determined by three-point solutions. Hanging wall 
rocks of the western segment were entirely removed by 
erosion such that the fault zone is recognized only as a layer 
of silicified cataclasite that caps a series of west-plunging 
ridges and is identical to that beneath the eastern segment. 
East- and north-striking high-angle faults cut both seg- 
ments of the Cave Canyon detachment. Mapping did not 
reveal a direct spatial or temporal link between the two 
segments of the detachment fault (Price, in preparation). 

Nielson et al., (1986) report that Tertiary rhyolite por- 
phyry intrusions correlative with 11 Ma rhyolite porphyry 
dikes elsewhere in the Mineral Mountains (Coleman and 
Walker, 1994) cut the Cave Canyon detachment. However, 
detailed remapping revealed that the Cave Canyon detach- 
ment cuts all intrusive phases, including the Tertiary rhyo- 
lite porphyry, along its eastern segment. Whereas all earlier 
phases of the batholith are strongly cataclasized, however, 
the Tertiary rhyolite porphyry is scarcely deformed where it 
intrudes the cataclasite. This relation suggests that most of 
the displacement along the eastern segment of the detach- 
ment may have occurred before 11 Ma (Price and Bartley, 
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1992; Price, in preparation). Relations between Tertiary rhyo- 
lite dikes and the cataclasite along the western segment of 
the detachment are unknown. 

Slip across the Cave Canyon detachment cannot be 
measured directly because no contacts or piercing points 
can be correlated from hanging wall to footwall. However, 
Paleozoic strata can be used to estimate the minimum sepa- 
ration. Wallrocks in the Beaver View Mine area (Stop 2-1) 
include dark dolomite lithologically resembling Devonian 
Simonson Dolomite, which is older than any rock currently 
exposed in the hanging wall of the Cave Canyon detach- 
ment in the Harkley Mountain domain. At least 9 kilome- 
ters of top-to-the-west slip across the Cave Canyon detach- 
ment is required to transport hanging wall Simonson Dolo- 
mite westward to a position stratigraphically below the 
younger hanging wall strata that are preserved (fig. 11, sec- 
tion B-B'; Price, in preparation). 

Guyo graben. South of the Harkley Mountain domain is 
the east-west trending Guyo graben, which is defined by 
three broadly east-striking high-angle faults (the Cherry 
Creek, Oak Spring and Guyo Canyon faults) linked by sev- 
eral north- and northwest-striking faults (fig. 10). The 
northern margin of the graben is the Cherry Creek fault, an 
east-west strihng, sub-vertical fault that places Paleozoic 
through Tertiary stratified rocks against both hanging wall 
and footwall rocks of the Cave Canyon detachment (fig. 11, 
map and section D-D'). The Oak Spring fault forms the 
southern margin of the G U ~ O '  graben and is interpreted to 
be non-planar and steeply dipping (fig. 11, section D-D'). 
Separation of rock units across the Oak Spring fault ranges 
from 300 to 600 meters down-on-the-north. 

Running northeast to southwest within the Guyo graben 
is the non-planar south-dipping Guyo Canyon fault. This 
fault splays from the Cherry Creek fault near the eastern 
edge of the Mineral Mountains and converges with the Oak 
Spring fault at the western edge of the range. Dip separa- 
tion across the Guyo Canyon fault is approximately 1500 to 
1700 meters along much of its length. However, the fault 
rapidly loses separation in the western half of Guyo Canyon 
where it splays into several small faults. Many southwest- 
dipping faults cross from Guyo Canyon to Cave Canyon 
(fig. 11) and appear to transfer some of this displacement 
from the Guyo Canyon fault to the Cherry Creek fault. The 
remainder of the displacement is accommodated by a south- 
east-plunging fold east of Bradshaw Mountain. 

Field relations between normal faults in the Guyo graben 
domain imply that all of the faults were active contempora- 
neously (Price, in preparation). The many small faults that 
splay off of the Guyo Canyon fault both cut and are cut by 
the north-south striking faults that link the Guyo Canyon 
fault to the Oak Spring fault. Nearly all of the north- and 
northeast-striking faults bridge between pairs of east-strik- 
ing faults and do not cross them. Furthermore, there are no 

offset continuations of north-striking faults across the east- 
striking faults. 

The location of the Cave Canyon detachment within the 
Guyo graben domain is uncertain. Its location depends on 
the nature of the Cherry Creek fault (fig. 12), which may 
represent a lateral ramp at which the Cave Canyon detach- 
ment either could step upward or downward, or it may be a 
younger fault that cuts and offsets the Cave Canyon detach- 
ment. It is also possible that the Cave Canyon detachment 
terminates at its southern end against the Cherry Creek 
fault and is not present in the Guyo graben domain (Price, 
in preparation). Present data do not permit confident selec- 
tion between these alternatives, although the difficulty of 
matching rocks and structures across the Cherry Creek 
fault tends to argue against its interpretation as a younger 
fault. 

Yellow Mountain domain. The Yellow Mountain domain 
extends from the Oak Spring fault on the north to Miners- 
ville Canyon on the south (fig. 10). The domain may be 
divided into three north-trending fault blocks defined by 
two inferred north-striking, west-dipping normal faults. 
However, the western and central blocks are exposed only 
in scattered low outcrops in the alluvial fan west of the 
range, and little is known about their structure because of 
poor exposure and low relief. 

The eastern block of the Yellow Mountain domain forms 
the southern end of the Mineral Mountains and contains 
several interrelated sets of faults cutting Paleozoic through 
Tertiary strata. East-striking faults are linked with north- 
striking and predominantly west-dipping normal faults. 
The east-strihng normal faults cut and offset the north- 
striking stratigraphic contacts and accommodate minor 
north-south extension (approximately 500 m, based on the 
cumulative heave of these faults in fig. 11, section D-D'). 
Neither east- or north-striking faults consistently cut the 
other, suggesting that, as in the Guyo graben, both fault sets 
were active at the same time (Price, in preparation). 

Mapped north-striking faults in the Yellow Mountain 
domain repeat the Oligocene welded tuff sequence at the 
southern end of the range. These ash-flow tuffs terminate 
to the north against an east-striking fault north of Mt. Adams, 
here called the Mt. Adams fault (fig. 11). The outcrop width 
of andesite of the Shauntie Hills changes abruptly across 
this fault. The broad area underlain by andesite of the Shaun- 
tie Hills north of the Mt. Adams fault is unlikely to reflect 
an abrupt northward increase in stratigraphic thickness 
because the change occurs across a fault that equally affects 
the younger volcanic section. Therefore, cryptic west-dip- 
ping normal faults are hypothesized to repeat the andesite 
of the Shauntie Hills to the north of the Mt. Adams fault 
(fig. 11, Section C-C'). Thus, the Mt. Adams fault is inter- 
preted to relay displacements between these two sets of 
north-striking domino-style normal faults. 
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Figure 11. Simpl$ed geologic map and cross-sections of the southern Mineral Mountains. Locations of cross sections are shown. Patterns 
on cross sections are the same as those shown on map. Mapping by D. Price. 

The Yellow Mountain domain contains the only evidence 
in the area for pre-intrusive faulting. The 23 Ma porphyry 
of Lincoln Gulch cuts a west-dipping normal fault near the 
northeast comer of its exposure. Also, an angular unconfor- 
mity between the three oldest ash-flow tuffs exposed in the 
southern Mineral Mountains (31 to 27 Ma) and the 26 Ma 
Isom Formation (Best and Grant, 1987) is suggested by a 
systematic dip discordance. Mean dips are 69" in the older 
ash-flow tuffs and 52" in the Isom Formation, whereas atti- 
tude data from individual fault blocks are discordant by 
from 9" to 25" (Stop 2-3). It is possible that the fault cut by 
the Lincoln porphyry reflects deformation related to tilting 
at 27 to 26 Ma, and may be related to the intrusion of the 
25 f 4 Ma granodiorite or collapse following eruption at 27 
Ma of the Three Creeks tuff member of the Bullion Canyon 
Volcanics. 

Faulting and tilting of the Tertiary section in the Yellow 
Mountain domain largely postdates the magmatic peak, how- 
ever, and the amount of tilting varies throughout the domain. 
Tilting and erosion after deposition of the Tertiary Mt. Dutton 
Formation (approximately 21 Ma; Machette et al., 1984) 
formed a paleovalley in which quartz sandstone was 
deposited. Dip discordance indicates approximately 15" of 
eastward tilt between deposition of the Mt. Dutton Forma- 
tion and the undated quartz sandstone. A basalt flow dated 
at 7.6 Ma (K-Ar whole-rock, Best et al., 1980) uncon- 
formably overlies the sandstone and dips 12" east (three- 
point solution on its basal contact). This indicates approxi- 
mately 20 to 30" of further eastward tilt before 7.6 Ma and 
approximately 12" since 7.6 Ma. Bedding dips elsewhere in 
the domain record as little as 10" of tilt between 21 and 7.6 
Ma and as much as 40" of tilt after 7.6 Ma. 
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Beaver Lake Mountains The Beaver Lake Mountains are cut by numerous mod- 

The Beaver Lake thrust places Cambrian Prospect Moun- 
tain Quartzite on Mississippian Joana Limestone with two 
intervening horses of Cambrian rocks (fig. 13; Lemmon and 
Monis, 1984). Footwall rocks comprise Cambrian to Missis- 
sippian strata. The hanging wall consists of Prospect Moun- 
tain Quartzite passing up section into Dome Limestone. 
These rocks are probably in sequence with Cambrian- 
Ordovician Notch Peak Limestone exposed directly below 
the Frisco thrust in the adjacent San Francisco Mountains 
(fig. 1; Lemmon and Monis, 1984). 
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erate- to high-angle Tertiary faults in widely varying orien- 
tations (fig. 13). The faults generally have small stratal sepa- 
rations. More significant Tertiary deformation is present, 
however, near the contact with the hornblende granodiorite 
(fig. 2, unit Til). Here, Paleozoic carbonate rocks are contact- 
metamorphosed to the point that a formation assignment is 
generally impossible, and contain a steep foliation subparal- 
lel to the intrusive contact. The contact aureole locally con- 
tains recognizable Middle Cambrian silty limestone that 
clearly is out of place relative to the Siluro-Devonian dolo- 
stones adjacent to the contact aureole. We interpret these 
Cambrian rocks to have reached their present position as a 
result of synmetamorphic shearing in the contact aureole. 
This steep structural zone corresponds directly to the steep 
southern limb of the Tertiary antifom adjacent to the same 
pluton on Antelope Mountain to the east across Milford 
Valley. This correlation suggests that shearing was pluton- 
side down and that the Cambrian rocks were derived from 
the Beaver Lake thrust sheet. Similar wallrock-pluton rela- 
tions described elsewhere in the western United States are 
interpreted to result from sinking of plutons following a 
density increase associated with crystallization (Glazner, 
1994; Glazner and Miller, 1996). 

Star Range 

The Star Range is composed of several fault-bounded 
blocks containing mainly east-dipping strata. Although faults 
of virtually every strike are present, four main faults define 

Figure 12. Possible geometries of the Cherry Creek fault as shown 
in simplijied north-south cross sections approximately along the 
line D-D' in figure 9. Arrows show direction of movement of the 
Cherry Creek fault (solid); circles with dots and X's show motion of 
the Cave Canyon detachment (dashed) out of; and into, the page, 
respectively. The first twofiames show the Cherry Creek fault as a 
lateral ramp along the Cave Canyon detachment. We regard the 
second possibility (a south-side-up lateral ramp) as unlikely 
because the rocks exposed south of the Cherry Creek fault are 
unlike footwall rocks exposed elsewhere in the Mineral Mountains. 
However, the same basic geometry would result if the Cherry 
Creek fault is a tear fault that transfers the Cave Canyon detach- 
ment to the west. The final frame shows the Cherry Creek fault as a 
younger, cross-cutting, down-on-the-south structure. An additional 
possibility (not explicitly shown) is that the Cherry Creek fault is a 
tear fault that separates two distinct sets of fault blocks. In this 
case, the Cave Canyon detachment tenninates against the Cherry 
Creek fault at its southern end. Existing data do not establish 
direction of motion across the Cherry Creek fault w the relative 
ages of the Cherry Creek fault and the Cave Canyon detachment. 
Therefwe, we are unable to determine which of these possibilities 
is most likely. 



1 mile 

Figure 13. Geologic map of the Beaver Lake Mountain area. The Beaver Lake thrust and associated defonnational features are well exposed in the northern part of the map 
area. Mapping by J. D. Walker and J. M. Bartley. 
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the overall structure. Two are west-dipping normal faults 
that we name the Shauntie fault and the Gold Crown fault, 
for mines located along their traces (figs. 2 and 8). The other 
two are east-striking normal faults that define what we call 
the Central graben. 

The Shauntie fault is best exposed along Shauntie Wash 
(Stop 3-l), where it places a hanging wall of Jurassic Navajo 
Sandstone and 31 to 34 Ma andesite of the Shauntie Hills 
on the Miocene(?) Shauntie leucogranite pluton and its 
Paleozoic wallrocks. Horses of unmetamorphosed Paleozoic 
and Triassic sedimentary rocks are found locally along the 
fault, which dips 20 to 35" west. The fault was not recog- 
nized in previous mapping (Best et al., 1989b) but its pres- 
ence is clearly demonstrated by (1) cataclasis along the con- 
tact and (2) the lack of contact metamorphism of rocks in 
the hanging wall adjacent to the leucogranite pluton, which 
has an extensive contact aureole elsewhere adjacent to its 
intrusive contacts. 

A klippe of Mississippian rocks similar to that to be ex- 
amined at Stop 3-1 rests on Devonian strata at the crest of 
the Star Range. The underlying fault dips very gently west- 
ward (approximately 5"). The klippe may represent a horse 
emplaced along a splay of the Shauntie fault, now isolated 1 
kilometer from the main fault trace by erosion. This would 
imply that the overall dip of the Shauntie fault was quite 
low. 

In the northwestern Star Range, Jurassic Navajo Sand- 
stone and Oligocene Shauntie andesite are exposed across a 
narrow valley from Paleozoic carbonate rocks containing 
Tertiary granitoid intrusions. This relation matches that across 
the Shauntie fault but previously was interpreted to repre- 
sent a window through the Blue Mountain thrust (Best et al., 
1989b); that is, the alluvium was inferred to conceal an east- 
dipping thrust that emplaced the Paleozoic strata on the 
Navajo Sandstone. The andesite of the Shauntie Hills and 
Tertiary intrusions thus were interpreted to post-date juxta- 
position of the Mesozoic and Paleozoic rocks. We reject this 
interpretation for at least four reasons. . 

1. The map pattern can be explained by continuing the 
Shauntie fault northward into this area. An unexposed 
thrust for which there is no other evidence therefore 
is not required. 

2. Paleozoic rocks in the Star Range are relatively cra- 
tonal and resemble parautochthonous rocks in the 
southern Mineral Mountains. These rocks therefore 
are unlikely to have been carried above the Blue 
Mountain thrust which carries more miogeoclinal 
facies. 

3. The andesite of the Shauntie Hills lies on the Navajo 
Sandstone along an irregular erosion surface as little 
as a few hundred meters from exposures of coarse- 
grained quartz monzonite intruded into Mississip- 
pian carbonate rocks. No intrusions are found on the 

west side of the valley and no volcanic rocks are 
found on the east side. This is a remarkable coinci- 
dence if juxtaposition of Paleozoic and Mesozoic 
rocks predated formation of any of the igneous rocks 
and the igneous rocks were emplaced in their pre- 
sent relative locations, as is required by the thrust 
interpretation. 

4. The Hoosier Boy conglomerate was deposited on 
Tertiary volcanic and Mesozoic sedimentary rocks 
and mainly contains clasts derived from these units. 
It nowhere contains clasts of Paleozoic rocks, which 
in the thrust interpretation must have been exposed 
before Mesozoic rocks of the thrust window could 
have been. If the Paleozoic rocks structurally overlie 
the Mesozoic rocks, it is difficult to imagine how 
Paleozoic clasts could have been prevented from 
being incorporated in the Hoosier Boy conglomer- 
ate to which they are immediately adjacent. 

Relations 3 and 4 are readily explained by the Shauntie 
normal fault. The hanging wall rocks were emplaced from 
an original location on the east side of the Star Range, pro- 
viding suitable sources for the clast types in the Hoosier 
Boy conglomerate. Both the Paleozoic rocks and Tertiary 
intrusions in the western Star Range were unroofed by the 
Shauntie fault only after the plutons were emplaced in their 
Paleozoic wallrocks and after the Shauntie andesite and 
Hoosier Boy conglomerate were deposited. We therefore 
regard the entire Star Range to be composed of rocks that 
were parautochthonous relative to the Sevier fold-thrust 
belt. 

The poorly exposed Gold Crown fault on the east side of 
the Star Range accomplished a very similar juxtaposition to 
the Shauntie fault. The hornblende granodiorite pluton on 
the east side of the range intruded and extensively contact 
metamorphosed Paleozoic and Triassic wallrocks, yet has 
an abrupt contact on its west side with unmetamorphosed 
Jurassic (and very locally Tertiary volcanic) strata. The geom- 
etry of the fault is not well defined by surface exposures, 
and the wall rocks of the pluton are highly faulted and can 
only locally be assigned to a particular formation. Therefore, 
the characteristics of the Gold Crown fault are less well 
determined than the Shauntie fault, but their mutual simi- 
larities suggest that they are part of a system of domino- 
style faults with similar slip magnitudes. 

The main structure within the north-trending fault block 
between the Shauntie and Gold Crown faults is the Central 
graben, an east-trending graben bounded by nonrotational 
normal faults that dip toward each other at about 60" (fig. 
8). The graben is roughly symmetrical with each bounding 
fault accommodating 1.0 to 1.5 kilometers of apparent throw, 
but apparent throw varies greatly along the graben owing 
to effects of intersecting faults both within the graben and 
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outside of it. The age of the Central gaben cannot be dctcr- 
mined directly. However, smaller east-striking nomlal faults 
subparallel to tlie southern bounding &nlt are cnt Ity tlic 
Shauntie lcucogranite plntoii, which clearly is cut by the 
Sliauntie fkult. Therefore, we infer tlrat the Central grabcr~ 
is olcler than the Shauntie fault. 

Intersections of the Certtral =d~err wid1 the Slratlrltie ar~d 
Cold Crown faults are complex and iiicon~pletely uncler- 
stood. The simple graben geometry breaks down eashvasd 
into a plexus of varialdy oriented ~lormal faults. Conlhinecl 
with the poor exposure of the Gold Crown fault itself, it is 
difEcult to draw 2); clear concltision about the ctlronology 
and kinematics of faults in this area. Relations at tlie west- 
ward intersection with the Sharnitie fault are more clear- 
cut, however. Although the Central graben is believed to be 
older than the Shanntie fault, the Shauntie fault appears 
offset by the bounding fiaults of the Central graben (fig. 8). 
fIowever, the sense of separation is the revcrse of what 
would result if the Central gral~en cut the Shauntie fatllt: 
the Shauntie fault trace should be offset eashvad, yet is off- 
set to the west. We therefore interpret the off'set to incticate 
that the bourrding fhults of the Central gral~eir were propa- 
gation barriers to the Shauntic fault (e.g., Bartley et al., 1992), 
restxlting in lateral stepping of the Shauntie fault atld partial 
reactivation of the Central gaben fhults wllen the Sharnitie 
fault intersected them. 

Southcnl Wah Wall Mountains 

'The southern Wali Wah hlorintains are the only area in 
western Utah \&ere several Sevier thn~st faults are exposed 
within a single range (figs. 7 and 14). 'Therefore, although 
the field trip inakes no stops in the Wah \litdl Mountains, 
they provide key insights into the geometrical evolutiori of 
tho Sevier thrvst systelrl discussect here. 'Tl~e thntsts incblude 
the Blue Mountain thn~st and the overlying Wah Wah thrnst 
system, which comprises a cornplex imbricate thrust ~ o n c  
itlclutling, in ascending order in the nomenclature of Fried- 
rich (1993), tlle Dly Canyon I and I1 thrusts, the Lanlerdorf 
thrusts, the Tetons thrust, and the Wah FVtth thrust (fig. 7). 

The Wah FYah thrust is tlie largest-displ~tce~~~e~it tllrust in 
southwestern Utah with minimum slip e\tirnatcd by Fried- 
rich (1993) at 38 kilometers. The Walr Wah and all other 
thrusts above the Dry Canyon I thrust each hcheacl pre- 
existing thrusts or thrust-related fold\ in their fbotwalls, 
irtlplying that the Urah \Vah thrust system is inte~nally back- 
ward-hrcaking with stnlcturally higher thrrtsts enrplaced 
&ter lower ones. Find emplacenient of tlie FVall VVah tlzn~st, 
Ilowever, was followed by forward propagation of the mairi 
Sevier decollement to fonn a new frontal rarrlp at the Rltie 
Mountain thrust (Fillmore, 1991). 

The Sevier thrusts in the southern Wah Wah Mountains 
are cut hy at least four sets of faults; the olrlest anrl 

Tertiary Volcanic Rocks: 

1;igr~re 13. E2~i'~tottic nut)) of t lx~  southenz W(ih Wcih hloitntczins sivn- 
pl$ed frorn %$atjet. (1980), Ahboft et of., (1983), Best et al., 
(198711), ottd F&c~di+c~lz (1993). This figure shows (111 k ~ c c b  of the 

ji.ontci/ Setiipr thrust helf a t ~ d  the finai~lg  relationship,^ i7rtwcr.n 
r~tolsiottniJaultit~g atlcl Oligoccnc to n~irldle &fioc-erw rolcurtum 

youngest fault sets liave significant displacements and are 
di\cursecl here (figs. 7 and 14). 'The oldest set of faults com- 
prises \orttheast- axid nortllwest-dipping low- to Iiigll-angle 
normal fbults with a minimum cunlulative heavc of 650 
meters (Friedriclr, 1993; fig. 7). These faults are uncoil- 
fornlahly overlain by basal volcanic strata of the Oligocene 
Escaltmte Desert For~nation and are the only known signifi- 
carit prrvoicanic extensional faults in soutlrwestern Utah 
(t'i-iedrich and Bartley, 1992). The youngest fanlt set com- 





COLEMAN, ET AL.: EXTENSIONAL FAULTING IN MINERAL MOUNTAINS, S. SEVIER DESERT 223 

this mechanism. The Blawn graben, however, appears to be 
younger than 20 Ma although older than north-striking faults 
related to the main phase of Basin and Range extension 
(Friedrich, 1993). The Guyo graben in the southern Mineral 
Mountains appears to have developed contemporaneously 
with late Miocene north-striking normal faults (Price, in 
preparation). Although it is possible that the bounchng faults 
of the Blawn and Guyo grabens were established earlier, 
there is no evidence that specifically suggests such an inter- 
pretation. The east-trending grabens thus have variable rela- 
tions to regional magmatism and their tectonic significance 
remains obscure. 

Evidence for ages of the large north-striking normal faults 
indicates that they are everyhere younger than early Mio- 
cene plutons. This is particularly clear in the case of the 
Mineral Mountains, where cross-cutting relations, thermo- 
chronology of lower-plate rocks, and paleomagnetic results 
combine to indicate that major extension began shortly 
before 11 Ma and mostly occurred after 11 Ma (Price and 
Bartley, 1992; Coleman and Walker, 1994; Coleman et al., 
in preparation; Price, in preparation). In contrast, the over- 
whelming majority of igneous rocks in the region formed in 
the period from about 32 Ma to 17 Ma. In the Star Range, 
cataclasis of rocks along the Shauntie fault and a lack of 
contact metamorphism across the fault indicate that the 
intrusive rocks had cooled significantly prior to deformation. 
Therefore, the main period of magmatism preceded the 
main period of crustal extension by several million years 
(Best and Christiansen, 1991), a relation that must be 
accommodated in physical models for crustal extension. For 
instance, it seems unlikely that Basin and Range extension 
in this area was either directly triggered or localized, or 
that trajectories of active faults were modified, by thermo- 
mechanical effects of the magmatism. 

Origin of Presently Shallow Dips of Extensional Faults 

The largest Cenozoic normal faults in the Mineral Moun- 
tains area strike north and dip to the west. Geometrical 
data concerning low-angle faults among this group consis- 
tently support their origins as steeper faults that were tilted 
to their present gentle dips by the isostatic rolling-hinge 
(Buck, 1988; Wernicke and Axen, 1988) or domino (Proffett, 
1977) mechanisms. Locally, both isostatic rebound and tilt- 
ing above structurally deeper faults may have contributed 
to the present geometry of faults. 

The footwall to the Cave Canyon detachment preserves 
abundant evidence for deformation associated with isostatic 
rebound. Most notably, footwall rocks, deformation zones 
within footwall rocks and the Cave Canyon detachment are 
all folded in to a broad antiform across the Mineral Moun- 
tains (fig. 9). Maximum estimates of tilt are up to 90' on the 
far east side of the exposed batholith (Coleman and Walker, 

1994; Coleman et al., in preparation). Price and Bartley (1992) 
and Price (in preparation) conclude that active segments of 
the Cave Canyon detachment were progressively- abandoned 
as the footwall was tilted: currently active range-bounding 
faults on the far western side of the range dip steeply 
(Barker, 1986), whereas the western and eastern segments 
of the Cave Canyon detachment dip approximately 20' and 
0°, respectively. Post-extensional tilting and isostatic uplift 
of the footwall block may have been localized by the Min- 
eral Mountains batholith because there is no evidence for 
similar magnitudes of tilt at the breakaway zone for exten- 
sion on the adjacent Colorado Plateau (Coleman et d., in 
preparation). 

In addition to isostatic rebound, both the Cave Canyon 
detachment and other low-angle faults may have been, in 
part, tilted to their present orientation by domino-style nor- 
mal faulting. Coleman and Walker (1994) concluded that up 
to 45' tilt of the Cave Canyon detachment and its footwall 
may have been accommodated by motion along the struc- 
turally deeper Beaver Valley fault (fig. 2). However, Price (in 
preparation) calls the existence of a separate Beaver Valley 
fault into question. Continued work in the region will help 
address these different interpretations. Regardless of the 
geometrical relations in the Mineral Mountains, we interpret 
the Shauntie and Gold Crown faults as a pair of domino- 
style faults. 

The Magnitude of Regional Extension and Implications 
for Extension in the Sevier Desert 

The absolute magnitude of extensional deformation across 
the Mineral Mountains region is difficult to measure due to 
limited exposure of hanging wall rocks and uncertainty in 
subsurface geology. However, it is possible to put broad 
minimum and maximum estimates on the amount of exten- 
sion. Therefore, we frame this discussion in terms of limit- 
ing estimates: What is the bare minimum demanded by the 
geology? What is the maximum credible amount? Where in 
between these extremes is the real answer most likely to 
lie? 

The minimum estimate for extension must account for 
(1) observed extension within ranges that did not contribute 
to forming the modem basins, and (2) formation of modem 
basins. Because the Cave Canyon detachment, Shauntie 
and Gold Crown faults do not appear to be correlative, dis- 
placements across them have to be additive. Separation 
across the Cave Canyon detachment is probably best under- 
stood and is at least 9 kilometers on the basis of restoring 
the Devonian Simonson Dolomite adjacent to correlative 
rocks in the footwall (Price, in preparation). This separation 
translates into an extension estimate of 4.5 to 8 kilometers 
assuming a fault with an initial dip of 60" to 30°, subse- 
quently tilted to a horizontal orientation. Separation across 
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the Shauntie fault is less certain due to structural complica- 
tions in the footwall and poor exposure of the hanging wall, 
but is approximately 4 to 5 lalometers based on separation 
of Jurassic strata across the fault. The Shauntie fault pres- 
ently dips around 20" W and footwall strata &p about 40" E, 
indicating an initial fault dip of 60" and 40" of stratal tilt, 
which imply about 2 kilometers of extension. Because the 
juxtaposition of rocks across the Gold Crown fault is similar 
to that across the Shauntie fault (hanging wall of Navajo 
Sandstone and Tertiary volcanic rocks rests on a footwall 
composed of a Tertiary pluton intruded into Paleozoic car- 
bonate rocks), we assume a similar amount of extension 
across the Gold Crown fault. Therefore, minimum exten- 
sion across the ranges without opening any valleys is about 
9 kilometers. 

Estimates of minimum and maximum extension across 
the Beaver and Milford valleys are even more difficult to 
make than estimates of extension within adjacent ranges. To 
produce the observed basins in Beaver and Milford valleys, 
a bare minimum estimate of 1 kilometer extension across 
each is necessary assuming they are bounded by high-angle 
normal faults as shown by geophysical investigations (Smith 
and Bruhn, 1984; Barker, 1986). 

A maximum estimate of extension across Beaver Valley 
(and part of the Mineral Mountains) is 10-15 kilometers on 
the basis of a match between a syenite/andesite (TilITmv) 
contact repeated across the Beaver Valley fault (fig. 2; Cole- 
man, 1991). Walker and Bartley (1991) estimate a maximum 
of 30 kilometers of extension across Milford Valley on the 
basis of thrust correlations. This estimate is consistent with 
matching Tertiary intrusivelcarbonate contacts (TilICO- 
SD) between Antelope Mountain and the Beaver Lake 
Mountains (fig. 2). These estimates yield a minimum of about 
11 kilometers and a maximum of about 40 kilometers of 
extension along a 40 kdometer line from the Colorado Plateau 
to the Shauntie Hills (the Shauntie Hills lie immediately 
west of the Shauntie fault on fig. 1). 

The actual amount of extension across the Mineral Moun- 
tains region probably lies between these two extreme esti- 
mates. An approach to getting a somewhat less conservative 
minimum is to assume that faults similar to those exposed 
in the Mineral Mountains and Star Range exist under the 
adjacent valleys, too; we regard this as still conservative 
because the very existence of the valleys implies greater 
extension there than in the intervening ranges. The two 
ranges are each about 10 kilometers wide and each exposes 
one or more faults that accomplish 4 to 5 kilometers of ex- 
tension. If the exposed faults represent a relatively uniform 
array of domino-style faults across the area, this implies 60 
to 100% extension across a 40 kilometer transect, or 15 to 
20 lcilometers of total displacement. Assuming that the valleys 
exist because extension is more concentrated there than in 

the ranges, 20 kilometers of extension across the transect 
appears to be a reasonable minimurn. 

Any amount of extension between the Colorado Plateau 
and the Shauntie Hills must be either accommodated in the 
Sevier Desert along the Sevier Desert detachment to the 
north, or transferred to the west at the northern end of the 
Mineral Mountains dong an unrecognized structure (fig. 1). 
Estimates of extension across the Sevier Desert detachment 
(20-60 kilometers; Allmendinger et al., 1983; Von Tish et al., 
1985; Coogan and DeCelles, 1996) agree well with mini- 
mum and maximum estimates for extension in the Mineral 
Mountains region. This observation, combined with new 
data supporting extension in the Sevier Desert (Otton, 1995; 
Coogan and DeCelles, 1996, Linn et al., in review) and the 
lack of a suitable structure to transfer extensional deforma- 
tion elsewhere, favor the interpretation that extension is 
accommodated within the Sevier Desert. Therefore, we 
favor the interpretation of the Sevier Desert reflector as a 
regionally significant detachment fault over other interpre- 
tations. 

ROAD LOG 

The road log starts in Beaver Utah each day of the trip. 
The reader is referred to figure 16 for a simplified road map 
of the field trip area. 

START DAY 1 

0.0 0.0 South Beaver entrance to 1-15 at highway 
mile 109. Travel north. Look west to Min- 
eral Mountains. Note high, craggy Granite 
Peak. Look east to Tushar Mountains. 

3.1 3.1 Highway mile 112. North Beaver exit. 
Continue north. 

8.9 12.0 Highway mile 120. Look northwest to 
Gillies Hill, east to Tushar Mountains. 

2.5 14.5 Highway mile 123. Road cuts through 
Gillies Hill rhyolite 

7.0 21.5 Highway Mile 130. Quaternary basalt 
flows west of 1-15. 

3.0 24.5 Highway mile 133. The Tushar Moun- 
tains are due east, Dog Valley lies to the 
north and the Pavant Range north of Dog 
Valley. Rocks in Dog Valley comprise an 
authochthonous Paleozoic section that is 
approximately horizontal. Allochthonous 
Paleozoic rocks crop out north of Dog 
Valley. 

2.0 26.5 Exit 135 at historic Cove Fort. 
0.1 26.6 Left on well graded Black Rock Road 

over 1-15 continuing west. Low hills of 
Quaternary basalt. 
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Figure 16. Road ~ ~ m p  for.fieM rl-ip. At rtlc~ntl localities irlong dip wc'sfet~s sicle, of tha  ,2iirtwcil ~Irlountniizs, f l ~ c w  i1re cnrnp1e.v it~tcv-rertionr of 
zrnirnyjrotxtl dirt rocids and i t  is rer.nnttr~<ruec that you rclfi,r to u j ~ p r q w i i ~ t ~  C! S.G. S. 7.5 minute clu<~tlrctrlglt* mops. T ~ ~ ) o g r c l ~ ~ / i ! ~  trlrtl rooi/~s 

fiotn I1S.C:. S. Brcic~r, Lf4zli Wilz hfts. North and W l h  If4112 Afts. S o t ~ t f ~  1 100 000, 3 0  X 60  ininute qrtarl~-<inglo rrzcips. 

1.2 27.8 Cattle guard. 0.5 40.5 
2.9 30.7 Cattle guard. 
1.2 31.9 Top of hill. View to west-nortlltvest is pass 

between Paleozoic section of ilntelope 
Mountain to t11c north and plutons to tlle 
south. Note vcrtical clikes of rhyolite por- 
plryry c ~ ~ t t i ~ ~ g  p1rtto11ic rocks. 

1.5 33.4 Wrk, stay right. 
1.2 34.6 Cattle guard. 
5.4 40.0 7ilm left on road at green gate and follow 

knee line. 

STOP 1-1. Overview of the Sevier Desert 
and the Beaver and Milford Nillley area. 

Park o r 1  float of the Prospect hIountain 
cptartzite (fig. 4). Look rtortll krr a \ iew of 
the Sevicr Iltsert 'lncl t h ~  (;l;~~lyoll K,~ngc. 
The Cricket 3loitnt;utlr arc. to the ~~ortlr- 
west ant1 the House Kailge i\ in the clis- 
tant nortfiwest. Iicre u7e 1 x 1 ~ ~  an over- 
view of tlic Sevier Ilescrt to the rrol-th. 
The Scvier LJescrt is underlait3 by a signi- 
ficant seismic reflector that i s  i~rt~q)lrtt~cf 



\r,trtal)ly ,t\ ,i drt,ichirrc~it C1r11t (t>.g., All- 
mct~rlingtr e,t .il., 1$)8:3. Yorr Ti41 cxt ,il. 
1985) a~rcl an r~nconformit? (r\rltlcr\ ,ind 
C:lrri\tie-Blick, 1994) /-\cscording to tllrh 
tlc~t"~chrr~eirt rnodtl, thc t Iortsc Ilarrgrl dritl 

Crickc~t \fourrtarns r.tb\torch to ,I pret-.kcbtr- 
siorral poritiorr 28 to 38 kilotnc~ter\ to tlic 
e,ist of thcir airrcnt locdt1o11 jSlirirl>, 
1984). 'l'l~e nlodel of Antfc.r, ntrtl (:hri\tie.- 
Blich (1994) prctclict5 Iittlr or rro oft;c.l 
acres\ tht, Sevit,r 12r.\c>i.t I>,t\in 

The \rte\\7 \oirth I \  outcrop of(;,trnbrr,tii 
Prorpcet \louirt,tii-r ip~~irt/itcx in t l r ~ '  llci~rg- 
ing \v,tll of' Alrtciopc Zlorltltarr~ tllrust, 
I,ooki~lg to the 5outlx the \ f i r ~ c ~ , i l  \lorr~r- 
tains are bor~ntlctl by Bra\rc,r \:illc\ to 
tlie e,i\t a~icl l.lrlfol-rl Lillc! to tlr t ,  urc.si. 
Illappcd Lhulth arrtl srrl)\trrl;~cc~ mr,tg~,lril?; of 
lirgh-angle. nor.rnal faillti accoirrrt fot sig- 
trificant e-\ter~\~olt ,icl-ct\\ tlrt' rcgto~r. Our 
principal godl tluring this trip \rtll 1)it to 
e\,uni~i~. the \t\ Ic, of tllitt. c~\tt~~r\iorrd dv- 
formation alitl pl,tcc sotirrA lirnrt\ olr I - f t t b  

arnoi~nt of' extcrrrio~l. Sorrrclrowv. thrt tS\- 

tcxrrsion irecdr to bc .tc~co~~rnrotl,ttc'd ~iorth 
of the 2lirlcral klot~rlt,iinr, ' l i z o  pos\rl~ili- 
ties for tl-r~\ actbcanrrrodnti<)r~ ,ire ,tn twl- 
west tri.r-rtli11g 4tr1ke slip Ktult *orrcs 01- I%\- 

tension 111 the bmicr 12t.sert. 
0 5 I1 O Return to iir,tirt rocid ~tortlr of Arltclopc, 

Mountain. 
8.9 43.9 7:the. left k)rk to\\lartl llilhrci. 
2.1 46 0 Lcft on road iir \rrl,lll patclr of s,\gc$ ailel 

contirrilc. geucrally r u t  towad range (tlr15 
ir a very tough nittr\cctiort to firid) 

1.1 7 1 CAite thrortgh ftrrcc. 
0.4 47.5 Left on ro,itl tIr,it cont~rlt~e\ cbCist to the 

range. 

0.6 38 1 STOP 1-2. The Antelope Mountaitr t'Crrrrst 
fault and us~dcrlying Crctaceort,(?) con- 
ghinerate. 

Park wlrerc mad gc2t\ ljatl, thcn walk 
rip poor road and continrrc, rip t \ , ~ \ l i  to 
east-sor~thclast (fig\. J; a~ld  17) \Zi% 1% ill 
bc walking up approx~inatclj 1000 f e ~ t  
throilgh \omc~\vll,lt rrlc~tamo1-~1t1o\c~c1 C'tr11- 
1)iiarr lIo\vcll I,tme~torle. 'T'hc. rrto\t .rltc~rc~l 
rocks 'ire .tt tlie \t,lrt of tticl cluiil). 'I'l~e 
Ai~telol?c klounlatlr tlu-u\t fj111t 15 111~irkt~d 

the prorni~rt~lt lcilg(, of Prospcct Iloir~i- 
tain Qnart~itr .  Jltit h r l lo~  111~ cjrl,tririltx 
arth ri111r-rt~-oit$ vxpo\I1rc\ of eo11glo1~i~r~itc~ 

,~rltl \ilkston(* t~srirrl,tl)l\ rrrlconi;ctxr~i,iItl\ 
1t~4t11rg on the I Iot\t~ll L,r~ric~storic~ The 
r.c~l,~iro~rs ,it tliii stop r~-rdrt~,rti~ rll,rt tllc' 
iooht ,111 r oc.ll\ ~1 cni ulplr Ifetl, clr otl(hc1 ( l i ! ~ ~  n 
to tlrr irio.lzc.11 I,~nrc~itorit~.  'irrd \ t l l > i r ~ r ~ ~ i ~ ~ ~ t -  
11 o\c~rh~l-~i\t  I,! ille Itrtclopr, \totitttcurr 
tljr~r\t 'fhv intt.lope 'Ilounr,ur.i ihtiist 
t'i111t 11&1\ ~1 c>oi~\~\tcl~ttl~ \ t ~ ~ t l i ( ! \ \  - ( ~ I I > J > I I ? ~  

01 rcntation 
Retttrrr to ro,ttl , g ~ r c l  cLor~t~t~rrc. solrtlr 
c : , r t t x  tllrollg11 f i , l l ~ ( '  

Itttcli\tLctrotr tx1t11 nu<! on I t b i t  \"IL>\\ c,,kst- 

\ottt!re'i\t of \pet t,icttl,ir nrlxctl 15 \1'1 

:,r~,trritt, ,tiid dionit, (:oi~ti~lr~c itotttll ,llt)ii~q 
lance fr orit 
1 ,r~fl ,it T~i~tt>riecttort 1x1 50 tcvt trrr1.i h,irrl 
to the 11g11i Lillc$ c~~ll t l I~11~~ \<) l l th  .lloilq t1w 
t<Lllf!,tJ f iO?l t  

M t b , r l  Icit ,it f i ) r  h 
C;,rtc r h ~  o r ~ g l r  ie~r~cc, Imtncttlcttcl\ ~ftc.1- gatc 
fclI\c, fcfl oil roLttl lo t!~r% ~lortir 

CIPTIONAI, STOP 1-3. Tcliigrnil ruixing 
clrtring the 18 Ma intrrt:ite elent, 

i''t11t a1<1 \\ '~lh \i c\t to o~iit~rol>\ ot g~ ~ i t i -  

l t i3 dtorrtc. Spt~c.t,tc.c.rlltu f t ' c ~ t t ~ r  r , \  r c>\tllt- 
1rng tror~l tntxlrlg oL rlial?;rtr,r\ tllir lrlg the 19 
\la ltr,rrll rrltrtrs1.r ('1 rwt t ~ n  hc.  \ ~ c w c ~ l  
o i l  tlrc 11111 p,i\t Lt~r~ee to thi? .\\<&st 'I'llrs 
nirxulrr; gi*ntAl,rttbs <I rcbc,'~ori,il \ ,tr iatrr~rr III 
tl-rc, corrr~,ctsrt~on of thi. tlrorlte h 0x11 tlror 
~ t c  tct qrtuli>d~ontc The rrgroti'tl 1 ,ur,ihorr 
Ilr tlitx rtl,un rrrtrtr\ir t. pli.t"l* c o ~ x ~ ~ ~ o ~ t ~ ~ o t ~  
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noted by Nielson et al., (1978) and Sibbett 
and Nielson (1980) from granite in the 
south to quartz monzonite in the north is 
also interpreted to result fiom this mixing 
event (Coleman, 1991). In addition to less 
modal quartz, the main intrusive phase 
has more abundant amphibole in areas 
where it is extensively mixed with the 
diorite. This variation is continuous across 
the batholith. Quartz xenocrysts with 
amphibole rims are abundant in the dior- 
ite and rapakivi feldspars are abundant in 
both phases in the mixing zones. Dikelets 
of granite in the diorite can be traced into 
zones of oriented and progressively ran- 
domly oriented feldspar xenocrysts. These 
observations provide an explanation for 
the common occurrence of K-feldspar 
"porphyroblasts" in mixed zones. All three 
magmatic events recorded in the Mineral 
Mountains pluton (25 Ma, 18 Ma and 11 
Ma) are characterized by magma mixing 
or mingling. 

55.5 Turn sharp left. Return to main road. 
55.8 Left at fork. 
56.4 Right at fork. 
56.8 Turn left (green bus on right). 
57.1 Bear left at fork down hill. 
57.8 Bear right at fork. 
57.9 Bear right at fork. 

58.8 STOP 1-4. Steeply-dipping 11 Ma rhyo- 
0.1 

lite and basalt dikes in the northern 
1.0 

Mineral Mountains. 
Park vehicles below Pinnacle Pass and 0.8 

climb to the top of the pass. Here we can 0.5 

view steeply dipping 11 Ma rhyolite por- 
phyry dikes and a west dipping diorite 
dike in 18 Ma quartz monzonite. Paleo- 0.6 

magnetism of these dikes and their wall 
rocks show minor, variable tilt from a Mio- 
cene expected direction (Coleman et al., 
in preparation). The geometric relations 
between rocks at the north end of the 
Mineral Mountains can be summarized 
as steeply dipping &kes intruding nearly 
horizontal strata cut by nearly horizontal 
thrust faults. 

North of Pinnacle Pass, is the largest 
area of outcrop of 25 Ma intrusive rocks. 
At the north east end of Pinnacle Pass 
and dong steep east facing cliffs continu- 
ing to the north are well-exposed Tertiary 

migrnatites. Uranium-lead zircon geochro- 
nology of these migrnatites reveals that 
they result from 18 Ma remobilization of 
25 Ma hornblende granodiorite (Coleman, 
1991). 
Merge with road from right. 
Merge with road from right. 
Merge with road from left. 
Major intersection, bear left (green bus 
on the right). 
East side of road are commingled basalt- 
rhyolite &ke intruding 18 Ma mixed gran- 
ite-diorite pluton. 
Cross road then turn right down north- 
west side of hill. 
Merge with road from north. 
Continue south at intersection. 
Continue south at major intersection. 
Ruins of the Negro Mag resort at the 
Roosevelt Hot Springs. 
Right at Roosevelt Hot Springs, stay on 
the main road. 
Cattle guard and intersection. Continue 
south. 
Continue south. 
Cross road and continue south. View to 
southwest is low white hill. This is the 
Opal Mound cut by the Opal Mound fault. 
Cross road, continue south. 
Bear left at fork. 

67.7 Cattle guard. 
68.7 Stay on main road bearing right after 

shallow wash. 
69.5 Merge with road from northeast. 
70.0 Sharp left onto well graded gravel road. 

(This is the Ranch Canyon loop road.) 

70.6 STOP 1-5. Steeply dipping 11 Ma dikes 
of the western Mineral Mountains and 
western wallrocks of the batholith. 

North of the Ranch Canyon loop, the 
low, northwest-trending ridge that ends 
in a low round hill includes outcrop of 11 
Ma rhyolite porphyry dikes, 25 Ma horn- 
blende granodiorite (along the low ridge) 
and 1725 Ma paragneiss (the round hill). 
Proterozoic rocks including paragneiss, 
sillimanite schist and quartzite comprise 
the western wall rocks of the batholith. 
Farther south, wallrocks also include Paleo- 
zoic marble. Note that rhyolite dikes along 
the western side of the batholith are 
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steeply dipping and yield Miocene ex- nacle Pass (Stop 1-3). The view to the 
petted paleomagnetic poles. 

East of this stop, the batholith com- 
prises well mixed diorite and granite of 
the 18 Ma intrusive event. To the south 
and east, Granite Peak (9580' and the 
Milford Needle (9582') expose 18 Ma 
granite, and are the highest points in the 
range. The high flat peaks immediately 
east of this location comprise Quaternary 
rhyolite lava domes. These are the source 
of the abundant obsidian float throughout 
the range. Geothermal activity at the 
Roosevelt Hot Springs, that we passed on 
the way to this location, attests to contin- 
ued magmatic activity in the area. 

0.6 71.2 Reverse direction. At intersection, con- 
tinue toward Milford Valley on the Ranch 
Canyon Road. 

1.1 72.3 Cattle guard. 
6.7 79.0 Bear right toward Milford. This is the 

intersection with the Pass Road. 
2.9 81.9 Cattle guard and start of pavement. 
0.5 82.4 Turn left on Route 21 and return to 

Beaver (approximately 30 miles). 

END DAY ONE 

START DAY TWO 

0.0 0.0 Start mileage at junction of highways 21 
and 160. Continue west on 21 (Center 
Street) in downtown Beaver. 

0.5 0.5 Underpass of 1-15. 
4.4 4.9 Exit right, and continue west on Pass Road 

into Mineral Mountains. 
4.3 9.2 Turn right, and continue north dong range 

front. 
1.0 10.2 Turn left and continue west toward range. 

0.5 10.7 STOP 2-1. Steeply dipping wallrocks and 
horizontal 11 Ma dikes of the southeast 
part of the batholith. 

Park and proceed west on road over 
ridge. Walk to where road ends in wash 
and continue 100 meters up the wash to 
outcrops of Paleozoic carbonate and rhyo- 
lite porphyry. Climb to the top of the hill 
on the south side of the wash. The bath- 
olith here dominantly comprises 18 Ma 
quartz monzonite and granite, and 11 Ma 
rhyolite porphyry and basalt dikes. The 
dikes are correlative with vertical rhyolite 
porphyry and basalt dikes seen at Pin- 

south shows the steeply dipping carbon- 
ate rocks (Mississippian Redwall Lime- 
stone[?]/Devonian Simonson Dolomite[?]) 
that comprise the eastern wall rocks of 
the batholith. To the north, the carbonate 
rocks are cut by a (presently) steeply dip- 
ping thrust fault that is locally intruded 
by a rhyolite porphyry dike (Sibbett and 
Nielson, 1980). This is the only steeply 
dipping dike in this part of the Mineral 
Mountains (although it is difficult to dis- 
cern the orientation of some dikes such as 
the one that caps this hill). Looking to the 
west, a basalt/rhyolite porphyry dike pair 
with near horizontal dips can be seen 
about three-quarters of the way up the 
side of the range. Horizontal rhyolite por- 
phyry dikes are also evident above and 
west of the carbonate rocks looking south. 
The most accessible horizontal dikes crop 
out at the bottom of the wash we parked 
in, several kilometers west and up the side 
of the mountain. Paleomagnetic analysis 
of the horizontal dikes, the steeply dip- 
ping dike intruded along the fault, and 
the Paleozoic carbonate rocks all suggest 
that the rocks experienced up to 901 of 
west-side-up tilt (Coleman et al., in 
preparation). Thus, the dikes and the wall 
rock of the batholith are orthogonal to 
each other as they are at Pinnacle Pass; 
however, all are tilted approximately 90' 
relative to their orientations on the north 
and west sides of the batholith. We inter- 
pret this tilt to be the result of footwall 
uplift in response to denudation along the 
Cave Canyon detachment fault that we 
will examine at the next stop. 
Turn around and proceed back to Pass 
Road. Turn right on range front road. 
Bear right onto Pass Road (continuing 
west). 
Road cut through dated 11 Ma rhyolite 
porphyry dike. 
Cattle guard at Soldier's Pass. 
Cattle guard. 
Merge with Upper Ranch Canyon road. 
Continue down and to the west. 
Merge with Lower Ranch Canyon road. 
Continue down and to the west. 
Cattle guard and pavement begins. 
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Junction with Route 21, turn left continu- 
ing southeast toward Minersville. 
Left onto Cave Canyon road. Road takes 
an immediate sharp right turn. 
Cattle guard and road turns east toward 
range. 
View of cataclasite capping hills north of 
the road. 
STOP 2-2. The Cave Canyon detach- 
ment fault. 

Descend into Cave Canyon Wash and 
park. Walk approximately 1 mile east up 
Cave Canyon. The road starts in the can- 
yon bottom, climbs onto the south slope, 
and then crosses back to the north slope 
just a little above the canyon bottom. 
When the road has crossed exposures of 
foliated granodiorite and rocks to the north 
have changed from intrusive rocks to 
Paleozoic carbonate rocks, look for the 
remains of a road on the left (difficult to 
find). Follow this road to the north approx- 
imately 0.5 mile and climb about 700 feet 
to the eastern end of cliff-forming out- 
crops with a subhorizontal top surface. 

The Cave Canyon detachment fault is 
exposed as the top surface of these cliffs 
(fig. 11 map and section A-A'). Paleozoic 
rocks in the hanging wall were transport- 
ed a minimum of approximately 9 hlome- 
ters to the west. Proto-cataclasite and cat- 
aclasite are exposed in the cliff walls. 
Evidence of magma mixing can be seen 
within the proto-cataclasite. The cliffs ter- 
minate eastward against one of the late- 
stage, high-angle faults that cut the de- 
tachment. To the west, exposures of the 
cataclasite of the western segment of the 
detachment can be seen on the crests of 
west-plunging ridges. The Cheny Creek 
fault, exposed in the bottom of Cave Can- 
yon, juxtaposes both the hanging wall and 
footwall rocks of the Cave Canyon detach- 
ment on the north against the Paleozoic 
through Tertiary stratified section to the 
south. 
Reverse direction and return to route 21. 
Turn left continuing southeast toward 
Minersville. 
Junction of 21 and 130 at Minersville, 
continue east toward Beaver. 
Turn left off 21 on gravel road continuing 
north into low hills. 

0.7 48.6 STOP 2-3. Tilted rocks in the hanging 
wall of the Cave Canyon detachment 
fault. 

Walk approximately 1.2 miles west 
(crossing a approximately 300' high ridge) 
to the base of the volcanic section. A Cre- 
taceous-Tertiary(?) conglomerate uncon- 
formably overlies the Triassic Moenkopi 
Formation at the sub-Tertiary unconfor- 
mity. Walk eastward up-section through 
the volcanic units (fig. 5). The lower three 
ash-flow tuff units dip more steeply 
(approximately 70") than the overlying 
Isom Formation (approximately 50°), al- 
though the amount of differential d t  varies 
between fault blocks. The traverse crosses 
an uninterrupted section into the Oligo- 
cene-Miocene Mount Dutton Formation, 
and then two fault blocks which repeat 
the section from the Three Creeks tuff 
member of the Bullion Canyon Volcanics 
to the Mount Dutton Formation. 

0.7 49.3 Reverse direction and continue back to 
Route 21. Turn left on 21 continuing east 
toward Beaver. 

2.8 52.1 Minersville State Park on left. 
6.5 58.6 Pass Road junction, stay on 21. 
4.4 63.0 1-15 underpass. 
0.5 63.5 Junction of 21 and 160-main street of 

Beaver. 

END DAY TWO 

START DAY THREE 

0.0 0.0 Start mileage at junction of highways 21 
and 160. Continue west on 21 (Center 
Street) in downtown Beaver. 

0.5 0.5 Underpass of 1-15. 
4.4 4.9 Junction with Pass Road. 
6.5 11.4 Minersville State Park on right. 
6.0 17.4 Junction 21 and 130 in Minersville. Stay 

on 21 toward Milford. 
5.9 23.3 Junction with Cave Canyon Road. Con- 

tinue on 21 northwest to Milford. 
6.5 29.8 Junction with Pass Road. Continue on 21. 
0.7 30.5 Railroad crossing. Bear right on 21 and 

immediately turn left on 500 S Street and 
continue to the west. 

0.5 31.0 End of road, turn left continuing south. 
0.4 31.4 Turn right at intersection just before pave- 

ment ends. Golf course on right. 
0.3 31.7 Pavement ends. 
0.7 32.4 Cattle guard. 
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Bear left at fork. 
Bear left to follow powerline road. 
Cattle guard. 
Gold Crown mine west of road. 
Cattle guard. 
Leave powerline road, turn right on road 
continuing west to Star Range. 
Cattle guard. 
Fork, stay to right. 
Fork, bear right. 

STOP 3-1. Geology of the Shauntie fault. 
Stop between small hill (with Mippe) 

and main range (fig. 8). Cross the wash 
and ascend the lower slopes of the red- 
dish hill to the west. This hill is underlain 
mainly by altered and brecciated andesite 
of the Shauntie Hills, but its lower slopes 
on the east and south sides are Shauntie 
leucogranite. Ascending toward the con- 
tact, the leucogranite becomes progres- 
sively cataclasized, indicating that the 
contact is a fault rather than intrusive. 
This is the Shauntie fault, which is not 
well exposed here but dips about 30" 
west based on its intersection with topog- 
raphy. Return across the wash and ascend 
the slope to the south. Capping ridge are 
outcrops of dark gray Mississippian Monte 
Cristo Limestone. The limestone is shat- 
tered and silicified. The underlying leuco- 
granite is again progressively cataclasized 
ascending toward the contact. Where the 
contact intersects a roadcut on the near 
side of the ridge, a zone of fault gouge 
several tens of centimeters thick is pre- 
sent. These relations are in stark contrast 
with intrusive contacts between the gran- 
ite and limestone near the crest of the 
range, where the granite becomes vuggy 
and contains patches of pegmatite, and 
the dark limestone is bleached white and 
marmorized. We interpret the Mippe here 
to be a horse along the Shauntie low- 
angle normal fault. 
Reverse direction and return to last fork. 
Make a sharp right turn and continue 
north. 

STOP 3-2. Geology of the Shauntie fault 
and the Hoosier Boy conglomerate. 

Top of pass with Hoosier Boy conglom- 
erate. Shauntie fault and Central graben 

of the Star Range. The intersection of the 
Shauntie fault with the southern bound- 
ing fault of the Central graben is located 
near where the road turns left at the top 
of a steep hill and leaves the Shauntie 
Wash, heading west. The graben-bound- 
ing fault appears to be the younger than 
the Shauntie fault because it apparently 
truncates the Shauntie fault. However, as 
noted in the foregoing article, cross-cut- 
ting relations with the Shauntie leuco- 
granite suggest the opposite age relation 
and the Shauntie fault here is offset in the 
incorrect sense for such an interpretation. 
Therefore, the trajectory of the Shauntie 
fault may have been deflected where it 
intersected the Central graben when prop- 
agating northward, here reactivating a 
short segment of the graben-bounding 
fault as part of the Shauntie fault. 

0.3 48.4 Continue northward. At intersection turn 
right. 

3.9 52.3 Bear right at fork. 
2.4 54.7 Intersection with Route 21. Turn right and 

continue east toward Milford. 
6.1 60.8 Main street, Milford. Right to return to 

Beaver, left to Salt Lake City. 
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ABSTRACT 

Long normal fault zones are in, and form the eastern boundary of, the transition zone between the 
Colorado Plateau and highly extended Basin and Range physiographic provinces. Seismicity in the transition 
zone of southwestern Utah and northwestern Arizona is believed to be influenced by earthquake rupture seg- 
ment boundaries. Two geometric fault segment boundaries are identified on the active Hurricane fault. Fault 
geometry, scarp morphology, structures, and changes in amount of offset are used to define the boundaries. 
The seismic-risk implication of defining earthquake rupture segments and boundaries is significant in south- 
western Utah, a region experiencing rapid population growth. The 1992 St. George M 5.8 earthquake proba- 
bly occurred on the Hurricane fault, triggering a large and damaging landslide and other seismic hazards. 
Isolated Quaternary fault scarps are observed along the Hurricane fault. These fault scarps indicate that the 
fault is active, although no historical surface ruptures have occurred. 

INTRODUCTION 

The transition zone between the Basin and Range and 
Colorado Plateau physiographic provinces (fig. 1) displays 
tectonic features common to both provinces. In southwest- 
em Utah and northwestern Arizona the zone is transected 
by four long normal fault zones-Toroweap-Sevier, Hum- 
cane, Washington, and Gunlock-Grand Wash--each greater 
than 100 Ian long. The transition zone is an ideal location to 
study normal faulting. Important data may be obliterated 
by multiple-overprinting-faulting events in more highly 
extended regions such as the Basin and Range, but the tran- 

sition zone experienced less strain and shows a higher de- 
gree of data preservation. 

Within the Basin and Range Province and the transition 
zone, ongoing extension is typically accommodated by seis- 
mically active, long normal fault zones. Through detailed 
studies, long normal faults can be divided into geometric 
fault segments differentiated by faulting history, geometry, 
and seismicity. Boundaries separating segments are signifi- 
cant because they may be the sites of significant strain, may 
impede earthquake-rupture propagation, and may influence 
earthquake locations '(e.g., Schwartz and Coppersmith, 1984; 
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Figure 1.  Locations of major faults in southwestern Utah an 
northwestern A k o m  (ball and bar on downthrown side of n m  
faults; teeth on upper plate of thrust faults; stippled where COT 

cealed): G-GW = Gunlock-Grand Wash fault, W = Washingto 
fault, and T-S  = Toroweap-Sevier fault. Historical earthquukes a7 
indicated with open circles, major earthquakes of 1902 and 19s 
are labeled (modijied from Bausch and Brumbaugh, 1994). Th 
major folds are: PVs = Pine Valley syncline, Va = Virgin anticlinl 
Major thrust is the Sevier-age Square Top Mountain thrus 
Locations of Figures 3, 4, 7, and 8 along the Hurricane fault m 
outlined. Strmctural data compiled from Hintze (1980) an 
Reynolds (1 988). 

King, 1986; Bruhn et al., 1987; Bruhn et al., 1990; Susong 
et al., 1990; Crone and Haller, 1991; dePolo et  al., 1991; 
Machette et al., 1991; Zhang et al., 1991; Janecke, 1993; 
Evans and Langrock, 1994). Segment boundaries may be 
defined based on a variety of data or concepts. In this paper 
a geometric segment boundary is defined as a zone across 
which a fault markedly changes strike and, in the case of a 
normal fault, forms a bend that is convex toward the hanging 
wall. An earthquake rupture segment boundary is defined 
as a location or zone where earthquakes repeatedly initiate 
or terminate, and thus, also restricts the locations of fault 
scarps. A segment boundary may be a geometric boundary, 
an earthquake rupture boundary or both. Identification of 

geometric segments and boundaries is critical for seismic- 
hazard analysis because segment length provides an esti- 
mate of the maximum rupture length during an earthquake 
and can be used to estimate paleoearthquake magnitudes. 
We examine two geometric segment boundaries of the Hur- 
ricane fault (Stewart and Taylor, 1996; Taylor and Stewart, 
in review), but fault geometry (Hintze, 1980) indicates that 
additional geometric segment boundaries probably exist (cf, 
Taylor and Stewart, in review). 

Typical of the Basin and Range province, evaluation of 
seismic hazards in southwestern Utah and northwestern 
Arizona is complicated by the apparent contradiction 
between the moderate level of historical seismicity and the 
existence of long fault zones with Quaternary scarps. 
Although the region has experienced earthquakes ranging 
up to M 6.3 (fig. l), geologic evidence, such as fault scarps 
and amount of Quaternary displacement, indicates that the 
potential exists for much larger (magnitude 7+) earth- 
quakes. The Hurricane fault and other major late Cenozoic 
normal faults that cut the western margin of the Colorado 
Plateau in this region have substantial Quaternary displace- 
ment. Documented fault scarps on the Hunicane fault point 
to the recency of movement (Menges and Pearthree, 1983; 
Anderson and Christenson, 1989; Stewart and Taylor, 1996). 
It is difficult to effectively integrate this geologic evidence 
into seismic-hazard analyses, however, because very little is 
known about the size and timing of Holocene and late Plei- 
stocene surface ruptures or the length of geometric fault 
segments that might rupture in individual large earthquakes. 

Seismic and other geological hazards in southwestern 
Utah and northwestern Arizona are important because of 
their potential impact on the significant and rapidly grow- 
ing population. The region includes one of the fastest grow- 
ing areas in Utah, the St. George Basin (see Lund, this vol- 
ume). Significant seismic hazards posed to the region by 
the Hurricane fault are discussed here. In the following 
paper Lund (this volume) discusses other geological hazards 
including problem soil and rock, landslides, shallow ground 
water, and flooding. 

The field trip associated with this paper will follow the 
Hunicane fault for approximately 60 km along strike (see 
Stewart et al., field trip log, this volume). The paper and 
field trip proceed from south to north mscussing and observ- 
ing structures and kinematics associated with the fault. Two 
geometric segment boundaries and their associated seis- 
mic-hazard implications will be observed and discussed. 
Evidence for these geometric segment boundaries includes 
fault geometry, slip direction or kinematic considerations, 
scarp morphology, changes in amount of offset around the 
fault bend, and fault zone complexity. These boundaries 
may be earthquake rupture boundaries. Documented fault 
scarps on the Hurricane fault are not common, especially in 
Utah; this trip will visit known scarps in three locations. We 
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will also examine the landslide in Springdale, Utah, trig- 
gered by the September 2, 1992, St. George earthquake, 
probably generated by movement on the Humcane fault. 
Shortening structures predating the Humcane fault and a 
synextensional basin will be discussed and observed at the 
New Harmony and Kanarraville Basins. The Toquerville 
fold, a ~~nextensional footwall flexure will be discussed. 

GEOLOGIC BACKGROUND 

The Hurricane fault represents the youngest period of 
deformation in southwestern Utah and northwestern Arizona 
(Dobbin, 1939; Cook, 1957; Anderson and Christenson, 
1989). It is a 250-km-long, north-south strilang, high-angle, 
down-to-the-west normal fault that, in exposures, cuts Paleo- 
zoic, Mesozoic and Cenozoic rocks. The Paleozoic and Meso- 
zoic rocks (fig. 2) predate all exposed deformation in the 
region (Armstrong, 1968). Thnlst faults of the Sevier oro- 
genic belt cut the area west and northwest of the Hunicane 
fault and Pine Valley Mountains during the Cretaceous, 
moderately folding older rocks in front of the thrust belt to 
form the Virgin anticline and the Pine Valley syncline (fig. 
1) (Armstrong, 1968; Cowan and Bruhn, 1992). 

Southwestern Utah and northwestern Arizona under- 
went a period of tectonic quiescence during the early and 
middle Tertiary (Cook, 1957) followed by magmatism and 
extension. Volcanism began about 33 million years ago just 
north of the Pine Valley Mountains and migrated south- 
ward through time (e.g., Rowley et al., 1979; Best and 
Grant, 1987; Best et d., 1989). Between -20 and 22 million 
years ago the Pine Valley laccolith and other intrusions were 
emplaced (Armstrong, 1963; Nelson et al., 1992). Extension 
began in the Oligocene north of the Pine Valley Mountains 
and continued through the Miocene into the Quaternary 
near the Pine Valley Mountains and the Hurricane fault 
(Gardner, 1941; Cook, 1952, 1957; Mackin, 1960; Taylor and 
Bartley, 1992; Axen et d . ,  1993). 

Volcanism accompanied extension on normal faulting in 
the transition zone. Small-volume basalt flows and cinder 
cones exist throughout southwestern Utah (fig. 3). Best et al., 
(1980) dated flow rocks near Hurricane, Utah, between 
0.289 and 1.7 Ma using the K-Ar method. Sanchez (1995) 
used 40Arp9Ar to date flows near Hurricane, Utah, at 
between 353 f 45 ka and 258 + 24 ka (a period of at least 
100,000 years.) 

Chronology of faulting 

Long normal faults in this region, including the Humcane, 
Toroweap-Sevier, Grand Wash, and Washington fault zones 
(fig. I), have varying amounts of Quaternary displacement. 
The late Quaternary behavior of these faults has been in- ~igu. 
vestigated on a reconnaissance basis (Menges and Pearthree, area 
1983; Pearthree et al., 1983; Anderson and Christenson, (1981 
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s 2. Stratigraphic column from the Zion Park-Cedar Breaks 
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1989; W.J. Taylor, unpublished mapping; H.A. Hurlow, 
unpublished mapping). Portions of the Hurricane fault 
(Stewart and Taylor, 1996) and Toroweap fault (Jackson, 
1990) have also been studied in more detail. However, the 
age of youngest surface rupture, the frequency of ruptures, 
the amount of displacement per rupture, and the length of 
recent ruptures on most of these faults are poorly con- 
strained at this time. Here we discuss the faulting history 
for that portion of the Humcane fault that we will visit on 
the field trip. 

It is unclear when movement first began along the 
Humcane fault. Based on structural and stratigraphic rela- 
tions some geologists suggest an initiation age of Miocene 
(Gardner, 1941; Averitt, 1964; Harnblin, 1970; Stewart and 
Taylor, 1996), or contemporaneously with laccolith emplace- 
ment (Cook, 1957). Others suggest Pliocene or Pleistocene 
initial movement for some sections of the fault (Anderson 
and Mehnert, 1979; Anderson and Christenson, 1989). 

Fault scarps are evident in several places along the 
Humcane fault in Arizona. Near the Utah-Arizona border 
Menges and Pearthree (1983) documented fault scarps up 
to 20 m high cutting steep alluvial fans at the base of the 
Humcane Cliffs (fig. 4). Many of the scarps are large enough 
to be the result of several surface-faulting events. Holocene 
rupture may have occurred along part of the Humcane 
fault, based on smaller scarps found on Holocene (?) de- 
posits at one location just south of the Arizona-Utah border 
(Menges and Pearthree, 1983; Pearthree et al., 1983), but 
this age has not been demonstrated definitively. Fault scarps 
exist at a number of localities along the fault zone north of 
Mt. Trumbull, Arizona. These scarps range in height from 
about 4 to 25 m, with estimated vertical displacements of 1 
to 10 m (Pearthree, unpublished data). In Whitmore Canyon 
near the Colorado River, the Humcane fault probably rup- 
tured in the early Holocene to latest Pleistocene based on 
analyses of fault scarps found there (Pearthree et al., 1983). 

Near Toquerville, Utah, unconsolidated Quaternary allu- 
vium is offset at three places dong the Humcane fault. Two 
scarps are exposed along the northern Ash Creek geometric 
fault segment (fig. 5) where they displace an alluvial de- 
posit, but the precise age of the deposit is unknown. The 
largest fault scarp is 6 m high and the other is 3 m high. 
Bucknam and Anderson's (1979) maximum scarp height- 
slope angle technique provides a crude age approximation 
for the scarps of between 1,000 and 15,000 yr old (Stewart 
and Taylor, 1996). The third exposure of offset Quaternary 
sediment is along the Anderson Junction segment (fig. 5), 
where a gravel of unknown age in a stream channel is cut 
by two fault strands that crop out 3 m apart, but no scarps 
are present. As much as 3 m of stratigraphic separation was 
measured along the strand that dlps 60°W; 1.2 m of strati- 
graphic separation was measured along the other strand, 
which is oriented N12"W, 73"W. The displaced deposits are 

older than the most recent sedimentation in the area. The 
age of faulting is unknown and may represent a single or 
multiple events. 

Quaternary displacement on the Humcane fault near 
Toquerville, Utah, is shown by 450 m of stratigraphic sepa- 
ration of the top of undated Quaternary basalt (fig. 6; 
Stewart and Taylor, 1996). This basalt is geochemically sim- 
ilar to the 353 f 45 ka basalt of Sanchez (1995). Prior to 
basalt extrusion, stratigraphic separation across the Hurricane 
fault ranges from 1740 to 2070 m in this area based on the 
location of Permian to Jurassic units in the footwall and 
their inferred locations in the hanging wall. Assuming a rel- 
atively constant strain rate, it is possible to back-calculate 
an estimated time of initial fault movement on this section 
of the Humcane fault as Late Miocene to early Pleistocene. 

Near the New Harmony and Kanarraville basins (fig. 7), 
stratigraphic and structural relations indicate that the 
Hurricane Cliffs and the presently observable slip on the 
Humcane fault developed after about 1 million years ago 
(Anderson and Mehnert, 1979). The Kanarraville basin began 
forming in Late Pliocene or Quaternary time due to normal 
displacement on the Humcane fault (H.A. Hurlow, unpub- 
lished mapping). 

STRUCTURAL GEOLOGY 

Total stratigraphic separation along the Hurricane fault 
(measured on Permian to Jurassic units directly along the 
fault) generally increases from south to north (Gardner, 
1941). Near the southern tip line, south of the Grand Can- 
yon, less than 61 m of stratigraphic separation is documented 
(Hamblin, 1970). Total stratigraphic separation is 450 m at 
the Grand Canyon (Harnblin, 1970), about 900 m in Arizona 
30 krn south of the Utah border, and 2070 m near Toquer- 
ville, Utah (Stewart and Taylor, 1996). 

Stewart and Taylor (1996) identified a geometic segment 
boundary along the Humcane fault near Toquerville, Utah, 
at an abrupt change in fault strike. Taylor and Stewart (in 
review) identified another geometric segment boundary in 
northwestern Arizona, marked by a large change in strike. 
The nature and history of these geometric fault segments 
and segment boundaries are important to understand 
because they have significant implications for seismic-haz- 
ard evaluation. 

Humcane fault near the Utah-Arizona state line 

A prominent geometric fault bend exposed near the Utah- 
Arizona state line (Taylor and Stewart, in review) is inter- 
preted as a geometric segment boundary based on fault 
geometry, changes in the amount of offset around the bend, 
changes in Quaternary fault scarps around the bend, and 
the presence of a small mafic intrusion at the bend. The 
strike of the fault changes about 40" from approximately 
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Figure 4. Annotated aerial photograph (scale 1:24,000) of a portion cfthe Hurricane fault south of the Utah-Arizona border (see Figure 1 
for approximate location). Fault scarps are highlighted with bold lines on the footwall block. Grarjel roads are shown with dashed lines, 
and the field trip route is shown with arrows. 
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N20°E north of the bend to N15-20°W south of it (fig. 8). 113"15' 

This prominent bend also has strongly curved and asym- 
metric reentrant segments on either side of it. The south- 
em segment is longer than the northern segment. 

Stratigraphic separation, throw and heave measured on 
Permian and Mesozoic units decrease markedly from north 
to south across the fault bend (for definitions of these terms 
see figure 9). In addition, north of the fault bend the hang- 
ing wall basin is areally small, but south of the bend an are- 
ally much larger basin is present. 

Footwall structures also change at the fault bend. Gentle 
to open folds and a few normal faults crop out south of the 
bend. The folds tend to continue for only 1 to 4 krn along 
trend and generally parallel the Humcane fault, thus they S 
appear to be related to movement along the Humcane fault. S 
North of the bend only small stratigraphic separation nor- 
mal faults are present. This change in footwall structures Q Qbas 
suggests that the change in fault geometry influenced the 

concealed. Ball and type of footwall deformation near the Humcane fault. 
Fault scarps in Quaternary deposits of approximately the 

same age (Billingsley, 1992b) crop out both north and south 
of the bend, but appear to be lacking in the area of maxi- 
mum curvature. The fault scarps north of the bend are dis- A A' geologic cross- 

-( section line 
tinctly higher than those south of the bend. We interpret 

0 sampling site 
these data to suggest that the fault bend may be an earth- 
quake rupture bamer. 

Basalt. The Quaternary (?) igneous rocks near the apex 
of the large, sharp bend just south of the Utah-Arizona state 
line include m&c flow rocks and a small pluton that intrudes 
them (fig. 8). The presence of these rocks suggest that the 
Humcane fault was active and that the segments north and 
south of the segment boundary were linked prior to emplace- 
ment of the igneous. The outcrop pattern of the flows shows 
that they thin away from the fault, but lie near the fault in 
the area of maximum fault curvature. This pattern suggests 
that the flows may have ponded in a topographic low treat- 
ed by the fault. For a topographic low or basin to exist at 
the bend apex, the two segments must have overlapped or 
been linked so that the fault(s) was able to down drop the 
hanging wall at the segment boundary. No evidence for 
along strike overlap of faults or fault segments exists in this 
area, so it appears that the two segments linked and the 
throughgoing fault downdropped the basin in which the 
basalt ponded. 

The composition and mineralogy of the flows and pluton 
suggest that they may be related. The flows are fine grained 
and contain plagioclase and olivine phenocrysts. The pluton 
or plug also has plagioclase and olivine phenocrysts, but is 
granular and medium to coarse grained. Maureen Stuart 
(unpublished data from UNLV XRF laboratory, 1995) ana- 
lyzed samples from four flows and the small intrusion that 
crops out just west of the bend for major and trace element 
contents. They are all subalkaline tholeiitic basalt (cf., Irvine 

Figure 5. Simplijled structure map of area near Toquemille, Utah. 
Basalt fields are stippled. Cross-section locations A-A' to C-C' are 
shown constructed on Figure 6. Open circles with letters adjacent 
(T = Toquemille, P = Pintura, w AC = Ash Creek) indicate where 
basalt sections were sampled. A range of possible slip vectors is 
shown between 73 q N70 W and 75 9 ,918 detennined from cor- 
relating geochemically identical basalt in the hanging wall and 
footwall (sites T and AC) and assuming the basalt field is laterally 
homogeneous. Field trip stops 5, 6, 8, 9, and 10 are labeled. 

and Baragar, 1971; Le Bas et al., 1986). Stuart also found 
that (1) the samples have an Ocean Island Basalt (OIB) pat- 
tern on a Spider diagram, but have slightly lower elemental 
abundances which is consistent with Pliocene and younger 
basalts in the transition zone, and (2) the incompatible ele- 
ment ratios (Nb/Ba vs. Rb/Sr and Nb/Ba vs. ZrN) show nar- 
row ranges. These similarities between the flows and pluton 
suggest a possible genetic relationship between the flows 
and the intrusion. However, the small number of samples 
analyzed requires the hypothesis to be tested further. 

The intrusion and flows were emplaced after initiation of 
movement along the Hurricane fault because they lie on 
Triassic rocks which were eroded off the footwall prior to 
the emplacement of different, but similar-aged basalt on 
the footwall. The basalt has not been dated. The assumption 
of a similar age for all the basalts is based on the fact that 
they are all surficial deposits, and chemically and miner- 
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Figure 6. Geological cross sections along A-A' to C-C'from Figure 5. Cross-section A-A ' is also drawn restored. Faults shown are drawn 
with relative motion arrows; dashed faults indicate geometrically required assumed faults. TCf = Taylor Creek thrust fault. Unit explana- 
tion: Qa = Quaternary alluvium and colluvium, QTa = Quutemry-Tertiary alluvium, weakly consolidated, Qb = Quaternary basalt, Ti 
= Tertiary monzodiorite, Tc = Tertiary Claron Fm., J T R ~  = Jurassic-Triassic Nauajo Sandstone, T ~ m k  = Triassic Kayenta Fm. and 
Moenave Fm., T R ~  = Triassic Chinle Fm., T R ~  = Triassic Moenkopi Fm. undafferentiated, Pk = Permian Kaibab Fm., Pt = Penniun 
Toroweap Fm., Pq = Permian Queatoweap Fm., Pp = Permian Pakoon Dolomite, und = undzfferentiated Paleozoic rocks and basement. 
These units are shown on Figure 2, however, relatioe thicknesses of units in cross-sections are derived from detailed mapping of area in 
Figure 5 (Schramm, 1994). 

alogically similar basalt flows in the region are all Pliocene 
or younger (eg., Best et al., 1980; Sanchez, 1995). However, 
whether the intrusion has been cut by the Hunicane fault 
remains equivocal. 

The intrusion suggests the possiblity, at this location, of a 
non-conservative segment boundary (a boundary along which 
the slip vector and line the formed where the segments 
intersect are not parallel, and thus, space is generated or 
destroyed). In the situation where fault slip on different 
geometric segments is of different ages or magnitudes, 
space may be generated in the hanging wall. Space may be 
persistently created, resulting in extension or space-filling 
intrusions, or destroyed, resulting in folds or reverse faults 

a bend, the geometric bend is likely to be an earthquake 
rupture boundary. 

Detailed geologic mapping allows calculation of the strati- 
graphic separation, throw and heave across the Humcane 
fault (fig. 9; Billingsley, 1992a, 1992b, 1993; W.J. Taylor, 
unpublished data). The calculated stratigraphic separations, 
throws and heaves are shown in figure 9 for the locations 
shown on figure 8. The stratigraphic separation, throw and 
heave, as measured from cross sections directly along the 
fault, markedly increase from south to north across this 
geometric bend suggesting that it has been an earthquake 
rupture bamer for some of the earthquakes and related slip 
along the fault. 

as rocks are moved across a non-planar surface. The mis- 
match in the shapes of the hanging wall and footwall results near Toquerville, Utah 

in local strain near the geometric boundary which is then 
also a kinematic boundary that may impede rupture propa- 
gation, forming an earthquake rupture segment boundary. 

Stratigraphic Separation. Variations in the amount of 
offset across a fault bend suggest that different numbers or 
sizes of earthquakes or slip events occurred on opposite 
sides of it. Therefore, where significant differences in total 
throw or stratigraphic separation along the fault occur across 

Near Toquerville, Utah, a large change in fault strike 
(-34" from N13"W to N21°E) marks the boundary between 
two geometric fault segments (Stewart and Taylor, 1996) 
(fig. 5). Based strictly on map view (Hintze, 1980) the seg- 
ment north of the boundary (Ash Creek segment) is at least 
24 lan long and the segment south of the boundary (Ander- 
son Junction segment) is between 19 and 45 Ian long (Stewart 
and Taylor, 1996). These estimates are straight line distance 
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measurements and may need to be refined with detailed 
mapping to the north and south of the segment boundary 
and Toquerville study area. The Ash Creek segment is char- 
acterized by a single surface trace and a few fault scarps in 
alluvium, whereas the Anderson Junction segment has mul- 
tiple fault strands and no clear fault scarps, although offset 
of unconsolidated sediments of unknown age is observed. 
Apparent differences in Quaternary fault scarp patterns sug- 
gest that the two segments may have different slip histories 
to the north and south of the geometric bend and may be 
an earthquake rupture boundary. A small-scale, hanging wall 
anticline mapped in Quaternary basalt near the large change 
in fault strike on the Humcane fault and normal to the fault 
is further evidence for the existence of a geometric segment 
boundary (Scott et al., 1994; Schlische, 1993) (fig. 5). 

Basalt correlation. Undated Quaternary basalt is pres- 
ent in the hanging wall and footwall of the Hunicane fault 

Figure 7. Simplified geologic map and lithologic column for the 
New Harmony and Kanavraville basins and adjacent areas. (a) 
Geologic map, based on Cook (1 960), Grant (1 995), and Hurlow fin 
press). NH is town of New Hannony, K is town of Kanarraville. 
Field trip stop 11 is labeled near Taylor Creek. 6) Lithologic col- 
umn, based on same sources as geologic map. 

(fig. 5). Stewart and Taylor (1996) conducted whole-rock 
trace element analysis to correlate flow rocks across the 
fault. Samples were collected from stratigraphic intervals 
from each of the three sites: one location in a paleochannel 
in the footwall (site T) , and two locations in the hanging 
wall (sites AC and P; fig. 5). Trace-element data reveal strik- 
ing positive correlations between flows at different strati- 
graphic intervals. However, the lowest flow at T and AC 
exhibit clear grouping in trace element plots suggesting 
that they relate genetically. From these data, Stewart and 
Taylor (1996) inferred a range of slip vectors for the fault, 
from 73", N70° W to 75O, S18"W. 

Stratigraphic separation. Near Toquenrille, Utah, total 
normal stratigraphic separation measured directly along the 
Hunicane fault on Permian to Jurassic units ranges from 
2070 m along A-A' to 1740 m dong C-C' (fig. 6). A local 
northward increase in stratigraphic separation across the 
geometric segment boundary is observed. 

Sense of slip. Movement on the Humcane fault in the 
Quaternary is dominantly dip slip. Evidence for dip slip 
includes: (1) stratigraphic separation of geochemically iden- 
tical Quaternary basalt flows in the footwall and hanging 
wall and the suggested slip vector (fig. 5); (2) rakes of slick- 
enlines between vertical and 74" (Kurie, 1966; Schramm, 
1994); (3) earthquake rake (-89" f 14") from the 1992 St. 
George earthquake (Lay et al., 1994); and (4) slip direction 
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Figure 9. This graph shows the total stratigraphic separation, 
throw, and heave across the Hurricane fault in the vicinity of the 
geometric segment bounday (Fig. 8). Stratigraphic separation is 
the distance measured along the fault between a unit boundary in 
the hanging wall and the same unit boundary in the footwall. The 
throw is the vertical component of offset. The heave is the horizon- 
tal component of offset. All stratigraphic separations, throws and 
heaves shown here were measured on Permian to Jurassic units. 
Littb to no variation in these measures was found among Permian 
to Jurassic units. The marked change in these parameters along the 
south side of the geometric bend supports the interpretation that 
this location is a behavioral or earthquake rupture segment bound- 
a y and that equal numbers or sizes of earthquakes did not occur to 
the north (right) and south (Zef) of the bend. 

Figure 8. Simpli&d geologic map of area surrounding the fault seg- 
ment boundary in Arizona based on geologic mapping of the Gyp 
Pocket and Rock Canyon 7.5' quadrangles by Billingsley (1992a, 
1992b, 1993) and W J. Taylor (unpublished mapping). Lines labebd 
Ba through Bg show locations where the stratigraphic separation, 
heave and throw were calculated as shown on Figure 9. Line Bh 
lies 2332 m south along the faultfiom line Bg. Line Bi lies 4952 m 
south of line Bg. Stop 2 of the field trip is located near line Bb and 
Stop 3 is near line Bc. Conventional symbols are used fw faults and 
folds. 
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of N75-85"W from dip analysis on syndeformational basalt 
using the technique of Scott et al., (1994) (Stewart and Taylor, 
1996). This slip direction agrees with the calculated stress 
field data for the transition zone of S78"E-N78"W f 21" 
(Zoback and Zoback, 1980; Arabasz and Julander, 1986). 
Relative motion on the Ash Creek segment is purely dip- 
slip, and on the Anderson Junction segment is dominantly 
dip-slip with a small dextral slip component (fig. 5). 

The pre-Quaternary normal sense of movement on the 
Hurricane fault near Toquerville, Utah, is inferred from 
downdropped Jurassic-Triassic Navajo Sandstone in the 
hanging wall of the fault relative to Permian Kaibab Forma- 
tion in the footwall (fig. 2). Our evidence neither supports 
nor refutes strike-slip or reverse motion along the Humcane 
fault prior to the Quaternary (cf., Moody and Hill, 1956; 
Lovejoy, 1964; Anderson and Barnhard, 1993a). 

Humcane fault-New Harmony and 
Kanarraville Basins 

The structural evolution of the New Harmony and 
Kanarraville basins, two relatively small Tertiary-Quater- 
nary depositional centers in southwestern Utah (fig. 7), 
illustrates aspects of Neogene-Quaternary deformation in 
the Colorado Plateau-Basin and Range transition zone 
and aspects of the early history of the Humcane fault. The 
New Harmony basin is underlain by a late Tertiary syncline 
formed by north-northeast to south-southwest shortening 
that was coeval with regional east-west crustal extension 
(Anderson and Barnhard, 1993a, 199317; Hurlow, 1996). The 
Kanarraville basin is interpreted to have formed during 
Quaternary normal slip on the Humcane fault. 

Geologic setting. The New Harmony and Kanarraville 
basins lie between Miocene volcanic deposits to the west 
and the Hurricane Cliffs, which comprise the footwall of 
the Hurricane fault, to the east (fig. 7). The 40-km2 New 
Harmony basin trends west-northwest, perpendicular to 
the Humcane fault and Kanarraville basin. The Kanarra- 
ville basin is north and east of the New Harmony basin and 
has approximately the same surface area, but has a long, 
narrow form that trends north-northeast. 

The New Harmony basin is filled with Quaternary allu- 
vial-fan sediments deposited on a folded and faulted se- 
quence of Miocene to Pliocene (?) volcaniclastic alluvial-fan 
deposits (Taf; fig. 7). These fan deposits were derived from 
volcanic rocks to the west and were deposited over an area 
larger than the New Harmony basin (fig. 7; Anderson and 
Mehnert, 1979). 

This alluvial-fan unit (Taf) is divided into three informal 
members based on reconnaissance field work and local 
detailed mapping (H.A. Hurlow, unpublished mapping). 
The lower member is tan to gray, planar-bedded, cemented 

diamictite, breccia, tuffaceous sandstone, and siltstone. Clasts 
are derived chiefly from the Miocene Quichapa Group, and 
the Stoddard Mountain and Pine Valley intrusions. This 
member is 107 m thick and is interbedded at its base with a 
white crystal tuff that PD. Rowley of the U.S. Geological 
Survey (personal communication, 1996) correlates with the 
Racer Canyon tuff, which yielded a K-Ar date of 19 Ma 
(Rowley et d . ,  1979). 

The middle member is -135 m of predominantly poorly 
to laminar-bedded orange-tan tuffaceous siltstone with local 
conglomerate beds containing clasts of white biotite-feldspar 
crystal tuff. This member strongly resembles units northwest 
and west of the Pine Valley Mountains mapped as Muddy 
Creek Formation (Cook, 1960; Hintze et al., 1994). 

The upper member is unconsolidated boulder gravel that 
is about 210 m thick. Clasts include Miocene volcanic and 
plutonic rocks and late Paleozoic through Tertiary sedimen- 
tary rocks exposed to the northwest and west. This unit is the 
"clastic debris" described by Anderson and Mehnert (1979) 
in both the hanging wall and footwall of the Humcane fault. 

A sequence of alluvial-fan deposits (QTaf), derived en- 
tirely from the Pine Valley laccolith and related volcanic 
rocks to the west, overlies unit Taf. Units Taf and QTaf were 
not distinguished by previous geologists (Cook, 1960; Grant, 
1995), but their differentiation is crucial to deciphering the 
structural evolution of the New Harmony and Kanarraville 
basins. The pediment surface over which unit QTaf debris 
flows were transported and deposited slopes toward the 
southeast away from the Pine Valley Mountains. The pedi- 
ment surface is now incised by modem drainages in the 
foothills of the Pine Valley Mountains, suggesting a Pleisto- 
cene age for unit QTaf deposits. 

Structural geometry and evolution. The New Harmony 
syncline is defined by opposing dips of unit Taf on the 
north and southwest margins of the New Harmony basin 
(figs. 7 and 10a). In the southern Harmony Mountains, unit 
Taf dips moderately to steeply south and is overturned adja- 
cent to a north-striking dextral-normal fault (fig. 7). In the 
same area the stratigraphically lower Quichapa Group and 
Claron Formation are also steeply dipping to overturned, 
but a tight anticline north of the syncline returns these units 
to moderate southward dips (fig. 10a). The Quichapa Group 
and Claron Formation are cut by numerous minor north- 
and east-strihng normal, dextral-normal, and reverse faults, 
the majority of which are not shown in figures 7 and 10. 
The New Harmony syncline is interpreted to reflect north- 
northeast-south-southwest horizontal crustal shortening. 
Units QTaf and Qs are not deformed by the New Harmony 
syncline, nor are they cut by local faults that cut the fold. 

The New Harmony syncline is exposed in the lower Hur- 
ricane Cliffs where it is expressed in cliff-forming expo- 
sures of Permian Kaibab Formation below Horse Ranch 
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Figure 10. Geologic cross sections; locations shown in Figure 7. Scale is larger than in Figure 7. Units east of Hurricane fault not shown in 
Figure 7: TRm = Moenkopi Formution; Pkt = Kaibab Limestone and Toroweap Formation; Pqp = Queantoweap Sandstone and Pakoon 
Formution; and 1Pc = Callville Limestone. 

Mountain. Another east-trending syncline is exposed along 
Taylor Creek at the entrance to the Kolob Canyons section 
of Zion National Park. These east-trending synclines re-fold 
a north-trending Sevier-age anticline, the Pintura fold (see 
below), exposed in the Humcane footwall (fig. 7). 

Unit QTaf is exposed along a north-trending ridge that 
divides the New Harmony and Kanarraville basins (fig. 7). 
This ridge is interpreted as an anticline related to reverse 
drag in the hanging wall of the Humcane fault (fig. lob). 

The Kanarraville basin is adjacent and parallel to the 
Humcane fault and is interpreted as a synextensional basin. 
Quaternary sediments are interpreted to have a wedge- 
shaped geometry reflecting infilling of the structural depres- 
sion that formed in response to reverse drag in the hanging 
wall of the Humcane fault (fig. lob). 

Discussion. Deformation of late Tertiary and Quaternary 
units in the New Harmony and Kanarraville basins sug- 
gests the following structural chronology: 

1. North-south horizontal crustal shortening during 
Neogene time, manifested by the New Harmony 
syncline and east-west folds in the Humcane Cliffs. 
The age of folding is not tightly constrained because 
the age of the upper member of unit Taf and its tim- 
ing relative to the folding are unclear. The most like- 
ly time of folding is Late Miocene to Pliocene. The 
New Harmony syncline did not likely form in rela- 

tion to a segment boundary or along-strike displace- 
ment gradient (Schlische, 1995) on the Hurricane 
fault because: (a) the Humcane fault lacks apparent 
geometric segment boundaries at either end of the 
New Harmony basin; (b) the New Harmony basin is 
larger, has a different shape, and extends farther 
away from the Humcane fault than examples cited 
by Schlische (1995); and (c) the displacement-gradi- 
ent model does not explain the extreme tightness 
and overturning of the synclinal and adjacent anti- 
clinal hinges (fig. 10a). Instead, the New Harmony 
syncline is interpreted to reflect north-south crustal 
shortening associated with major, regional east-west 
crustal extension in the Basin and Range Province, 
as outlined by Anderson and Barnhard (1993% 1993b). 
This extension was accommodated in the New Har- 
mony basin area by normal faults west of the trace of 
the present Humcane fault (Hurlow, in press). 

2 Faulting on a complex system of north- and east- 
striking normal and reverse faults deformed the 
New Harmony syncline but may also have been 
partly coeval with it. 

3. The Kanarraville basin is a synextensional basin that 
began forming in Late Pliocene or Quaternary time 
due to normal displacement on the Humcane fault 
based on stratigraphic and structural relationships. 
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Major regional folds km long, is exposed in the Permian Kaibab Formation and 

The Virgin anticline and the Pintura fold are large region- 
al structures that have been documented for decades 
(Dobbin, 1939; Gardner, 1941; Gregory and Williams, 1947; 
Neighbor, 1952; Cook, 1957; Cook and Hardman, 1967; 
Anderson and Mehnert, 1979; Hintze, 1986; Blank and 
Kucks, 1989). Parts of these two anticlines and the Toquer- 
ville fold were mapped at a scale of 1:12,000 near Toquer- 
ville, Utah (Schramm, 1994). A discussion of the anticlines 
is critical for the understanding of the Humcane fault. The 
folds are identified in cross sections and in outcrop and 
help to constrain the timing of motion on the Hurricane 
fault to post-Sevier folding. 

Virgin anticline. The Virgin anticline (figs. 1 and 3) ex- 
tends 45 krn along strike (Hintze, 1980) in the hanging wall 
of the Hurricane fault. The anticline involves the Triassic 
Chinle and the Moenkopi Formations near Quail Creek 
Reservoir and the Jurassic-Triassic Navajo Sandstone (fig. 2) 
at the northern limit of the fold near Toquerville, Utah 
(Dobbin, 1939). Regionally, the Virgin anticline has double 
plunges, both exposed near Humcane, Utah. 

The anticline is upright, gently plunging, and open. The 
fold axis orientation locally near Toquerville, Utah, is 5O, 
S21°W (figs. 6 and 11). Beds in the western limb of the 
Virgin anticline strike from N-S to N50°E and dip from 10' 
to 30°W. Beds in the eastern limb of the anticline strike 
from N12"E to N35OE and dip from 10°E near the hinge to 
41°E on the limb. 

Pintura fold. Another anticline extends about 23 km 
along strike in the Hurricane fault footwall (fig. 5; Anderson 
and Mehnert, 1979). This anticline is referred to by some 
geologists as the Kanarra fold (i.e., Gregory and Williams, 
1947; Anderson and Mehnert, 1979) and by others (i.e., 
Gardner, 1941; Neighbor, 1952) as the Pintura fold. The lat- 
ter term is used here because of the fold's proximity to the 
town of Pintura, Utah. 

The Pintura fold is an upright, gently plunging to hori- 
zontal, open anticline. The fold axis is oriented 8O, S24OW 
(fig. 11). Permian rocks of the Pakoon, Queantoweap, Toro- 
weap and Kaibab Formations are exposed in the fold near 
Toquemille, Utah (fig. 2). The eastern limb of the fold con- 
tains beds that dip from 10' to 41°E and strike between 
N12"E and N3S0E. The western limb of the fold contains 
beds that strike from NIOOE to N42OE and dip from 14OW 
near the hinge to 75OW close to the Hurricane fault (fig. 
11). Beds in the western limb of the Pintura fold may dip 
more steeply because of drag along the Hurricane fault 
(Schrarnm, 1994). 

Toquerville fold. The Toquerville fold (Lovejoy, 1964) is 
a gently-plunging upright anticline that roughly parallels 
the strike, and lies within the footwall of the Hurricane 
fault (figs. 5 and 6, cross section C-C'). The fold, about 4- 

the Triassic Moenkopi Formation. The attitude of the fold 
axis is 8O, S13"E (fig. 11). Beds in the western limb of the 
fold dip from l l O W  to 35OW and strike from NIOOW to 
N34OW. Beds in the eastern limb strike between N18OW 
and N52OE and dip from 10°E near the axis to 36OE away 
from the axis. 

Discussion. The Virgin anticline, the Pintura fold, and 
the Toquerville fold involve Paleozoic and Mesozoic rocks. 
Both the Virgin anticline and the Pintura fold generally par- 
allel regional structures related to Sevier compression (cf., 
Armstrong, 1968), and thus, are intrepreted to be Sevier- 
age structures (Stewart and Taylor, 1996). The term Sevier 
is used here to indicate Mesozoic to Paleogene deformation 
that pre-dates Neogene extension and movement on the 
Humcane fault. The Virgin anticline and Pintura fold are 
connected by a syncline (fig. 6, restored A-A' cross section) 
that is evident in Bouger gravity anomaly data (Cook and 
Hardman, 1967) and was mapped by Hamblin (1965) along 
strike to the south. These two anticlines and the syncline 
have similar wavelengths of about 10 km. The Virgin anti- 
cline and the syncline apparently parallel each other for at 
least 65 km along trend (Cook and Hardman, 1967). 

Near Toquenille the Humcane fault truncates the Pintura 
fold (fig. 5). Further to the south the Virgin anticline is cut 
by the Washington fault (fig. I), a regionally-related normal 
fault (Dobbin, 1939; Hamblin, 1970) that parallels the Hur- 
ricane fault. These cross-cutting relationships indicate that 
these folds are older than the regional normal faults, consis- 
tent with a Sevier age. 

The Toquerville fold, like the Pintura fold, is within the 
footwall of the Hurricane fault. The axial trends of the 
Toquemille fold and the Pintura fold are not parallel to each 
other, and thus, the anticlines appear to be unrelated genet- 
ically (fig. 11). The trend of the Toquerville fold axis does 
not parallel regional Sevier structures (cf., Armstrong, 1968), 
suggesting it is not a Sevier-age fold. The Toquerville and 
Pintura folds occur near fault sections with different strikes 
and have fold axes that parallel the strike of the fault, crite- 
ria required for extension-related footwall flexure. One or 
both of these folds could be footwall folding caused by iso- 
static rebound of the footwall or lithospheric flexure (Buck, 
1988; Wernicke and Axen, 1988). However, as has already 
been interpreted, the Pintura fold is an older, pre-exten- 
sional structure. The Toquerville fold could be related to 
flexure of the footwall due to the initial break of, and move- 
ment along, the Humcane fault. With footwall flexure due 
to isostatic rebound, rotation can occur by motion of vertical 
footwall shear zones (Wernicke and h e n ,  1988). In lithos- 
pheric flexure, normal faults are affected by anelastic be- 
havior of the upper crust and the footwall bends in response 
(Buck, 1988). The Pintura fold, existing prior to faulting, 
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Pintura fold East of Hurricane Cliffs 

Fold axis: 5", S21 OW 

Fold axis: go, S 13"E 

Figure 11. Map showing domains within the area of Figure 5 (marked with diyering patterns) where attitudes were collected, and the 
equal area stereoplots of poles to bedding fm domains. Great circles through the poles picked by the Bingham axial distribution analysis 
using Stereonet by R.W Ahnendingel: 
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may have been modified by footwall flexure but it is diffi- 
cult if not impossible to determine if this is the case with 
the available data. 

HISTORICAL SEISMICITY AND 
SEISMIC HAZARDS IN SOUTHWESTERN 
UTAH AND NORTHWESTERN ARIZONA 

Historical seismic activity has been sufficient in south- 
western Utah and northwestern Arizona to suggest a seis- 
mic hazard, but there have been no large, surface-rupturing 
earthquakes. Historical seismicity in the area generally has 
been diffise, with several concentrations of activity and a 
few moderately large earthquakes (fig. 1). At least 20 earth- 
quakes greater than M 4.0 occurred during this century in 
southwestern Utah and northwestern Arizona (Christenson 
and Nava, 1992). 

The Hurricane fault lies near the southern end of the 
Intermountain Seismic Belt (ISB), a zone of relatively high 
seismic activity that extends from Montana to southern 
Utah and Nevada, and northern Arizona (Smith and Sbar, 
1974; Smith and Arabasz, 1991). In southern Utah, the ISB 
coincides with the transition zone. The ISB is broad and 
poorly defined in southern Utah, and seismic activity dimin- 
ishes substantially from northwestern to central and south- 
em Arizona. Thus, the transition between the relatively active 
northern Basin and Range and the relatively inactive south- 
em Basin and Range occurs in northwestern Arizona. 

The historical record of seismic activity includes older 
earthquakes located primarily by felt reports (Arabasz and 
McKee, 1979; Dubois et al., 1982) and younger, instrumen- 
tally located events. Prior to establishment of a statewide 
seismic network by the University of Utah in 1962, epicen- 
tral locations and magnitude estimates were approximate. 
The detection threshold for earthquakes in southern Utah 
subsequently decreased to about M 2.5 around 1980 (Nava 
et al., 1990). The Arizona Earthquake Information Center 
(AEIC) at Northern Arizona University maintains a region- 
al seismic network in northern Arizona, but AEIC coverage 
is limited in northwestern Arizona. 

The epicenters of the two largest historical earthquakes 
in this region are located west of the west-dipping Hurri- 
cane fault (fig. 1). The largest event was a M 6.3 earthquake 
near Pine Valley, Utah, in 1902. This earthquake caused 
moderately severe damage in the epicentral region. The sec- 
ond largest earthquake was M 5.8 and occurred southeast 
of St. George, Utah, on September 2, 1992 (Arabasz et al., 
1992b; Pechmann et al., 1992). The St. George earthquake 
had no foreshocks and only two aftershocks of M 2 2.0. 
Hypocenters of 40 microaftershocks, constrained by data 
from portable seismographs operated by the University of 
Utah Seismograph Stations, define the fault plane of the St. 
George earthquake. The epicenter was located -15 km 

west of the Hurricane fault (Pechmann et al., 1992; Lay et 
al., 1994), the hypocenter depth is -15 km, and the pre- 
ferred fault plane dips west at about 45'; thus, it projects to 
the surface approximately at the trace of the Hurricane 
fault. The locations of these earthquakes raises the intrigu- 
ing possibility that the 1992 event, and possibly the 1902 
event, actually involved limited rupture on the Humcane 
fault (Pechmann et al., 1992). No surface rupture has been 
documented for either the Pine Valley or St. George earth- 
quakes (Black, et a]., 1995). 

Earthquake swarms are relatively common in south- 
western Utah. Two moderate events (M -5) occurred within 
a swarm near Cedar City in 1942. Other swarms occurred 
in 1971 in the Cedar City-Parowan Valley and in 1980-81, 
when two separate clusters of seismicity were recorded on 
each side of the Hurricane fault near Kanarraville (Arabasz 
and Smith, 1981; Richins et al., 1981). A swarm of more 
than 60 earthquakes occurred on the Hurricane fault near 
Cedar City, Utah, on June 28-29, 1992; the largest regis- 
tered M 4.1 (Arabasz et a]., 1992a). This swarm occured 
within an hour of the Landers, California, M 7.3 earth- 
quake, 490 km southwest of Cedar City (Hill et a]., 1993). 

The largest historical earthquake in northwestern Arizona 
was the 1959 Fredonia earthquake (M-5.7; Dubois et al., 
1982). Since 1987, the northwestern quarter of Arizona has 
been quite seismically active. More than 40 events with 
M>2.5 occurred, including the 1993 M 5.4 Cataract Creek 
earthquake located between Flagstaff and the Grand Canyon 
(Bausch and Brumbaugh, 1994). 

Regional seismic hazards 

Assessing seismic hazards is particularly important in 
southwestern Utah and northwestern Arizona because of 
the current population and construction boom. Zion National 
Park and the western part of Grand Canyon National Park 
also could experience damage from large earthquakes. Inter- 
state 15, one of the major north-south transportation com- 
dors of the Intermountain region, crosses southwestern 
Utah and northwestern Arizona and closely parallels the 
northern 40 km of the Hurricane fault. 

A variety of potential earthquake-related hazards are 
recognized in southwestern Utah and northwestern Arizona 
(Christenson and Nava, 1992). Damage to structures as a 
result of strong ground shahng is likely the greatest hazard 
posed by large earthquakes in this region. The largest his- 
torical earthquakes have caused moderate to substantial 
damage to structures, and the potential exists for much larger 
earthquakes. A number of ancillary hazardous processes 
could occur as well, including surface displacement along 
the fault rupture, liquefaction along perennial streams like 
the Virgin River, rock falls, landslides, and flooding from 
dam failure (Christenson and Nava, 1992). 
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The potential for damage resulting from earthquakes in 
a region may be considered on a probabilistic basis. Prob- 
abilistic assessments typically depend on analysis of the his- 
torical seismic record, sometimes utilizing available infor- 
mation on late Quaternary fault behavior as well, to estimate 
the frequency of earthquakes of various magnitudes. Key 
data for such analyses are the frequency-magnitude rela- 
tionship for the region, and if fault data are included, the 
locations of faults that are likely sources for large earth- 
quakes. As was noted earlier, the frequency and size of large 
earthquakes in southwestern Utah and northwestern Arizona 
are poorly constrained. Probabilistic assessments of seismic 
hazard in this region suggest that it is moderate, with peak 
ground accelerations of ~ 0 . 2  g that have a ten percent chance 
of exceedence in 50 years (Algermissen et al., 1990). The 
area lies within seismic zone 2B of the Uniform Building 
Code. Incorporation of the Hurricane and Toroweap-Sevier 
faults as discrete seismic sources in probabilistic analyses 
increases acceleration values, especially if longer intervals 
are considered (Euge et al., 1992; Bausch and Brumbaugh, 
1994). 

Seismic hazards caused by the 1992 St. George, Utah, 
earthquake 

Ground shaking and slope failures were the dominant 
geologic effects of the 1992 St. George earthquake (Black et 
al., 1995). Ground shaking caused damage to buildings in 
Humcane, La Verkin, Washington, St. George, and other 
communities (fig. 1). A destructive landslide in the town of 
Springdale destroyed three homes and forced the tempo- 
rary evacuation of condominiums and businesses around 
the periphery of the slide. Numerous rock falls throughout 
the region caused minor damage. The earthquake also pro- 
duced liquefaction along the Virgin River, changes to the 
springs at Dixie Hot Springs, and water-level fluctuations 
at the Quail Creek Main Dam (fig. 3). Carey (1995) estimat- 
ed total earthquake losses from direct damage, response 
costs, and lost property values at about $1 million. 

Ground shaking. Ground shalung is typically the most 
widespread and damaging earthquake hazard, but the region 
experienced relatively little damage from ground shahng 
during the 1992 earthquake. The maximum Modified Mer- 
calli intensity (MMI) of the St. George earthquake was a 
weak VII in the Humcane-Toquerville-Virgin area with a 
strong VI MMI for the epicentral region near St. George 
(Olig, 1995) (fig. 12). Many older, unreinforced masonry 
buildings showed minor structural damage in the area of 
maximum intensity, but cracked chimneys and fallen plas- 
ter were the predominant damage in St. George. Pechmann 
et al., (1995) estimated a moderate to high stress drop asso- 
ciated with the main shock, with a minimum value of 25 
bars. Neither this stress drop nor the radiation pattern pre- 

dicted from the earthquake location and mechanism pro- 
vided them with any simple explanation for the relative lack 
of damage in St. George. Only one strong-motion record of 
the earthquake was obtained, but it was from Cedar City, 
72 lan north of the epicenter. Susan Olig (verbal communi- 
cation reported in Black et al., 1995) used the empirical 
relation of Campbell (1987) to estimate a peak horizontal 
acceleration of about 0.2 g for St. George. 

Slope failures. The most dramatic geologic effect of the 
St. George earthquake was the triggering of the 14 million 
m3 Springdale landslide (Black et al., 1995) (fig. 13). This 
landslide, the largest of two landslides in Springdale result- 
ing from the earthquake, is a complex block slide that likely 
involves both rotational and translational elements. The slide 
measures roughly 490 m from the main scarp to the toe, 
with a width of about 1,100 m and a surface area of about 
40 hectares. The landslide has a clearly defined main scarp 
dipping 57 to 77' that is 8-15 m high along most of its 
length, as well as numerous fissures and minor scarps that 
form a broken topography within the slide mass. These 
scarps and fissures indicate that the landslide likely moved 
in several coherent blocks. Smaller discrete landslides also 
developed on the oversteepened toe. The basal slide plane 
is in the Petrified Forest Member of the upper Triassic 
Chinle Formation. The landslide involved this unit, the over- 
lying Dinosaur Canyon Member of the lower Jurassic Moe- 
nave Formation (fig. 2), and a surficial cap of colluvium. 

Detailed geologic mapping of the Springdale area (Solo- 
mon, 1996a), part of a comprehensive study of geologic haz- 
ards conducted in response to the Springdale landslide, 
shows that ancient landslide deposits are common in the 
area. The Springdale landslide is only one of 69 mapped 
slope failures in the 41 km2 Springdale area (Solomon, 
1996b). The largest of these landslides is the Pleistocene 
Eagle Crags landslide which, with a volume of about 140 
million m3 (Shroder, 1971), is an order of magnitude larger 
than the Springdale landslide. However, the Springdale 
landslide is particularly significant because its distance 
from the earthquake epicenter, 44 krn, far exceeds the far- 
thest distance, 18 krn, at which similar landslides have been 
triggered in earthquakes of the same magnitude worldwide 
(Jibson and Harp, 1996). 

At least part of the hillside that moved as a result of the 
St. George earthquake had been moving within the past few 
decades. Hamilton (1984) monitored a portion of the slope 
from August 1974 to June 1975 and documented 3.3 cm of 
movement over 9 months. Dynamic analysis of the land- 
slide by Jibson and Harp (1996) using Newmark's (1965) 
method yielded maximum predicted coseismic displace- 
ments of about 1-8 cm, which is supported by eyewitness 
accounts of small coseismic displacement followed, after 
several minutes, by catastrophic failure over a 10-hour period. 
Jibson and Harp (1996) attribute movement of the Spring- 
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Figure 12. Preliminary isoseismal map for the ML 5.8 September 2 1992, St. George earthquake from Olig, 1995). The map was devel- 
oped from obsemations at 242 sites (not all are shown). Preliminary intensities from 85 sites were provided by the National Earthquake 
lnfonnatwn Centel: Sites where shaking was felt are marked by solid circles with a number &en in Arabic numerals) for the intensity 
assigned (where sites are clustered a single label for the predominant intensity is given); crosses mark sites where shaking was not felt. 
Location of the epicenter b rnarked by a bold cross (epicenter obscures 5 sites of intensity VI). Isoseisrnal lines are dashed where poorly 
constrained. 

dale landslide to a less stable geometry of the failed slope in 
an area of headward broadening of the Virgin River Canyon. 
The unstable slope configuration was susceptible to seismi- 
cally triggered movement, and the catastrophic failure fol- 
lowing small coseismic displacement was most likely the 
result of the time-dependent deformation behavior of plas- 
tic clays in the Petrified Forest Member (fig. 2). According 
to Jibson and Harp (1996), such behavior retards the defor- 
mation response of such clay to the brief, high-frequency 

stresses induced by seismic shaking. Stress relief is achieved 
through post-seismic deformation analogous to viscous creep, 
and the resultant reduction in shear strength along the pre- 
existing slip surface rendered the slide statically unstable. 

Rock falls. Black et al., (1995) report numerous rock falls 
resulting from the St. George earthquake. Rock falls occurred 
along the steep cliffs above the Virgin River west of Spring- 
dale, in the Hurricane Cliffs along the Hurricane fault, and 
in St. George along the Red Hills and West Black Ridge. In 
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Figure 13. Aerial view of the Springdale lanrlslide from Black et al., 1995). Utah Highway 9 is at the bottom; short arrows show the main 
scarp of the landslide, long arrows indicate three houses damaged, inecliurn arrow locates an aban(1oned water tcmk, and d11shed line out- 
lines lanrlslicle toe. 

most cases, the rock falls either occurred in uninhabited 
areas without resultant damage, or fell onto roads and were 
quickly cleared away. Rock falls damaged a truck, a car, a 
wall, footpaths, and imgation lines in southwestern Utah. 
Numerous fresh rock-fall scars, probably from rock falls 
caused by the earthquake, occur in cliffs of the Triassic 
Moenkopi Formation near the Arizona border. 

Liquefaction. Liquefaction features observed by Black 
et al., (1995) were lateral spreads, sand blows, and caved 
stream banks in alluvium along the Virgin River from 2 km 
south of Bloomington to 6 km west of Hurricane (fig. 3). 
Involved sediment was poorly graded channel sands, com- 
monly covered by thin overbank deposits of silt and clay. 
The largest lateral spread extended along the river for 60 m 
and perpendicular to the river for 20 m. The largest sand 
blow was 50 cm in diameter. Black et al., (1995) compared 
measurements from 17 lateral-spread features to calculated 
liquefaction severity index (LSI) values in the area affected 
by the earthquake. The LSI expresses the potential maxi- 

mum magnitude of differential deformation resulting from 
liquefaction of susceptible soils (Youd and Perkins, 1987). 
Probabilistic values of LSI jn Utah are related to earthquake 
magnitude and distance from the earthquake source by an 
equation developed by Mabey and Youd (1989). Measured 
deformation at sites nearest the earthquake epicenter was 
generally less than corresponding LSI values, but calculat- 
ed LSI values more closely predicted measured displace- 
ments at greater distances. 

Hydrologic effects. Everitt (1992) described changes in 
the hydrology of Dixie Hot Springs at Pah Tempe Resort, 3 
km north of Hurricane along the Hurricane fault (fig. 3). 
The spring water is probably heated by a high geothermal 
gradient resulting from Quaternary volcanic activity, flows 
through joints and faults of small displacement, and issues 
from cavities in the Kaibab Formation near the Virgin River 
(Mundorf, 1970). Combined spring flow in 1966 was 328.4 
m3/sec, with a temperature ranging from 37.842.2"C (Mun- 
dorf, 1970). Following the St. George earthquake, flow from 
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the springs decreased dramatically, water emerged from 
new sources at a lower elevation and closer to the river, and 
flow ceased at springs more than 0.3 m above the river. 
Everitt (1992) credits these changes to fracturing of bamers 
between the aquifer and river bed, creating new outlets at 
lower elevations and causing water levels to drop below the 
elevation of the resort. 

Borgione (1995) documented earthquake-induced changes 
in pore-pressure in the emankment and foundation mea- 
sured in piezometers at the Quail Creek Main Dam, 8 km 
west of Hurricane (fig. 3). The dam is a zoned earthfill 
embankment, with the dam axis roughly parallel to the 
strike of beds in the Triassic Moenkopi Formation which 
dip downstream along the southeast flank of the Virgin anti- 
cline. Water-level fluctuations along the dam's embankment 
and abutments ranged from a rise of nearly 1.5 m to a drop 
of nearly 5.2 m immediately after the earthquake. However, 
none of the design parameters of the dam were exceeded 
and the dam was considered safe for continued operation. 

SUMMARY AND CONCLUSIONS 

The 250-km long Humcane fault in southwestern Utah 
and northwestern Arizona is segmented. Identification of 
earthquake rupture segment boundaries is critical for seis- 
mic-hazard analysis. Two geometric segment boundaries 
have been identified in the northern 60 krn of the Humcane 
fault, which may correspond to rupture segment bound- 
aries. One geometric segment boundary, near the Utah- 
Arizona state line, was identified on the basis of fault geom- 
etry, changes in the amount of stratigraphic separation across 
the fault bend, fault scarp morphology, and a small mafic 
intrusion that crops out at the bend (Taylor and Stewart, in 
review). The other fault segment boundary, near Toquer- 
ville, Utah, was identified using fault geometry, fault scarp 
morphology, slip direction, and shortening structures near 
the bend (Stewart and Taylor, 1996). 

Shortening structures are associated with extensional 
faulting on the Hurricane fault. Neogene north-south 
crustal shortening was interpreted from deformation of late 
Tertiary and Quaternary sediments in the New Harmony 
basin where a syncline formed adjacent to the Humcane 
fault. The Toquedle fold, a footwall structure near Toquer- 
ville, Utah, is related to footwall flexure following initial fault- 
ing on the Humcane fault. In addition, a small anticline that 

folds Quaternary basalt in the hanging wall of the fault and 
perpendicular to a fault bend was used to identify a geo- 
metric segment boundary (Stewart and Taylor, 1996). 

A few short, isolated Quaternary fault scarps are present 
along the Humcane fault. Scarps as high as 20 m near the 
Utah-Arizona border suggest multiple faulting events. Near 
the geometric segment boundary near Toquerville, two fault 
scarps, 6 and 3 m high, are formed in Quaternary (?) alluvi- 
um and bedrock north of the boundary. South of the bound- 
ary no scarps exist, but offset in a Quaternary (?) gravel de- 
posit was observed in a stream channel. These fault scarps 
and the offset alluvium show that the Hurricane fault is 
active, although no historical surface ruptures have occurred. 

Further suggestive evidence that the Humcane fault is 
active is the 1992 St. George M 5.8 earthquake as well as 
other moderate earthquakes and earthquake swarms in the 
region. Moderate earthquakes occur with enough frequency 
to render a seismic risk in this rapidly growing portion of 
Utah. Seismic hazards such as ground shaking, slope failures, 
rock falls, liquefaction, and ground-water level changes 
resulted from the St. George earthquake and these hazards 
remain. 
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Geologic hazards in the region of the Hurricane fault 
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ABSTRACT 

Complex geology and variable topography along the 250-kilometer-long Hurricane fault in northwestern 
Arizona and southwestern Utah combine to create natural conditions that can present a potential danger to life 
and property. Geologic hazards are of particular concern in southwestern Utah, where the St. George Basin 
and Interstate-15 corridor north to Cedar City are one of Utah's fastest growing areas. Lying directly west of 
the Hurricane fault and within the Basin and Range-Colorado Plateau transition zone, this region exhibits geo- 
logic characteristics of both physiographic provinces. Long, potentially active, normal-slip faults displace a gen- 
erally continuous stratigraphic section of mostly east-dipping late Paleozoic to Cretaceous sedimentary rocks 
unconformably overlain by Tertiary to Holocene sedimentary and igneous rocks and unconsolidated basin-fill 
deposits. Geologic hazards (exclusive of earthquake hazards) of principal concern in the region include problem 
soil and rock, landslides, shallow ground water, and flooding. 

Geologic materials susceptible to volumetric change, collapse, and subsidence in southwestern Utah 
include: expansive soil and rock, collapse-prone soil, gypsum and gypsiferous soil, soluble carbonate rocks, and 
soil and rock subject to piping and other ground collapse. Expansive soil and rock are widespread throughout 
the region. The Petrified Forest Member of the Chinle Formation is especially prone to large volume changes 
with variations in moisture content. Collapse-prone soils are common in areas of Cedar City underlain by allu- 
vial-fan material derived from the Moenkopi and Chinle Formations in the nearby Hurricane Cliffs. 
Gypsiferous soil and rock are subject to dissolution which can damage foundations and create sinkholes. The 
principal formations in the region affected by dissolution of carbonate are the Kaibab and Toroweap Forma- 
tions; both formations have developed sinkholes where crossed by perennial streams. Soil piping is common in 
southwestern Utah where it has damaged roads, canal embankments, and water-retention structures. Several un- 
explained sinkholes near the town of Hunicane possibly are the result of collapse of subsurface volcanic features. 

Geologic formations associated with slope failures along or near the Hurricane fault include rocks of both 
Mesozoic and Tertiary age. Numerous landslides are present in these materials along the Hurricane Cliffs, and 
the Petrified Forest Member of the Chinle Formation is commonly associated with slope failures where it crops 
out in the St. George Basin. Steep slopes and numerous areas of exposed bedrock make rock fall a hazard in the 
St. George Basin. Debris flows and debris floods in narrow canyons and on alluvial fans often accompany 
intense summer cloudburst thunderstorms. 

Flooded basements and foundation problems associated with shaIlow ground water are common on benches 
north of the Santa Clara River in the city of Santa Clara. Stream flooding is the most frequently occumng and 
destructive geologic hazard in southwestern Utah. Since the 1850s, there have been three major riverine 
(regional) floods and more than 300 damaging flash floods. Although a variety of flood control measures have 
been implemented, continued rapid growth in the region is again increasing vulnerability to flood hazards. 

Site-specific studies to evaluate geologic hazards and identify hazard-reduction measures are recommended 
prior to construction to reduce the need for costly repair, maintenance, or replacement of improperly placed or 
protected facilities. 
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INTRODUCTION Cliffs form the boundary between the Colorado Plateau and 

The geology along the nearly 250-km-long Hurricane 
fault is ,both complex and variable. Geologic units range 
from Paleozoic sedimentary rocks to late Quaternary basalt 
flows and unconsolidated Holocene basin-fill deposits. The 
topography along the fault is similarly variable, ranging 
from nearly flat valley bottoms and plateaus to steep cliffs 
and deep canyons. As expected in such diverse terrain, nat- 
ural conditions commonly exist that present a risk or poten- 
tial danger to life and property. However, only in south- 
western Utah near the northern end of the Humcane fault 
is the population sufficient to make geologic hazards a sig- 
nificant concern. As a companion paper to the preceding 
one (Stewart et al., this volume), this report provides an 
overview of geologic hazards, exclusive of seismic hazards, 
affecting communities near the Hurricane fault. A number 
of figures from Stewart et al., (this volume) are referred to 
in this paper; therefore, the figures in both papers are num- 
bered consecutively. The principal geologic hazards present 
include: problem soil and rock, landslides, shallow ground 
water, and flooding. 

The St. George Basin and the Interstate-15 (1-15) com- 
dor north to Cedar City (fig. 1) lie immediately west of the 
Humcane fault and are one of Utah's fastest growing areas. 
In 1970, Washington and Iron Counties, Utah's two south- 
western most counties, had populations of 10,270 and 
10,780, respectively (Utah Governor's Office of Planning 
and Budget, 1996). Bureau of Census population estimates 
for July 1, 1994 place the population of those counties at 
66,125 and 24,426, respectively. About 55,000 people live 
in and around St. George, a popular resort and retirement 
community. Although growth in Cedar City has been less 
rapid (1996 estimated population 24,000), the arrival of sev- 
eral new industries, continued expansion as a center of 
local and state government, and conversion of Southern 
Utah University from college to university status has pro- 
duced significant new development there as well. 

SETTING AND GENERAL GEOLOGY 

St. George and the surrounding communities of Washing- 
ton and Santa Clara lie within the St. George Basin (fig. 3). 
The basin is a fault block within a broad system of faults 
that forms a transition zone between the Colorado Plateau 
and Basin and Range physiographic provinces in extreme 
southwestern Utah. The basin has been downdropped 
1,800-2,400 m along the Hurricane fault to the east and is 
bounded on the west by the Grand Wash fault (fig. 1). 1-15 
enters the basin from the Virgin River Gorge to the south- 
west and departs along Ash Creek to the northeast through 
a narrow gap between the Hurricane Cliffs (footwall of the 
Humcane fault) and the Pine Valley Mountains (fig. 3). The 
interstate parallels the Humcane Cliffs for another approxi- 
mately 40 krn to Cedar City. At Cedar City, the Humcane 

the Basin and Range physiographic provinces. 
Bedrock in the St. George Basin consists of Permian, 

Triassic, and Jurassic sedimentary rocks that include lime- 
stone, sandstone, siltstone, shale, conglomerate, and gyp- 
sum (fig. 2). Upper Jurassic, Cretaceous, and lower Tertiary 
rocks found to the north in the Pine Valley Mountains have 
been eroded from the basin, but upper Tertiary and Quater- 
nary basalts and thin, discontinuous deposits of unconsoli- 
dated Quaternary clay, silt, sand, and gravel are present. 
The basalts flowed down paleostream channels. Subsequent 
erosion of the surrounding sedimentary rocks has inverted 
the topography, and the basalt flows now cap long, narrow, 
south-trending ridges. Sedimentary rocks in the St. George 
Basin dip gently (5-lo0) to the northeast except in the vicin- 
ity of the Virgin anticline (see Stewart et al., this volume), 
which trends northeasterly through the basin east and south 
of St. George. The anticline is a broad, generally symmetri- 
cal fold with maximum flank dips of 25 to 30' to the south- 
east and northwest. Several north-south-striking normal 
faults are present north of St. George and in the Washing- 
ton area. The most prominent of these is the Washington 
fault (fig. 1; Earth Science Associates, 1982; Anderson and 
Christenson, 1989). 

The Hurricane Cliffs bound the St. George Basin on the 
east and continue northward past the towns of Humcane, 
La Verkin, and Toquerville to where Ash Creek enters the 
basin from the north (fig. 3). Bedrock exposed along the 
cliffs consists of Permian, Triassic, and Jurassic sedimentary 
rocks including limestone, sandstone, gypsiferous mudstone, 
shale, and conglomerate capped locally by Quaternary 
basalt flows. The basalt flows are displaced down to the west 
across the Hurricane fault (Hamblin, 1963; Stewart and 
Taylor, 1996) and overlie the Jurassic Navajo Sandstone, 
which crops out over a broad area in the St. George Basin 
between the Hurricane Cliffs and the Virgin anticline. At 
Ash Creek, Permian and Triassic sedimentary rocks, locally 
capped by Quaternary basalt, form the Hurricane Cliffs 
east of 1-15. Intrusive igneous rocks and basalt (the same 
flow found east of 1-15 downdropped across the Humcane 
fault) are west of the freeway along the flanks of the Pine 
Valley Mountains. At the top of the canyon of Ash Creek, 
1-15 enters the south end of Cedar Valley and follows the 
Hurricane Cliffs to Cedar City. Cedar Valley is a typical 
basin-and-range valley, downdropped along bordering 
faults (chiefly the Humcane fault to the east) and filled with 
unconsolidated and semi-consolidated Quaternary basin-fill 
deposits. 

Cedar City lies at the base of the Hurricane Cliffs, mostly 
on alluvial-fan material deposited by Coal Creek, which 
drains from the cliffs. More recent development has ex- 
tended west of 1-15 into the Cross Hollow Hills and north 
onto the Fiddlers Canyon alluvial fan. The Cross Hollow 
Hills are underlain chiefly by Miocene to Pliocene fanglom- 
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erate and Pleistocene basalt (Averitt and Threet, 1973). The 
Fiddlers Canyon fan consists of a coarse mixture of gravel, 
cobbles, and boulders deposited where Fiddlers Creek 
issues from the Hurricane Cliffs. Bedrock exposed in the 
Hurricane Cliffs east of Cedar City consists of a steeply 
east-dipping to locally overturned sequence of faulted and 
folded Lower Triassic to Upper Cretaceous sedimentary 
units including limestone, shale, mudstone, siltstone, sand- 
stone, and minor conglomerate (Averitt and Threet, 1973; 
fig. 2). 

GEOLOGIC HAZARDS 

Geologic hazards (exclusive of earthquake hazards) of 
principal concern in the region include problem soil and 
rock, landslides, shallow ground water, and flooding. 

Problem Soil and Rock 

Geologic materials susceptible to volumetric changes, 
collapse, and subsidence are common in southwestern 
Utah. Particularly troublesome are (1) expansive soil and 
rock, (2) collapsible soil, (3) gypsum and gypsiferous soil, 
(4) limestone karst, and (5) soil piping and other ground 
collapse. 

Expansive Soil and Rock. Expansive soil and rock is the 
most common problem deposit in southwestern Utah 
(Mulvey, 1992). The Triassic Chinle and Moenkopi Forma- 
tions and the Cretaceous Dakota and Tropic Formations 
(fig. 2) are clay-rich and are the chief sources of expansive 
material in the region. The most common clay mineral 
associated with these deposits is montmorillonite, which 
expands and contracts with changes in moisture content. 

Expansive deposits are extensive in the St. George Basin 
where the Petrified Forest Member of the Chinle Forma- 
tion (locally known as the "blue clay") crops out. Cracking 
of walls and foundations has occurred in buildings in Santa 
Clara (fig. 14), and in Washington and the southern part of 
St. George. Expansive clays are also present in the Shnab- 
kaib Member of the Moenkopi Formation. A housing devel- 
opment recently constructed on this unit in the Washington 
area will bear watching in the future for evidence of soil 
problems. The Chinle, Moenkopi, Tropic, and Dakota For- 
mations all crop out in the Hurricane Cliffs east of Cedar 
City, but little development has taken place there, so ex- 
pansive soils are not a widespread problem in the Cedar 
City area. 

Collapsible Soil. Hydrocompaction, the phenomenon of 
subsidence in collapse-prone soil, occurs in loose, dry, low 
density materials that decrease in volume when saturated 
for the first time following deposition (Costa and Baker, 
1981). Alluvial fans containing debris-flow deposits consist- 
ing of 10 to 15 percent clay are the most common environ- 
ment for collapse-prone soils. 

Figure 14. Cracks in the zuall of a home on the Santa Clara Bench 
causer1 by expansion of the tinrlerlying Petrified Forest Mernher of 
the Chinle Fonnution. 

Collapse-prone soils are widely distributed throughout 
those areas of Cedar City underlain by alluvial fans that 
have fine-grained sedimentary rocks in their drainage basins. 
Measured collapse strains of 5 to 15 percent are common in 
these fan deposits (Rollins et al., 1992). The Triassic Moen- 
kopi and Chinle Formations, which crop out extensively 
along the Hurricane Cliffs east of town and in Coal Canyon, 
account for much of the collapsible soil material in Cedar 
City. Collapse-induced settlements have damaged many 
structures in Cedar City, and settlements became so great 
(up to 1.8 m) in 1977 on the northeast side of town that 14 
homes had to be removed from their foundations and moved 
to new locations (Kaliser, 1978a). Collapsible soils have also 
been reported near the Hurricane airport, where KG 'I 1' iser 
(1978b) documented as much as 1.6 m of subsidence. 

Gypsiferous Soil and Rock. Gypsum is a primary com- 
ponent of some rocks and the soils derived from them. 
Gypsiferous deposits are subject to settlement caused by 
dissolution of the gypsum which creates a loss of internal 
structure and volume (Mulvey, 1992). Gypsiferous soils are 
common in southwestern Utah, particularly along the base 
of the Hurricane Cliffs and in parts of St. George. The 
Shnabkaib Member of the Moenkopi Formation and the 
Carmel Formation are the principal gypsum-bearing rock 
units in the area (fig. 2). Dissolution of gypsum can damage 
foundations, and create sinkholes. The January 1, 1989, cat- 
astrophic failure of the Quail Creek dike (fig. 15) located on 
the crest of the Virgin anticline about 22 km northeast of St. 
George was in part attributed to piping caused by dissolu- 
tion of gypsum in the bedrock of the dike foundation. The 
unit involved was the Shnabkaib Member of the Moenkopi 
Formation, which post-failure investigation showed to be as 
much as 50 percent gypsum in some places beneath the 
dike (Gourley, 1992). 
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Figure 15. @ai l  Creek dike failure, Januar!y 1, 1989; clike was con- 
structed across axial truce of the Virgin cinticline on the gypsum- 
rich Slzmhkail? Mein17er of  the Moenkopi Formation (photo credit, 
Ben Everitt, Utcih Division of  Wuter Resoc~rcc.~). Location shown 
on Figure 3. 

Strongly cemented gypsum layers in unconsolidated de- 
posits in the shallow subsurface commonly mark the water 
table and locally form a confining layer causing artesian 
conditions in the St. George area (Christenson, 1992). The 
layer, locally termed "water rock," may have been deposited 
as shallow ground water evaporated in soil voids. The extent 
of the "water rock" has not been determined, but this layer 
has been encountered at shallow depths in many places in 
the St. George area. Changes in ground-water conditions 
may result in local dissolution of the layer and eventual 
subsidence. 

Gypsum is also an inherently weak material which can 
deform or fail when loaded with the weight of a structure. 
In addition, when dissolved in water, gypsum forms sulfuric 
acid and sulphate which react with certain types of cement 
and weaken foundations (Bell, 1983). 

Limestone Karst. Karst features are caused by ground- 
and surface-water dissolution of carbonate rocks, chiefly 
limestone and dolomite. The Kaibal~ and Toroweap Forma- 
tions (fig. 2), which crop out in several areas along and near 
the Humcane fault, are the principal carbonate rock units 
affected by dissolution in southwestern Utah. Due to the 
area's dry climate, most of the karst features are probably 
relict and related to wetter climates during the Pleistocene, 
although dissolution may 1)e presently occumng where lime- 
stone crops out along the Virgin River and its tributaries. In 
the spring of 1985, a large, open sinkhole appeared in the 
bed of the Virgin River just downstream from a new diver- 
sion dam in Timpoweap Canyon (fig. 16) and swallowed the 
entire flow of the river for several months. The water cap- 
tured by the sinkhole recharged the fractured limestone 
aquifer and almost immediately caused changes in discharge, 
temperature, and chemistry at springs located at the mouth 

Figure 16. In 198.5, (1 sinkhol(> in the Torowc.crl) Fonnntion opened 
sucldenly in the becl of tho Virgin Rirer cinrl stoallowerl the entire 
flow of the river for scwc~rcil ~nontlzs. Tlzcl sinkhole is nou: hehinrl an 
earthen (like on the sotcth side of the rivclr (sharlozu are(? (it the 17ase 
of the can!yon tccill). 

of the canyon nearly three miles downstream (Everitt and 
Einert, 1994). In July 1996, a small gravel- and cobble- 
filled sinkhole developed in the channel of La Verkin Creek 
where the stream crosses the KailIab Formation. An esti- 
mated 85 L/sec of flow disappeared into the sinkhole (Lund, 
1996). A small coffer clam and pipeline were constl-ucted to 
divert the stream around the sink area. 

Soil Piping and Other Ground Collapse. Soil piping, 
removal of material by subsu~%ice flow of water, is a com- 
mon phenomenon in southwestern Utah. Soil piping forms 
open voids and subsurface cavities into which overlying 
material may collapse. The three prerequisites for piping 
are: a susceptible deposit, ~~sual ly  fine-grained alluvium or 
poorly cemented sedimentary rock (claystone, siltstone); sub- 
surface flow of water; and a free face for the exit of seepage 
water and entrainecl sediment. In arid areas such as south- 
western Utah, piping is an important process in the head- 
ward extension of gullies, which may intersect and damage 
roads. Piping has ttlso afyectecl canal embankments and 
water-retention stnictures const~vcted of fine-grained mate- 
rial near St. George (Christenson and Deen, 1983). 

Several sinkholes of undetermined origin have opened 
over time in the vicinity of the town of Hurricane (Solomon, 
1993). Although never investigated in detail I~ecause they 
have not damaged or threatened structures or roads, all 
have been in unconsolidated alluvium near outcrops of Mio- 
cene to Quaternary basalt flows, suggesting that the sink- 
holes result from the collapse of buried volcanic st~uctures 
(e.g., lava tubes, 1)lowholes). The most recent sinkhole 
opened in January 1993, allout four months after the 
September 1992, ML 5.8, St. George earthquake (Christen- 
son, 1995). The sinkhole, which was 6 m wide and 4 m 
deep, probal~ly opened in response to the collapse at depth 
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Figire 19. Damage caused h!/ a Jash flood in Juhy 1989 in the 
Fiddlers Canyon area of Cedar City (photo credit, Kirnrn Hurty, 
Utah Geological Survety). 

eolian deposits, channels the ground water toward some 
areas and away from others. As a result, ground-water prob- 
lems are irregularly distributed across the terrace. Except 
for a narrow zone along the flood plain of Coal Creek, shal- 
low ground water is not a significant hazard in Cedar City. 

Flooding 

Stream flooding is the most frequently occurring and 
destructive geologic hazard in southwestern Utah (Lund, 
1992). The high flood hazard results from the complex 
interaction of the area's rugged topography and seasonal 
weather patterns that bring moisture to the state. Two types 
of stream flooding typically occur in the region: riverine 
floods and flash floods. Riverine floods are usually regional 
in nature, last for several hours or days, and have return 
periods of 25 to more than 100 years. They commonly 
result from the rapid melt of the winter snowpack or from 
periods of prolonged heavy rainfall. Flash floods result from 
thunderstorm cloudl~ursts. They are localized, quickly reach 
a maximum flow, and then just as quickly diminish. Return 
periods for flash floods are erratic, ranging from a few hours 
to decades or longer for a particular drainage. Both types of 
flooding have caused extensive damage in the St. George 
and Cedar City areas. 

Three major riverine floods have affected southwestern 
Utah since the area was settled in the 1850s. They occurred 
in 1966, 1983, and 1984. The 1966 flood resulted from an 
intense three-day rainstorm that produced record peak flows 
on the Virgin River (Butler and Mundofi, 1970). The flood 

caused $1.4 million (1966 dollars) damage to facilities and 
farm land, and remains the largest historical natural flood 
on the Virgin River. The 1983 and 1984 floods occurred in 
response to the rapid melting of maximum-of-record and 
greater-than-average snowpacks respectively. Both were 
statewide events that affected drainages throughout Utah. 
The occurrence of two maior floods in successive years, each 
with an estimated return period of 25 to 100 years, demon- 
strates the unpredictable nature of riverine flooding. 

Flash floods are by definition sudden, intense, and local- 
ized. The first recorded flash flood in southwestern Utah was 
on Coal Creek in Cedar City on September 3,1853, when a 
"tremendous flood carried away bridges and dams, brought 
immense quantities of boulders and rocks into town, and 
did extensive damage to the iron works" (Woolley, 1946). 
Since then, over 300 damaging flash floods have been re- 
ported in southern Utah, and many towns such as Cedar 
City, St. George, and Santa Clara have experienced repeat- 
ed flooding (Woolley, 1946; Butler and Marsell, 1972; Utah 
Division of Comprehensive Emergency Management, 1981). 

In recent years, many communities have implemented 
various kinds of flood-control measures to eliminate or 
reduce the risk from flash floods. However, as rapid growth 
continues, development is outpacing these protective mea- 
sures. Cedar City provides a good example; since 1853 ex- 
tensive measures have been taken to control floods on Coal 
Creek. However, in the 1980s Cedar City expanded to the 
northeast onto alluvial-fan surfaces at the base of the Hur- 
ricane Cliffs. In July 1989, a11 afternoon thunderstorm over 
the cliffs produced approximately 2 cm of rain in 30 minutes 
(Harty, 1990). The resulting flood from canyons in the cliff 
advanced across the fan surface damaging residences and 
businesses, and burying parked cars (fig. 19). 

SUMMARY AND RECOMMENDATIONS 

Southwestern Utah, particularly in and around St. George 
and Cedar City, is one of the fastest growing regions of 
Utah. In addition to seismic hazards associated with the 
Hurricane and other potentially active Quaternary faults 
(see Stewart et al., this volume), development in the area 
may be adversely affected by problem soil and rock, land- 
slides, shallow ground water, and flooding. Site-specific 
studies to evaluate hazards and identify hazard-reduction 
measures are recommended prior to construction in areas 
subject to geologic hazards (Christenson and Deen, 1983; 
Christenson, 1992). Initial planning and engineering to 
avoid or mitigate adverse geologic conditions can greatly 
reduce the need for costly repair, maintenance, or replace- 
ment of improperly placed or inadequately engineered 
structures. 

References for this paper are provided after the field trip log in 
the Combined References. 
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INTRODUCTION 

This road log provides an overview of structures associ- 
ated with the Humcane fault fiom near the Arizona-Utah 
state line to Kanarraville, Utah. Stewart et al., (this volume) 
describe the general geologic background for this trip. 
Stops include Quaternary fault scarps, the landslide trig- 
gered by the 1992 St. George earthquake, and two fault 
segment boundaries. Shortening structures related to exten- 
sion on the Hurricane fault will be visited. To conserve 
space, the figures and references for this road log are com- 
bined with Stewart et al., (this volume) and Lund (this vol- 
ume). The field trip stops for this road log are shown in fig- 
ure 20. 

ROAD LOG 

Day 0. Travel ffom Las Vegas to Humcane, Utah 

Log of Travel associated with the Humcane fault GSA field 

trip 

Incre- 
mental Total 
Mileage Mileage 

0 0 Leave UNLV Geoscience Building and 
drive west on Harmon. 

0.6 0.6 Continue straight (west) through the stop 
light at Harmon and Swenson. 

0.1 0.7 At stop light at Paradise and Harmon turn 
right (north) onto Paradise. 

0.4 1.1 At stop light at Flamingo and Paradise 
turn left (west) onto Flamingo. Continue 
straight (west) through lights along Fla- 
mingo past Las Vegas Boulevard ("The 
Strip). 

1.5 2.6 Turn right (north) at ramp onto 1-15 north. 
8.2 10.8 The Cheyenne exit, a landmark only. 
0.2 11.0 At 10:OO see the Las Vegas Range on the 

right (east) and Sheep Range on the left 
(west). The Sheep Range contains the 
Gass Peak thrust plate, a part of the Meso- 
zoic Sevier orogenic belt (Longwell et al., 
1965; Armstrong, 1968). The Las Vegas 
Range contains the Gass Peak thrust foot- 
wall. The Gass Peak thrust is exposed near 
the topographically low area that separates 
the two ranges (Longwell et al., 1965). 

5.1 16.1 At -2:00, are Frenchman and Sunrise 
Mountains. A Quaternary fault lies along 
the east side of Frenchman Mountain. 
These mountains contain Precambrian 
rocks on the east side, the Great Uncon- 
formity that separates Proterozoic and 
Paleozoic rocks and most of the Paleozoic 
stratigraphic section in this region. The 
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Figure 20. Field trip stop locations are shown on this map  by triangles and labeled with stop numi 
and Reynold! (1988). Corrections of discrepancies between those two geological maps are generc, 
shown by a solid circle, are: H = Hurricane, L = La Verkin, NH = New Hannony, P = Pintura, 

bers. Map is mod$ed from Hintze 0980) 
~lized. Most faults are not shown. Towns, 
T = Toquemilk, and W = Washington. 
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rocks dip moderately to steeply to the east; 
the tilting is a result of Cenozoic exten- 
sion. The rocks in Frenchman and Sun- 
rise Mountains are thought to have been 
formerly continuous with rocks near the 
Nevada-Arizona state line and have been 
transported to their present position dur- 
ing Cenozoic extension and strike-slip 
faulting. 

9.5 25.6 Straight ahead and on the right are the 
Dry Lake Mountains. These mountains 
consist dominantly of the Bird Spring 
Formation which may range from Missis- 
sippian to Permian in age, but is mostly 
Pennsylvanian. 

1.1 26.7 On the left (north) side of 1-15 is the 
Chemical Lime plant and open-pit mine. 
The nearly horizontal cylinders are the 
kilns in which the lime is produced. The 
process involves heating the limestone to 
a high temperature using crushed coal 
blown into the kilns. This procedure dri- 
ves off volatiles such as water and other 
impurities &om the limestone. 

10.4 37.1 The mountains on the right at -3:OO are 
the Muddy Mountains. The lower moun- 
tains to the left (north) are the North 
Muddy Mountains. 

Along the west side of these ranges is a 
young fault, called the California Wash 
fault (Bohannon, 1983a, W.J. Taylor, un- 
published data). In good light the scarp 
along the fault can be seen from 1-15. The 
scarp is approximately west facing. 

In the Muddy Mountains the Muddy 
Mountain thrust, another fault of the 
Sevier orogenic belt, is exposed (Long- 
well, 1922, 1928; Bohannon, 1983a, 
1983b). The North Muddy Mountains 
expose large folds and small thrusts also 
related to the Mesozoic Sevier orogenic 
belt (Longwell et al., 1965; Armstrong, 
1968; Bohannon 1983a, 1983b). 

4.0 41.1 The Mormon Mountains lie at -11:OO. 
The high peak on the right (south) end of 
the range is called Moapa Peak. 

The Mesozoic Mormon thrust and 
Tertiary Mormon Peak detachment are 
exposed in the Mormon Mountains (Axen 
et al., 1990). The north-south part of the 
dome or arch that is typical of detach- 
ment terranes is visible in the topography 
from this vantage point. 

At 2:00 between the highway and the 
bedrock is a small bluff at the edge of the 
alluvial fans. The bluff is the scarp of the 
California Wash fault continuing to the 
south along the west side of the North 
Muddy and Muddy Mountains. 
Looking toward the northeast and the 
Mormon Mountains at -11:OO the allu- 
vial fan is broken by bluffs along the west 
and southwest side. Above the bluff is an 
old alluvial surface called Mormon Mesa 
which is capped by a well-developed 
thick layer of caliche. 
The red-brown sedimentary rocks sur- 
rounding the small towns of Glendale and 
Moapa are dominantly Tertiary basin-fill 
deposits, mostly conglomerate, sandstone 
and siltstone. 
Here the highway crosses a surface that is 
equivalent in elevation to Mormon Mesa, 
and thus, possibly is similar in age. 
Enter Mesquite basin or valley. This basin 
contains some of the thickest (-10 km) 
basin-fill deposits in Nevada. The moun- 
tains straight ahead and on the right 
(southeast) are the Virgin Mountains. The 
Frenchman Mountain block is thought to 
have lain near the south end of these 
mountains prior to Cenozoic extension. 
The alluvial fans are well developed and 
protrude westward from the range. Some 
of these fans are dissected. The ends of 
the fan are cut by the Virgin River which 
runs through the topographic low. 
Cross Arizona state line. 
The mountains straight ahead and to the 
north are the Beaver Dam Mountains. 
The obvious light colored, white and 
orange, sandstone exposed nearly straight 
ahead is the Permian Queantoweap Sand- 
stone (Hintze, 1986). 

The highway crossing the Beaver Dam 
Mountains at -10:OO is a state highway 
that cuts through the Cenozoic Castle 
Cliffs detachment fault (Axen et al., 1990). 
Near here the Interstate enters the Virgin 
River gorge. At the near (west) end of the 
gorge two strands of the range-bounding 
fault are exposed on the right (south). The 
rocks near one strand are brightly colored 
purple and yellow from alteration along 
the fault. The other strand lies further 
west. 
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In the gorge most of the Paleozoic 1.3 
stratigraphic section is exposed (Hintze, 
1986). A small fault block at the west end 
comprises middle to upper Paleozoic rocks 0.7 
(Hintze, 1986). A short distance into the 
gorge (0.5-0.75 miles) many small strati- 
graphic separation normal faults are visi- 0.7 
ble in the road cut. 0.4 

1.1 107.7 From here to the east, the highway passes 
by Cambrian through Permian rocks. The 
green shales exposed near here lie within 
the Cambrian section. 

3.7 111.4 This orange sandstone is the Permian 
Queantoweap Sandstone. Many small stra- 
tigraphic separation faults are exposed in 
the road cut. This sandstone crops out in 
much of the upper part of the gorge and 1 3 
is overlain by the Permian Toroweap For- 
mation. The Toroweap Formation forms 
the cliffs above the sandstone straight 

- - 
ahead. 

8.6 120.0 The chert-rich carbonate exposed near 
the sign that says "Black Rock Road 1 
mile" is the Permian Kaibab Limestone. 

From here to the Humcane fault lies 
the transition zone between the Basin 
and Range Province to the west and the 
Colorado Plateau to the east. The Colo- 
rado Plateau can be seen straight ahead 
in the distance, on the skyline. 

The transition zone is marked by small 
ridges, most of which are fault bounded. 
The fault blocks are dominantly east-tilt- 
ed Mesozoic rocks. 

3.4 126.8 To the east-northeast at 10:OO lie the Pine 
Valley Mountains. The upper part of these 
mountains is underlain by the Tertiary 
Pine Valley laccolith (Cook, 1957). Be- 
tween the vehicle and the Pine Valley 
Mountains is a black surface which is the 
top of a young basalt that flowed down a 
surface that slopes toward the vehicle. 

0.7 127.5 Cross state line into Utah. 
3.6 131.1 On top of the red-brown colored ridge 

straight ahead and to the north (left) the 
resistant cap rock is the Shinarump Con- 
glomerate, the lowest member of the Tri- 
assic Chinle Formation. A short distance 
ahead is a road cut through the Shina- 
rump Conglomerate. 

9.9 141.0 At -10:OO in the road cut, a basalt flow 
fills a paleochannel in the Mesozoic red 
beds. 

1.2 

3.3 

0.3 

1.9 
0.05 

Day 1. 

0.0 

0.3 

142.3 Take exit 16 onto Utah Highway 9 to 
Humcane, heading east. Turn right (east) 
at bottom of off-ramp. 

143.0 In the road cut on the left (north) side of 
the road, a syncline is exposed in Meso- 
zoic rocks. 

143.7 Quaternary volcano at 1:OO. 
144.1 Straight ahead is the Virgin anticline. The 

beds on the right dip east; the beds on 
the left dip west. Follow these beds 
toward the dam on Quail Lake and they 
become more gently dipping. Continuing 
along, the fold hinge zone can be seen to 
the left over the top of the dam. Some 
small stratigraphic separation faults cut 
the fold hinge zone. 

145.4 The hinge zone of the anticline is to the 
left. A former version of this dam failed in 
1989 when foundation problems caused 
dam failure and a flood (Lund, this vol- 
ume). The flood water from the failure 
caused a large amount of scouring which 
is visible in this area. 

The Shinarump Conglomerate crops 
out near the road in a short distance. 

146.6 On the right (east) is a basalt flow filling a 
paleochannel cut in the Triassic Moen- 
kopi Formation. 

149.9 On the right (south) is the Quaternary 
volcano, Volcano Mountain. 40Ar/39Ar 
data from one flow erupted from this vol- 
cano are not of high quality; Sanchez 
(1995) was only able to conclude that flow 
had a maximum age of 270 +/-50 ka. To 
visit the volcano, turn right here and trav- 
el through this new subdivision. 

At -10:00, north of the highway, is a 
polycyclic (multiple eruption) volcano. 

150.2 The cliffs straight ahead as well as toward 
2:00 and 10:OO are the Hurricane Cliffs 
which are the Humcane fault line scarp. 

152.1 Turn right (south) onto 700 W. 
152.15 Turn left (east) into Super 8 Motel park- 

ing lot, Hurricane, Utah. 

Examine a fault segment boundary in 
Arizona and the Anderson Junction fault 
segment. 

0.0 Leaving Super 8. Turn left (south) on 700 
w. 

0.3 Stop at stop sign, then proceed -straight 
across small bridge. 
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0.1 0.4 The Humcane Cliffs are on the left (east) 
and straight ahead. 

1.7 2.1 Stay on the same paved road and follow it 
to the right (west) around curve. Continue 
around curves and stay on thls paved road. 

4.3 6.4 Cross cattle guard. Road becomes dirt. 
Go straight, which is the left fork. 

0.7 7.1 Stop 1. Lava Cascade. This stop is on The 
Divide, UT, 7.5' quadrangle, Secs. 3 & 4, 
T43S, R.13W To the left (east) at -10:00 
is a lava cascade. A dark-colored lava flow 
is exposed where it flowed down the upper 
part of the Hurricane Cliffs. The flow 
ends part way down the cliff. The source 
of the basalt flow is a volcanic center 
exposed on the plateau east of the Hur- 
ricane Cliffs (Sanchez, 1995). 

The rock is fine grained, black in color, 
and contains small olivine phenocrysts. It 
is a basanite with less than 46% silica 
(Sanchez, 1995). 

This lava flow falls into the Stage IV 
flows of Hamblin (1970). According to this 
classification scheme, Stage IV flows are 
young and were deposited in the present 
drainage system, the surface features are 
only slightly modified and the associated 
cinder cones are well preserved. Older 
flows belonging to Stages I (oldest), I1 
and III were erupted onto older, topo- 
graphically higher surfaces. 

The rock in the lava cascade has not 
been dated radiometrically, but the geo- 
morphic-type stage dates can be used in 
combination with radiometric dates to 
estimate the age of the lava flow. Another 
Stage IV flow that was erupted from 
Volcano Mountain (seen along Utah High- 
way 9 west of Hurricane) was dated by 
Sanchez (1995) at 258 & 24 ka using 
40Ar/39Ar. A Stage I1 flow in Hurricane 
Valley yielded a 353 + 45 ka 40Ar/39Ar 
date (Sanchez, 1995). According to San- 
chez, the dated flow has the same chem- 
istry as the flow that is exposed in the 
Hurricane Cliffs, above other Stage I1 
flows exposed in Humcane Valley. 

The Humcane fault was active and the 
Hunicane Cliffs existed as essentially a 
fault escarpment, at least in part, prior to 
the eruption of the lava in the cascade be- 

cause the flow conforms to the topography 
showing that it flowed down the cliff. The 
cliffs are about 300 m high here and the 
flow ends about 150 m down the cliff 
which suggests that at least one half of 
the total scarp height may have formed 
prior to eruption of the flow at about 
200300 ka ago. 

The lava flows exposed in the hill west 
of the road are Stage 111, and thus, older 
than the flow in the lava cascade. Also, 
the rock is an alkali basalt, not a basanite, 
and appears to have erupted from a vol- 
canic center located to the west (Sanchez, 
1995). 
Cross cattle guard. 
Continue straight south (left fork). The 
right fork goes to an exposure of dinosaur 
tracks and historic Fort Pearce. 
Cross cattle guard. 
On the right (east), the unconformity be- 
tween Mesozoic and Quaternary deposits 
is exposed in the wash. 
Cross cattle guard. 
Quaternary (?) basalt is visible on the 
rounded hills and in the butte straight 
ahead. 
Pass the trail head for the Honeymoon 
Trail on the left (east) where there is a 
nice fault exposure (Hamblin, 1970). 
Cross wash and drive over outcrops of 
sandstone; continue to the left (east). 
Continue on left fork. Straight ahead 
(southeast) are the Humcane Cliffs. The 
cliffs contain mostly Permian formations 
such as the Kaibab Formation, Toroweap 
Formation, and Hermit Shale. 
To the left (east), a high-angle fault cuts 
through the footwall of the Hurricane 
fault. It is most easily seen by the offset of 
one of the thick beds in the cliffs. 
At -1l:OO is a large canyon called Cotton- 
wood Canyon. Rocks exposed on the right 
are Moenkopi Formation overlain by 
Quaternary (?) basalt. 
Continue straight (south) through the 
fence. Remember to leave the gate as you 
found it, either open or closed. 

Stop 2. Fault scarps along the Hurricane 
fault. Turn left on steep road beneath 
powerline. Continue up the road about 
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500 m if it is passable. If not, hike up road 
toward the Hunicane Cliffs until you reach 
the prominent fault scarp on the north 
side of the road. 

This stop is in the Rock Canyon 7.5' 
quadrangle, Mohave County, Arizona, Sec. 
27, T 41 N., R. 10 W. It is located at the 
southern end of a 7-km-long portion of 
the Hurricane fault where relatively low 
fault scarps formed in Quaternary deposits 
and bedrock are common along the base 
of the Humcane Cliffs. It is just north of 
the prominent bend in the Hurricane 
fault that is discussed at Stop 3 (fig. 4). 
Between the town of Hurricane, Utah, 
and the Arizona border, the Hurricane 
Cliffs are composed almost entirely of the 
resistant rocks of the Kaibab and Toro- 
weap formations. Along this section south 
of the Arizona border, the lower slopes of 
the fault escarpment are formed in rocks 
of the Supai Group, which generally are 
less resistant to erosion than the rocks of 
the overlying formations. Because of the 
erodibility of the Supai Group rocks, the 
steeper upper portions of the Cliffs have 
retreated by varying amounts from the 
principal Hurricane fault zone. 

The relatively low fault scarps evident 
at this stop apparently record late to latest 
Quaternary displacement on this section 
of the Humcane fault system. The scarp 
at this locality is typical of the scarps along 
this section of the fault. The scarp is high 
(-25 m) and steep (maximum slope of 
35"). The scarp is formed on a steeply 
sloping landform colluvial/alluvial surface 
that mantles the lower part of the cliffs. 
The colluvial/alluvial deposits are typical- 
ly quite thin (a few meters thick or less) 
over a bedrock erosion surface on the 
upthrown side of the fault. The scarp is 
formed in these deposits and bedrock, so 
the bedrock may exert some influence on 
scarp morphology and degradation rates. 
Reasonably well-developed calcic soils 
are developed in the faulted colluvial 
/alluvial deposits, suggesting that they are 
of late(?) Pleistocene age. The alluvium 
exposed immediately downslope of this 
fault scarp may be correlative with the 
colluvium/ alluvium above the scarp, or it 

may be younger alluvium derived from 
the scarp and  adjacent drainages. Based 
on the size of the scarps, they almost cer- 
tainly record multiple late Quaternary 
fault ruptures. The age of the youngest 
rupture on this section of the fault is not 
well constrained, but young terrace and 
alluvial-fan deposits are unfaulted. 

No alluvial fault scarps are obvious in 
the area of the major bend along the 
Hurricane fault immediately south of 
Stop 2 (discussed in Stop 3). Relatively 
low scarps exist at many places along the 
base of the Hurricane Cliffs on the 
Shivwitz Plateau south of this locality. 
None of these scarps are as high or as 
steep as the scarp observed at Stop 2. 

Continue along same road (center fork) 
to next stop. In a short distance along the 
center fork is another sign that says 
Temple Trail. 

0.3 19.9 At wash. If driving two-wheel drive or 
low-clearance vehicle stop here for Stop 
3. Otherwise continue along this road 
another 1.8 miles. 

Stop 3. Segment boundary on the Hurri- 
cane fault. This is the southernmost stop 
on the Hurricane fault on the field trip. 
At this stop in the Rock Canyon 7.5' quad- 
rangle (Secs. 26, 27, & 34, T.41S, R.lOW), 
northern Mohave County, Arizona, a rela- 
tively abrupt bend in the trace of the 
Humcane fault parallels the visible bend 
in the cliffs which lie to the east and 
south. We will walk along the Humcane 
fault in the northern part of the bend and 
examine the fault geometry and Quater- 
nary deposits which include older alluvi- 
um, talus, recent alluvium, mafic volcanic 
rocks, and a small mafic intrusion. 

Taylor and Stewart (in review) suggest 
that the large bend, convex toward the 
hanging wall, bend in the Humcane fault 
in this area is a geometric segment 
boundary (cf., Crone and Haller, 1991; 
dePolo et al., 1991). Several pieces of 
information support this interpretation. 
(1) The fault bends and changes strike 
from approximately N20°E north of the 
bend to N15-20°W south of the bend. We 
will walk along the NNE-striking fault 
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section and view the area of maximum 
curvature (fig. 8). (2) The total stratigraphic 
separation decreases toward the bend 
both from the north and from the south 
(fig. 9). We will see an artifact of this 
change in the elevation of the Triassic 
Chinle Formation in the hanging wall rel- 
ative to the Paleozoic units in the footwall 
(described below). The elevation of the 
Chinle Formation is higher near the in- 
flection point of the bend than along the 
fault sections to the north and south which 
corresponds to a decrease in stratigraphic 
separation at the bend. (3) A Quaternary(?) 
basaltic intrusion and basalt field near the 
apex of the bend suggest the possibility of 
non-conservative slip in the hanging wall 
near the segment boundary zone. Non- 
conservation of space suggests that the 
slip direction, magnitude and/or timing of 
movement is not constant on the fault 
sections around or on either side of the 
bend. (4) The footwall structures near the 
bend change from dominantly gentle to 
open folds and a few normal faults south 
of the bend to small stratigraphic separa- 
tion normal faults north of the bend (Bill- 
ingsley, 1992; W.J. Taylor, unpublished 
mapping). These differences in structural 
style imply a kinematic change at the bend. 
(5) In addition, fault scarps in Quaternary 
deposits crop out both north and south of 
the bend, but appear to be lacking in the 
area of maximum curvature. We saw scarps 
north of the bend at stop 2 and will note 
the lack of scarps in this area. This change 
in the Quaternary fault scarps suggests 
the possibility that this geometric barrier 
may also be a behavioral or paleoseismic 
banier as well, if the Quaternary deposits 
are of similar ages (King, 1986). 

The Paleozoic units exposed in the cliff 
near here lie in the footwall of the Hur- 
ricane fault. Recognition and identifica- 
tion of these units is critical in determin- 
ing the total stratigraphic separation on 
the fault segments north and south of this 
bend as well as at the bend. The units 
are, from lowest to highest, the Permian 
Esplanade Sandstone which is a red, white 
or tan sandstone near the base of the 
cliffs; the Permian Hermit Shale which is 

a red, brown and white siltstone to sand- 
stone; the Permian Toroweap Formation 
that contains three members: a lower unit 
of interbedded gray, yellow and brown 
sandstone, siltstone and dolomite (Selig- 
man Member); a middle gray limestone 
cliff (Brady Canyon Member); and an 
upper gypsiferous unit of gray siltstone 
and light-red siltstone to sandstone (Woods 
Ranch Member); and near the top of the 
cliffs, the Permian Kaibab Formation with 
a lower gray cherty limestone (Fossil 
Mountain Member) and an upper red 
and gray unit of interbedded limestone, 
sandstone and siltstone with white gyp- 
sum. More complete descriptions of these 
units are available with the quadrangle 
map for this area (Billingsley, 1992) and 
in Sorauf and Billingsley (1991). 

Along the base of the Hunicane Cliffs 
and in the hanging wall a variety of 
Quaternary deposits are exposed. These 
deposits lack scarps near the apex of the 
bend, but they or similar deposits are 
faulted on the segments to the north and 
south of the bend. The sedimentary 
deposits include small alluvial fans, talus, 
alluvium, landslide deposits, colluvium, 
and gravel terraces. Many of these de- 
posits are the debris slope and wash slope 
facies associated with the degradation of 
the escarpment associated with the Huni- 
cane fault. The igneous deposits include 
mafic lava flow rocks and a small pluton 
that intrudes them. The hill to the west is 
composed of mafic extrusives and con- 
tains at least four distinct flows that are 
separated by agglomerate. The flows are 
fine grained and contain varying amounts 
of plagioclase and olivine phenocrysts. 
The pluton or plug also has plagioclase 
and olivine phenocrysts, but is granular 
and medium to coarse grained. Maureen 
Stuart (unpublished data from UNLV XRF 
laboratory, 1995) analyzed samples from 
the four flows and the plug for major and 
trace element contents and they are all 
subalkaline tholeiitic basalt (cf., Irvine 
and Baragar, 1971; Le Bas et al., 1986). 
Turn around and follow same route to 
Utah Highway 9. 

3.9 23.8 Cross under the power lines. 
0.9 24.7 Pass through fence. 
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On the hill at -1O:OO are purple, red- 
brown, and tan layers. The tan unit is the 
Shinarump Conglomerate. The unit below 
it is the Moenkopi Formation. 
Cross cattle guard. The lava cascade is 
visible from here. 
Cross cattle guard. 
Turn to Optional Stop at dinosaur tracks. 
To go to dinosaur tracks and Fort Pearce 
use the following directions. 
At 2.0 miles Cross cattle guard. 
At 3.4 miles Cross cattle guard and con- 

tinue straight. 
At 0.7 miles Straight ahead (north) the 

purple outcrops are the 
Chinle Formation. In the 
topographically low area 
toward the vehicle from 
those exposures, is a yel- 
low-tan exposure of the 
Shinarump Conglomerate. 

At 0.5 miles Turn right and follow small 
dirt road to dinosaur tracks 
at this intersection. Park in 
parking area at the end of 
the road and then hike 
along the trail to the dino- 
saur tracks. 

At 1.6 miles Cross cattle guard 
At 0.4 miles Dirt road to the left here 

leads to Fort Pearce. 
Return along same route 
to field trip route. 

Cross cattle guard. 
To the left (east) at -10:OO is the lava cas- 
cade. 
Cross cattle guard. Road becomes paved. 
Go straight. 
Follow this same paved road to left (north) 
around curve and continue along it. 
The Hurricane CMs are on the right (east). 
Cross small bridge and stop at stop sign, 
then proceed straight. 
Pass Super 8 Motel on 700 W and turn 
right (east) onto Utah Highway 9 at stop 
sign. 
Follow road around curve to left (north). 
Turn right onto Enchanted Way, the lane 
into Pah Tempe Resort. 

Optional Stop 4. The Hurricane fault at 
Pah Tempe Resort near Dixie Hot 

Springs. This stop is on the Hurricane, 
UT, 7.5' quadrangle, SW114, Sec. 25, 
T.41S, R.13W. At this stop the Anderson 
Junction segment of the Humcane fault 
consists of at least two fault strands. Both 
strands offset the young basalt at the top 
of the section, much of which contains 
well-developed columnar joints. On the 
south side of the canyon, the block be- 
tween the two fault strands has been 
steeply tilted(-60-8O0W), causing a large 
angle across the unconformity between 
the Cenozoic basalt and the Mesozoic 
rocks in the block. Note that in the foot- 
wall the angle across the unconfonnity at 
the base of the basalt is small (i.e., the 
unconformity is only slightly angular), but 
that all of the Mesozoic units are missing, 
probably due to erosion of the uplifted 
footwall prior to basalt emplacement. 

A group of springs, Dixie Hot Spring, 
flows into the Virgin River just upstream 
from the parking lot. The spring tempera- 
tures are about 100-120°F The combined 
flow from these springs decreased after 
the 1992 St. George earthquake (Stewart 
et al., this volume). Everitt (1992) sug- 
gests that flow from springs was diverted 
following the earthquake and attributes 
these new dscharge points to the fractur- 
ing of hydrologic bamers between the 
aquifer and the river bed which resulted 
in a drop in water levels. 

Turn around and return to Utah High- 
way 9. 

0.3 45.1 Turn right (north) back onto the highway 
and cross the Virgin River. 

1.0 46.1 The town of La Verkin. 
0.6 46.7 Turn right (east) staying on Utah High- 

way 9 and head toward Springdale. 
1.4 48.1 Slickenlines and slickensides on a fault 

surface that is a strand of the Hurricane 
fault are exposed to the right (east). Round- 
ing the curve in the road to the right, the 
Hurricane fault can be seen toward the 
left (north). 

0.4 48.5 Turn left (north) onto a dirt road that 
passes a shooting range in a short dis- 
tance on the right. 

0.5 49.0 Stop 5. The Hurricane fault zone, Ander- 
son Junction segment. Drive along dirt 
road toward the northwest. This road is 
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rather rugged and not maintained. Once 
parked, walk toward the west to the east- 
ern margin of the Humcane fault zone. 
The stop is on the Humcane, UT, 7.5' 
quadrangle, SE114, SE114, Sec. 12, T.41S, 
R.13W. 

The vans are parked on the footwall of 
the Hurricane fault. Here the fault is a 
zone 1.5 km wide and multiple normal 
fault strands can be seen (fig. 6, cross sec- 
tion C-C'). These multiple normal fault 
strands are one line of evidence that this 
section of the fault is a distinct fault seg- 
ment and differs from the fault segment 
north of a segment boundary to be dis- 
cussed in Stop 10. Permian Kaibab Forma- 
tion crops out in the footwall. Different 
members of the Triassic Moenkopi For- 
mation lie within the hanging wall and 
are displaced along synthetic and anti- 
thetic faults. The yellow to tan-colored 
unit is the Timpoweap Member which is 
a fine-grained limestone and shale that 
breaks in platy fragments. The red unit is 
the Lower Red Member which is com- 
posed of finely-laminated mudstone to 
thin beds of sandstone. 

The close hill to the west at -11:OO is 
capped with the Virgin Limestone Mem- 
ber of the Moenkopi Formation. This 
member comprises interbedded lime- 
stone, sandstone, and siltstone and is typ- 
ically yellow-tan to light gray. 

0.5 49.5 Return to Utah Highway 9. Turn right and 
head west. 

2.0 51.5 Turn right at Utah Highway 17 in La 
Verkin. 

0.4 51.9 Turn right at road with a white office trailer 
(unnamed street). This is an entrance to a 
gravel pit and is private property; permis- 
sion to drive through should be obtained 0.25 52.4 
prior to entry. 

0.25 52.15 Stop 6. Gravel/conglomerate offset by 2.1 54.5 
the Hurricane fault along the Anderson 1.9 56.4 
Junction segment. Follow road around 
and park near a part of the road that is 0.05 56.45 
constructed on a large -9 ft diameter 
metal tunnel. Walk down from road to- 
wards the east and then follow a dry stream Day 2. 
bed -0.25 miles. This stop is on the 
Hurricane, UT, 7.5' quadrangle, NE114, 
SW114, Sec. 13, T.41S, R.13W 

In a small, scoured canyon is an expo- 
sure of Quaternary gravel with a small 
amount of stratigraphic separation along 
two fault strands about 3 m apart. The 
gravel can be correlated across the fault. 
This reddish gravel is a basin deposit that 
accumulated in the depression adjacent 
to and formed by the Hurricane fault. 
The red color is likely derived from 
weathered red members of the Moenkopi 
Formation. The age of this gravel is 
unknown, but it is older than the most 
recent sedimentation in the area. About 3 
m of stratigraphic separation is observed 
on the 60°W dipping fault strand and 1.2 
m of offset is measured on the 73"W 
strand. No fault scarp exists. Lack of an 
escarpment may be related to two rea- 
sons: (1) the age of the offset is so old that 
the scarp was eroded away or (2) the 
bedrock unit is the nonresistant Moen- 
kopi Formation which may be less likely 
to form scarps than other less erodible 
formations. Either way, exposures such as 
this are uncommon along the Hurricane 
fault, but that should change as more 
geologists continue detailed mapping along 
the fault. 

This stratigraphic separation of Quater- 
nary gravel is another piece of evidence 
that this is a unique fault segment. As is 
typical of adjacent fault segments on nor- 
mal faults, faulting history varies between 
the Anderson Junction segment and the 
Ash Creek segment in that no fault scarps 
are present on the Anderson Junction 
segment, although the Quaternary gravel 
is offset. Stop 10 will discuss two fault 
scarps on the Ash Creek segment. 

Walk back to vans. 
Return to Utah Highway 17. Turn left 
(south) and continue going south on Utah 
Highway 9. 
Cross Virgin River. 
Turn left (south) onto 700 W near the 
Chevron station in Hurricane. 
Turn left (east) into Super 8 Motel park- 
ing lot. 

Examination of the Springdale landslide, 
the Anderson Junction and Ash Creek fault 
segments and folds in the New Harmony 
and Kanarraville basins. 
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Incre- 
mental 
Mileage 

Total 
Mileage 

0.6 20.1 To the right (east) is the Johnson Moun- 
tain landslide, another large Pleistocene 
slope failure in the Petrified Forest 

Leave Super 8 Motel on 700 W, Hurricane, Member. 

Utah. 1.4 21.5 The road up lower Zion Canyon lies 

Follow road around curve to the left 
between the massive cliffs of Navajo 
Sandstone in Zion National Park. Mt. 

(north). 
Pass Enchanted Way, the lane into Pah 

Kinesava is to the left (west) and The 
Watchman is to the right (east). 

Tempe Resort. 
  he town of La Verkin. 
Turn right (east) staying on Utah Highway 
9 at this intersection between Highway 9 
(right) and Highway 17 (straight). Con- 
tinue toward Springdale. 
Humcane Mesa on the left (north), site of 
U.S. Air Force supersonic research facili- 
ty. Almost complete section of Triassic 
Moenkopi Formation is exposed in cliff 
face, capped by resistant ledge of Shina- 
rump Member, Triassic Chinle Formation. 
The town of Virgin. 
Westernmost exposure of the Pleistocene 
Crater Hill basalt, capping mesas to the 
left (north) of the road for the next 5.1 
miles. The Crater Hill cinder cone is 3 
miles to the northeast. 
Cross Coalpits Wash. Easternmost expo- 
sure of the Crater Hill basalt uncon- 
formably overlies the Pleistocene Parunu- 
weap Formation on west side of wash. 
The town of Grafton is to the right (south) 
of the road. 
Parunuweap Formation, with basalt boul- 
ders, unconformably overlying Moenkopi 
Formation in roadcut on the left (north). 
Sand and gravel pit in Holocene Ordervllle 
gravel, across Virgin River flood plain to 
the right (south). 
The town of Rockville, named for rock- 
fall debris derived from the Shinarump 
Member capping the Rockville Bench to 
the left (north) of the road. 
As the road curves left (northeast) into 
lower Zion Canyon, erosional remnants 
of the Jurassic-Triassic Navajo Sandstone 
are visible to the right (south). The rem- 
nants, known as Eagle Crags, stand at the 
head of a Pleistocene to Holocene land- 
slide, one of the largest in Utah. Failure 
was due to downcutting of the East Fork 
of the Virgin River into the Chinle Forma- 
tion, Petrified Forest Member. 

1.2 22.7 Stop 7. Springdale landslide. This stop is 
on the St. George, UT, 30 x 60' quadran- 
gle, at Secs. 26 & 27, T.41S, R.1OW. Park 
at the landslide toe on the dirt road to the 
left (west) of the highway. The Springdale 
landslide lies at the juncture between the 
wide, lower Zion Canyon and narrow, 
upper Zion Canyon. The catastrophic fail- 
ure of the landslide, although seismically 
induced by the 1992 St. George earth- 
quake, is related to the normal process of 
headward broadening of the canyon as 
the river entrenches and encounters the 
Petrified Forest Member. Older landslide 
debris is found on the Pleistocene alluvial 
terrace overlooking the Springdale land- 
slide (fig. 13). The Springdale landslide is 
a complex block slide with its basal slide 
plane in the Petrified Forest Member and 
its main scarp in the overlying Dinosaur 
Canyon Member of the Jurassic Moenave 
Formation (fig. 2). Note the numerous fis- 
sures and minor scarps that form a bro- 
ken topography within the slide mass. 

Return along the same route to Utah 
Highway 17. 

20.0 42.7 At intersection between Utah Highways 
9 and 17 (near RV park) turn right (north) 
and continue along Highway 17. 

1.1 43.8 On the left is basalt unconformably over- 
lying Tertiary (?) alluvial or fluvial deposits. 

The town of Toquerville. At -2:00 
a large convex-toward-the-hanging-wall 
bend in the Hurricane fault is visible as 
the fault curves west around a footwall 
block. 

2.3 46.1 Turn right (east) onto a small road, Spring 
Drive, just before (south of) the bridge 
over Ash Creek. 

0.8 46.9 Continue straight across cattle guard. At 
10:0O, the contact between the carbonate 
cliffs on the east and the dark colored 
basalt on the west is the Hurricane fault. 
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The basalt lies in the hangingwall. High 
on the cliff, in the Hurricane fault foot- 
wall, is a paleochannel filled with basalt. 
Take the right fork on the dirt road. 

Optional Stop 8. Humcane fault, Ander- 
son Junction segment, near a gravel 
quarry. The Hurricane fault is exposed 
both to the north and south of here. To 
the north is the fault segment boundary. 
Along this dirt road are slickenline expo- 
sures on Permian Kaibab Formation. This 
is the Pintura, UT, quadrangle, SW114, 
NW114, Sec. 36, T.40S, R.13W. 

Continue uphill along this road and 
road curves and heads south along the 
fault strand. 
The view to the south from here is along 
the Humcane Cliffs. 
Straight ahead is basalt unconformably 
overlying Mesozoic rocks. 
Small dirt road to right leads to a former 
oil or gas well site which is at -2:OO. The 
flat lying rocks in the distance are part of 
the Colorado Plateau and are in the foot- 
wall of the Humcane fault. 
The hills to the right (east) contain the 
red-white-red stripes of the Moenkopi 
Formation which is capped by the resis- 
tant tan-colored Shinarump Conglomerate 
Member which is overlain by the upper 
part of the Triassic Chinle Formation. 
Down the hill among the light-colored 
rocks, a small stratigraphic separation 
thrust fault is visible, which is the south- 
em exposure of the Taylor Creek fault 
(Lovejoy, 1964; fig. 6, cross sections A-A' 
and B-B'). There is 15 m of stratigraphic 
separation of the Virgin Limestone Mem- 
ber of the Triassic Moenkopi Formation 
and the average orientation is N15OE, 
30°E. Farther north near Zion National 
Park, the Taylor Creek thrust fault has 
more than 600 m of vertical and 760 m of 
horizontal displacement (Kurie, 1966). 
To continue to the top of the ridge, take 
the left (west) fork. 
To the right (-north) a high-angle fault is 
exposed. Kaibab Formation is in the foot- 
wall and Moenkopi Formation is in the 
hanging wall. 
The red mudstone unit that we are dri- 
ving through is the Upper Red Member 

of the Moenkopi Formation. 
0.4 50.4 Look down to the right (southeast), and 

see the small thrust fault again. 

1.0 51.4 Stop 9. Top of the Humcane Cliffs. Drive 
up to the radio tower, shown as 'radio 
facility' on the Pintura, UT, 7.5' quadran- 
gle, SE114, SE114, Sec. 23, T.40S, R.13W. 

We are essentially at a fault segment 
boundary marked by a large bend in the 
Humcane fault. The strike of the fault is 
N13"W to the south (right) along the Ash 
Creek fault segment and N21°E to the 
north (left) along the Anderson Junction 
segment. The local southward decrease in 
stratigraphic separation is marked across 
this segment boundary (fig. 6) and is 
indicative of a boundary that has been a 
persistent barrier to slip (King, 1986). 

The Quaternary basalt in the footwall 
of the fault is undated but is assumed to 
be between 0.3 and 1.1 million years old 
from dated geochemically similar nearby 
rocks (Best et al., 1980, Sanchez, 1995). 
The fault has 450 m of stratigraphic sepa- 
ration on the basalt (fig. 6). In the footwall 
basalt flowed onto Permian Kaibab For- 
mation and in the hanging wall the basalt 
overlies Jurassic-Triassic Navajo Sand- 
stone (fig. 2). Thus, it is apparent that the 
Humcane fault existed as a normal fault 
prior to basalt flows. Based on observed 
relatively similar basalt thicknesses in the 
hanging wall and footwall, it appears that 
at the time of the basalt flows, there was 
very little to no fault escarpment. 

Geochemically identical basalt lies 
directly below this outcrop and a slip vec- 
tor was determined to range from 73", 
N70°W to 75O, SIBOW (fig. 5; Stewart and 
Taylor, 1996). 

To the west are the Pine Valley Moun- 
tains. The Virgin anticline (fig. 11) is ex- 
posed in the valley (although this fold is 
not visible from this vantage). 
Turn around and return along same route 
to Utah Highway 17. 

0.1 51.5 Pass fork on left (east) and continue along 
dirt road. 

0.8 52.3 Pass road on east or left (T intersection). 
0.95 53.25 The hill straight ahead (west) contains 

Moenkopi Formation capped by Shina- 
rump Conglomerate in the tilted block. 
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Cross cattle guard and continue south- 
west. 
Turn right (north) off Spring Drive back 
onto Utah Highway 17 and immedately 
cross bridge over Ash Creek. 
The hill on the left (west) is Jurassic- 
Triassic Navajo Sandstone. On the right 
(east), Quaternary (?) basalt is exposed. 
Both of these units lie in the hanging wall 
of the Hurricane fault. 
The small, somewhat conical hill at 
-1O:OO is intrusive rocks, probably relat- 
ed to the Pine Valley laccolith exposed in 
the Pine Valley Mountains to the west. 
Take right fork and shortly thereafter take 
right turn. Just after t k n g  the comer, the 
Pintura fold is visible in the footwall of 
the Hunicane fault folding the Permian 
Pakoon Dolomite, Queantoweap Sand- 
stone, Toroweap Formation, and Kaibab 
Formation. The Pintura fold is a Meso- 
zoic Sevier Orogeny-related fold and is 
truncated by the Hurricane fault (fig. 11). 
Turn right (-east) toward Humcane fault. 

Stop 10. Fault scarps along Ash Creek 
segment. The road turns into dirt and 
then into sand. Park in sandy dune de- 
posit. Note: the road is private property 
and permission to drive through must be 
obtained prior to entry. 

Walk - 0.25 mile to the northeast to 
two fault scarps in Quaternary-Tertiary 
alluvium that are next to each other. This 
stop is on the Pintura, UT, quadrangle, 
middle of Sec. 23, T40S, R.13W. The two 
fault scarps are formed in Quaternary- 
Tertiary deposits and bedrock. The larger 
fault scarp has a scarp slope of 30" and a 
scarp height of 6 m; the smaller scarp has 
a slope of 15" and is 3 m high; both are 
down-to-the-west. Scarp slopes were mea- 
sured from the angle made by the hori- 
zontal surface in the footwall of the scarp 
to the middle of the steep face of the 
scarp slope using the technique of Buck- 
narn and Anderson (1979). A thin layer of 
the Quaternary-Tertiary gravel is in the 
upthrown side of the fault and in the 
downthrown side the gravel is thicker and 
overlain by colluvium derived from the 
Humcane Cliffs to the east. The Quater- 

nary-Tertiary gravel is an unconsolidated 
alluvial deposit containing well-rounded 
boulders shed from west-to-east from the 
Pine Valley laccolith to the west, as well 
as cobbles of well-rounded light gray fos- 
siliferous limestone, chert, bedded yellow 
and brown quartzite, sandstone (Navajo), 
and clasts of Claron Formation. This unit 
is of unknown age but is older than the 
most recent alluvium in the area. The off- 
set Quaternary-Tertiary gravel here is a 
different composition than the offset sedi- 
ment at Stop 6 and the morphology of the 
two sites is noticeably distinct. At this 
stop scarps have formed in alluvium and 
bedrock because the bedrock comprises 
the resistant Pakoon Dolomite and Quean- 
toweap Formation. 

To the north along the Ash Creek fault 
segment, the Humcane fault is a single 
surface trace (fig. 6, cross section A-A'). 
Compare this to the section of the fault at 
Stop 5, where the fault is a complex zone 
of multiple fault strands. 

Return along same route to stop sign. 
1.85 60.9 Turn right (west) at stop sign and in a 

very short distance turn right onto the on 
ramp for 1-15 N. 

9.5 70.4 On the west side of 1-15 north of Exit 36 
is Ash Creek Reservoir, which was com- 
pleted in 1960 in conjunction with con- 
struction of the Interstate. The natural 
abutments are highly fractured Quater- 
nary basalt, and consequently the reser- 
voir is permeable and loses water. Poor 
dam construction caused collapse of the 
road above the dam in 1969, the first time 
the reservoir approached its capacity. As 
a result, the State Engineer imposed 
water-level restrictions on the reservoir 
and the spillway was subsequently low- 
ered. 

12.6 83.0 Take Exit 40 (east) to the Kolob Canyons 
section of Zion National Park. Continue 
past the Visitor's Center into the park. 

13.7 97.1 Stop 11. New Harmony and Kanarra- 
ville Basins. Park on the wide paved 
shoulder of the road just past a 90" curve 
(road bends from north to east). Walk 
west back to the curve and cross the 
guard rail to a flat, relatively open area 



STEWART, ET AL.: FIELD GUIDE TO HURRICANE FAULT, SW UTAH & NW ARIZONA-PART 3 273 

west of the road. This stop is on the St. 
George, UT, 30 x 60' quadrangle, Sec. 26, 
T.38S, R.12W. 

View west is of the New Harmony 
basin, flanked by the Pine Valley Moun- 
tains on the south and west, and by the 
Harmony Mountains on the north. The 
Pine Valley Mountains are underlain by 
the 21 Ma Pine Valley laccolith and asso- 
ciated volcanic rocks. The steep, rounded 
peak visible due west is another Miocene 
intrusion. The Harmony Mountains are 
underlain by Miocene Quichapa Group 
volcanic rocks above Tertiary Claron For- 
mation. 

Miocene-Pliocene (?) volcaniclastic 
debris-flow deposits (unit Taf, fig. 7) ,  are 
exposed on the south flank of the Har- 
mony Mountains. The lower member of 
unit Taf &ps moderately to steeply south 
towards the basin and is locally over- 
turned. Highly faulted and locally over- 
turned strata of the Quichapa Group and 
Claron Formation are exposed north of 
unit Taf. This faulting and tilting is in the 
hinge area of a tight, east-west trending 
anticline that is paired with the New 
Harmony syncline, whose axis lies to the 
south below unfolded Quaternary deposits 
(fig. 7 ) .  The folding is attributed to Neo- 
gene extension-normal shortening in the 
Basin and Range-Colorado Plateau tran- 
sition zone and predated the modem 
expression of the Humcane fault. 

The wooded, north-trending, low ridge 
west of 1-15 is composed of debris-flow 
deposits derived from the Pine Valley 
Mountains (unit QTaf, fig. 7) .  This ridge is 
interpreted as a gentle anticline related to 
rollover in the hanging wall of the Hur- 
ricane fault. We are standing on the foot- 
wall of the Hurricane fault, and the fault 
trace lies along the sharp break in topog- 
raphy at the base of the Hurricane Cliffs. 

View to the north and northeast is of 
the Kanarraville basin, which trends 
northeast parallel to the Humcane fault 
and is bounded on the west by the 
Harmony Mountains. Unit Taf forms two 
subtle, east-dipping hogbacks (lower and 
upper members) in the eastern foothills 
of the Harmony Mountains. 

Return to vans. Just east of the parking 
area on the south side of thq road, a 
steeply dipping normal fault juxtaposes 
Quaternary (?) colluvium, probably de- 
rived from the Lower red member of the 
Triassic Moenkopi Formation, with the 
Timpoweap Member of the Moenkopi. 
Farther east, another normal fault juxta- 
poses the Timpoweap and Lower red 
member of the Moenkopi. These normal 
faults are interpreted as subsidiary faults 
to the Humcane fault. Normal faults are 
also exposed along Taylor Creek just east 
of the Hurricane fault trace and are 
accessible by hiking down the steep ravine 
from the overview site. 

Return to 1-15 and proceed north. 

Continue along 1-15 to Salt Lake City, 
Utah. 

End of trip 
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ABSTRACT 

The Wasatch normal fault is a 370 lan long fault zone composed of 10 segments which marks the physio- 
graphic boundary between the Basin & Range and Colorado Plateau/Rocky Mountains. Four to eleven krn of 
slip along the Brigham City, Weber, and Salt Lake City segments has resulted in exhumation of numerous fault- 
related structures which record deformation mechanisms, geochemistry, temperatures, and fluid compositions 
present during faulting. Deformed Archean rocks at the southern tip of the Brigham City segment (Stop 1) and 
Oligocene Cottonwood Stock rocks Salt Lake City segment (Stop 4) record an evolution from deep level reac- 
tion softening and plastic deformation at T -- 300-350°C shallow-level to brittle faulting and cataclasis. Fluid 
inclusion data from.rocks at the southern end of the Salt Lake City segment suggest pore fluid pressure varied 
from hydrostatic to lithostatic, which suggests Pf may reflect the seismic cycle. The distribution of chlorite- 
phyllonites and breccias, and subsequent brittle damage zone rocks, indicate the main slip surfaces of the 
Wasatch fault are enclosed in a weaker, more permeable region of hydrothermally altered and deformed rocks. 

The orientation and distribution of structures at the localities also demonstrate the structure of faults at 
depth near fault bends and segment boundaries. Small fault data at the southern end of the Brigham City seg- 
ment (Stop 1) are consistent with a S70°W plunging bedrock ridge, with slip complexly distributed across the 
ridge. Cross faults which intersect the Wasatch fault on the Weber segment (Stop 2) shows on a small scale how 
slip is distributed in a displacement transfer zone, where non-plane strain exists. The southern tip of the Salt 
Lake City segment also forms a southwest plunging bedrock ridge where numerous small faults accommodate 
slip across the segment boundary. 

INTRODUCTION 

The Wasatch fault zone of northern and central Utah 
(fig. 1) is one of the most thoroughly studied normal fault 
zones in the world, both in terms of paleoseismological 
studies (Schwartz and Coppersmith, 1984; Personius, 1990; 
Machette et al., 1991, 1992; Machette, 1992; Personius and 
Scott, 1992; Nelson and Personius, 1993; Hecker, 1993; 
McCalpin and Nishenko, 1996) and in terms of the charac- 
terization of the deformed bedrock in the footwall of the 
fault (Pack, 1926; Gilbert, 1928; Marsell, 1964, 1969; Parry 

and Bruhn, 1986,1987,1990; Bruhn et al., 1987,1990,1992, 
1994; Parry et al., 1988; Evans and Langrock, 1994). Numer- 
ous field trips along the fault have examined neotectonic 
features (e.g., Marsell, 1964; Machette, 1988; Nelson, 1988), 
but few modern field trips have focused on the nature of 
bedrock deformation and its use in interpreting the processes 
active along the fault. This field trip will visit localities 
along the Wasatch fault where detailed field mapping, 
structural petrography, geochemistry, geochronology, and 
modelling have focused on the style and distribution of 
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Pleasant View salient 
Tertiary sedimentary rocks a Tertiary igneous rocks 

deformation acljacertt to the fitult, and kvhcre inferences re- 
garding fluid flow anel ~necha~tical properties adjacent to 
the fii.1tlt can be made. 

C:EC>L,OCIC SETTING 

The PVasatch h t l t  has long bc~cri recognized as niajor 
fault which marks the oastcrrt plrysiographic lirrlit of the 
Basin and Ka~lge Proviiice (Gilbert, 1890, 1928; Earclley, 
1939). The fault is approximately 370 krn long, and consists 
of 10 fault seagtnents wllich extend frotli soittlic~~l Iddlo to 
central Utah (Gilbert, 1928: Swan et al., 1980; blachette et 
al., 1991, 1992). The segtrrei~ts are deftncd by EIolocene slip 
histories as clcterminecl horn trenching stridies and on the 
basii of detailtacl ~nitpping along tile fault zone. Pron>i~lcirt 
topographic salients, ~vliere the nlountnirts protrude west- 
nard and are nrtcierlain 1)) hedrock, coincitle with many of 
the segment troundaries (Machette et al., 1992; Wheeler 
anel Krystit~ik, 1992). Cilhert (1928) \var apparently the first 
to recok~izc and describe the salients that mark the bound- 
aries between tlie Brigham C:ity, Wel~er, Salt Lake Citx and 
Provo segments (fig. l) ,  which are the focus of thc stops 
described in this fic4d gt~ide. 711ixse iteelrock ralients may he 
rupturc b a ~ ~ i c r s  between segments for long periods of time 
(Wheeler and Krystinik, 1992; C:owie arid Schol~, 1992) and 
thus record deformation over a large tiine spa11 of the fault. 

The f.Li~tlt cut\ a widc va~tety of rock typei ailel itructures 
along its entire trace (Eartile): 1944; Baker, 1964; Crittcn- 
den, 1f)65a, 11; Hintze, 1980; Crittc~ldei~ ailti Soren5en, 
IYfliSa, b: Bryant, 1990; Yersonius, 1990; Personius and Scott, 
1992; Machette, 1992; Nelson and Perionius, 1993). The 
LCTasatch fault 1s snperinlpo.iec1 on ooiriplcx Cretaceous 
thruit\ and folds of the Sevicr foltl and tl lr~~st bclt (Eardley, 
1944; Crittenden, 1974; Royse et al., 1975; Zoback, 1983; 
Srnith and Unihn, 1984: Yoiikee et al., 1992; hal>asz et al., 
1992). The major thrust stntctures are, from 50~1th to nortl-r. 
the Charleston-hilt, Neho, Absilroska, dild Willard thrusts 
and the imbricate itack of thrusts in the Ogdctl duplex 
(Schirrner, 1988; Yonkee, 1992). 'These tlirust sheets have 
been cut by the W:lsatch fiiult, exposing Late Archean 
tlirough Jurassic rocks in t l ~ e  hot\valI. 

Motion on the ?%'iisatch f n ~ ~ l t  zone rnay have started as 
early as 17.6 k 0.7 U.C. Ma, based oil d K-Ar date on 
hydrothermal sericite on rocks at the southern tip of the> 

Figure I .  C;ani~mliz~rf gi>c.ologic rr~ap of'thc. \%P(I~c/I l;r(>r~L Ar?irrtbcrs 
i~zclicnfe stopsfor tfi is trip. The lirrge nrr-otrs rldicate the 1ocafio11 o f  
segment houn~lnties (:eolopy from 13a1-is (1983, 1985), person it^' 

(1990), Nelso?~ crnd Persoriizu (19831, Bnjurit il990), crtirl Pc?sonius 
und Scott (1  993). 
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Salt Lake City segment where the fault cuts the Cotton- 
wood stock (Pany et al., 1988). Apatite fission track ages of 
9.6 to 8.2 my (Pany et al., 1988), and apatite fission track 
uplift rates of 0.4 mm/year for the past 10 million years 
(Naeser et al., 1983), suggest that rapid uplift along the cen- 
tral Wasatch fault began about 10 million years ago. Bryant 
et al., (1989) show that sedimentation rates in basins west of 
the Wasatch fault increased significantly at 10-12 million 
years ago, suggesting the onset of rapid slip along normal 
faults in the area began at that time. 

Geophysical characterization of the region (Zoback, 1983; 
Mabey, 1992) shows that the basins in the hanging walls of 
the fault segments vary in thickness, and that numerous 
geophysical anomalies trend at high angles to the segments 
at or near segment boundaries. Gravity modelling suggests 
basin fill sequences are 1.2 to 3.8 h thick. Basin form is 
variable, with inferred maximum thicknesses of basin-fill 
roughly correlative with the centers of segments (Zoback, 
1983; Mabey, 1992). 

Historical seismicity in the area has been characterized 
by small to moderate events scattered throughout the hang- 
ing wall and footwall of the fault (Zoback, 1983; Arabasz 
and Julander, 1986; Arabasz et al., 1978,1992). Locations of 
earthquakes in the area tend to be clustered at the northern 
and southern ends of the entire fault zone (Arabasz et al., 
1992, their fig. 17; Pechman, 1992) with noteable gaps on 
the Weber and Salt Lake City segments. Earthquakes on or 
near the Wasatch fault have been small, whereas the paleo- 
seismologic data show that the fault segments are capable 
of M 7-7.5 earthquakes (see Machette et al., 1992 for a 
complete discussion of paleoseismological analyses of the 
Wasatch fault). 

On this trip, we will travel to exposures of bedrock in 
the footwall of the Wasatch normal fault and examine evi- 
dence for deformation and fluid-rock interactions along the 
fault. These exposures reflect deformation at greenschist 
grade to shallow levels, and may record deformation for 
most of the fault history. We will first travel north to the 
bedrock salient known as the Pleasant View salient (stop l), 
where Archean-Early Proterozoic rocks are in the footwall 
of the Wasatch normal fault. We then examine structures 
near Ogden in Paleozoic rocks (stop 2), shallow level defor- 
mation at the Beck Street Spur (Stop 3), and conclude with 
an examination of deformation of the Oligocene Little 
Cottonwood stock (stop 4). 

Road Log 

0.0 Depart the Salt palace. Drive south on 
West Temple. Turn west on 1st South. 

0.3 0.3 Turn right (north) on 2nd West. 
2.7 3.0 Monroc Sand and Gravel quarries. The 

road veers around the western end of the 

Beck Street salient at the northern end of 
the Salt Lake City. We will return to this 
site for Stop 3. 
Merge with 1-15. 
View to east of basement rocks of Late 
Archean-Early Proterozoic Farmington 
Canyon Complex (Eardley and Hatch, 
1940; Bryant, 1984, 1988) which lie on 
the steeply dipping eastern limb of a base- 
ment-cored anticline. "B" on hill slope to 
the east is at the Bonneville level of Lake 
Bonneville. Antelope Island visible to the 
northwest consists of Precambrian base- 
ment and gently dipping sedimentary 
cover rocks that lie on the western limb 
of a basement-cored anticline (Yonkee, 
1992). 
Quaternary landslide complex is visible 
to east. 
Junction with U.S. Highway 89. Continue 
heading north on 1-15. 
Bumpy terrain in golf course to east is 
part of a lateral spread deposit that may 
have formed by ground failure during past 
earthquakes (Pashley and Wiggins, 1972). 
View of Antelope Island to west. 
The highway passes along the western 
(dlstal) edge of the Weber delta which was 
built out into ancient Lake Bonneville. 
Descend onto alluvial deposits of Weber 
River. 
View to the east shows the Willard and 
Ogden thrust systems, which display com- 
~ l e x  lateral ramps and branching of thrusts 
in the Wasatch Range. Details of this 
region are presented in Link et al., (1985, 
1990; and Yonkee, 1992; Yonkee et al., 
this volume). 

We are in the hanging wall of the 
Weber segment of the Wasatch normal 
fault, which last ruptured about 0.5 ka 
(Machette et al., 1989, 1992). Net displace- 
ment across the Wasatch fault zone in the 
Ogden area probably exceeds 5 km, and a 
deep hanging wall basin is filled with 
Miocene and younger deposits underlies 
the area to the west. 

A view to the northeast from here 
shows the prominent shorelines of the 
Provo and Bonneville levels of Lake 
Bonneville, which are cut by younger 
alluvial fan and debris flow deposits 
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sourced in the steep canyons beneath 
Ben Lomond Peak. 

9.8 46.4 Exit 354. Take the exit and continue 
north on US 89. 

1.5 47.9 Turn right onto the gravel road to the 
gravel pit owned by Jack B. Parsons Co. 
Note: This is a private road. 

0.75 48.6 Turn left onto the road which is parallel 
to a canal. We are traversing the Pleasant 
View salient, which Gilbert (1928) first 
recognized as a bedrock-cored horse, 
mantled by deposits of Lake Bonneville. 

1.1 49.7 Cross an outwash channel on the alluvial 
fan emanating from Pearson's Canyon. 
These debris flow channels were active in 
1983 and 1984, and coarse material de- 
posited during this event is on both sides 
of the road. Pearson's Canyon is at the 
40" bend in the Wasatch fault (figs. 2, 3), 
which lies at the western margin of the 
bedrock to the east (Personius, 1990; Crit- 
tenden and Sorensen, 1985a). The scarp 
height south of Pearson's Canyon is 32 m, 
with an estimated offset of an alluvial fan 
surface of 19 m (Personius, 1990). 

0.8 50.5 A concrete bridge crosses the canal. Turn 
onto the bridge, and follow the dirt track 
to the end (approximately 0.2 miles). 
Park. 

Stop 1. We are on the apex of the Holmes Can- 
yon alluvial fan, which is an active region 
of coarse debris deposition (figs. 2, 3). 
Personius (1990) shows a scarp height of 
22 m, and an offset of 18.5 m on the top 
of the alluvial fan surface here. Immedi- 
ately to the east are exposures of deformed 
bedrock adjacent to the Wasatch fault. 

We will examine fault-related rocks at the southern end 
of the Brigham City segment, in the Pleasant view salient. 
The Brigham City segment has a surface trace length of 40 
km (Personius, 1990) and trends roughly north-south, 
except at the southern end of the segment, where it bends 
sharply to a N40°W trend (fig. 2) (Personius, 1990). The 
southern tip of the Brigham City segment overlaps the 
northern Weber segment by approximately 1.5 km at a 1 
krn left step here (Machette et al., 1991, 1992). 

The Farmington Canyon Complex comprises the crys- 
talline "basement" for the northern part of the Wasatch 
fault (Bryant, 1988), and is exposed in the footwall through- 
out the southern third of the Brigham City segment (fig. 2; 
Crittenden and Sorensen, 1985a,b; Personius, 1990). Rocks 

Figure 2. Detailed map of the southern tennination of the Brigharn 
City segment of the Wasatch Fault Zone. Bold lines indicate fault 
traces. The salient is formed by a left step between the Brigham 
City and Weber segments, and a western fault strand which 
bounds the Pleasant View horse. XFC-Farmington Canyon Com- 
plex; -Cambrian rocks; Zu-undifferentiated Proterozoic rocks in 
the hanging wall of the Willard thrust; Qc-Colluvium; Qaf-Alluuial 
fans. Unshaded region west of the Wasatch Fault is Lake Bonne- 
ville sediments. Geology fiom Crittenden and Sorenson (1985a, h); 
Personizwl (1 990). 

of the Farmington Canyon Complex are equigranular quartz- 
feldspar-biotite-hornblende gneiss. Foliation is defined by 
1-10 cm mineral banding, and aligned micas and horn- 
blende grains. Hanging-wall units of the Brigham City seg- 
ment consist of Quaternary lacustrine sediments along the 
north-trending part of the segment (Personius, 1990) and a 
horse of Cambrian sedimentary rocks of the Pleasant View 
salient (Gilbert, 1928; Crittenden and Sorensen, 1985b). 

The horse is bounded on the northeast by the northwest- 
striking strand of the Brigham City segment. On its west 
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Figure 3. Dehileil r2mp of stop 1 geology. The fiudt tract, corre- 
sponci.s cli~sely with the Provo slzoreline. At the rnoutll o f  If~/rnr~~s 
Cart yon, i ~ n  allu~inl fan is orit lnlcr scarp 22 m high, anti ctrz oflset of 
18 rn. Chlorite l?reccias are indicatecl. Key to deposits on the ltartg- 
i~bg tcct11. QiEfp.at~ucia~fit?zf;-o~t~ Prooo-/tcel time (ca 1 3  14000 yrs 
h.p . ) ,  oafi,  Quf2-alluoial farrs yotmger than Proao-lerel, 01 l )~~g-  
lucn,sfrinr nenr-shore grrtncl tlel~osi fs, Qcd-Debris .fk)u: il(.posifs. 
Ri~se nzcrr)f;-o?n Willard, Utcrh 7.5 rnirlz~tc. quadrangle, g~ology from 
I'ersonins, 1990, Er-irns cznrl L,angrock, 1994. 

side the horse is houncled hy an inferred southu~;trcl contin- 
uation of the north-trending part of the Brigharn City seg- 
ment, termed the Hot Springs strand (fig. 2) (Cil1,el-t. 1928; 
Critteridc~i and Sorenseii, 1985b; Personius, 1990). l3ip-dip 
dis~lacenient on the NW strand of the Brigha111 City seg- 
ment is -1.7 km, based on reconstruction of footwall and 
hanging-wall strata (Crittenden and Sorensen, 19851,). NE- 
and Nli-stliking Quate~~iaty fiiult scarps cut the liorse, and 
are especially numerous near the southern tip of the 
Brigham City segment I Personius, 1990). 

Based on cross-cutting rt.lationships, mcsoscopic st]-c- 
tt~res, arid ~~iicrostructures, we (Evans and l,angrock, 1994) 
identie three major types of fault-related rocks and meso- 
scogic f~iults developctl in the Fam~ington Car~yon 
Coritples adjacent to tlie Cli:isatch fault zone, arid these 
faults are the focus of tlds stop. From oldest to youngest, 
these fault-related rocks are: (1) green and brown clilo~itc 
breccias and phyllonites, (2) planar, fretted "purple and 
1)rown weathered" fhult surfices, and (3) maroon and pur- 
ple, highly planar striated fiiult surhcchs. 

of tlie north-trending part of the Brigharn City seg- 
ment (fig. 3). Phyllonitcs are characterized by mil- 
limeter to centimeter tliick, 20'--40' west-dipping 
fhliation tlefirled by clilorite-quartz layers (fig. 3). 
IIown-to-the west motion is indicated by locally 
developed S-C falxics developed at outcrop and 
thin-section scales (fig. 54. Chlorite breccias consist 
of randorti-fabric zones which clip 30°-500 west in 
the immediate footwall of the Brigharn City scg- 
rnent. 'The chlorite brc~ccias comprise the majority of 
the-. chloritt. zones. 

Microstructures in the phyllonites consist of 
dyr~ar~~ically recrystallized qilartz wliich fomis elon- 
gated bands parallel to foliation (fig. 54,  and mus- 
covite-chlorite which exhibit interlayer kinking and 
basal slip. Few feldspar grains remain in the phyl- 
bnite, and altered feldspars lie at the eclges of the 
phylloriites. 

The sEiallow dip of fi~liatiou of the phyllonites and 
their silililarity to phvllonites and chlorite hreccias . & .  
in the footwail of the Salt Lake City segment (Bn~hn 
et al., 1987; Parry and Bruhn, 1986; Stop 4 of this 
trip) is consistent with these rocks representirig 
Wasatch fault-related rocks that formed at depth and 
have been uplifted in the footwall. However, unlike 
the fault-related rocks developed ill Eocene- 
Oligocene qtlartz monzoriites on the Salt Lakc C:ity 
segment (Bruhn et al., 19871, Elmlington Canyon 
Complex rocks may also rccord Sevier contractional 
dcxfonnation (Yonkee, 1992). 
Brown ant1 purple hrtlt sutf'tces are characteri~etf 
by crescent-shaped, strike-parallel fractures, pit,, wcl 
pock~ilarks that cut pliyllollttes, chlorite l)rcceias, 
and the otliel~vire undeforrrtect Fannington Canyon 
Complex protolith gneiss. Rettcd, pt~rple arid 1,rown 
weathered f i ~ l t s  artA planar to slightly curced, and 
the Lone of defonnatiori associated with a single sur- 
fice is 1-10 cm thick. The fiehvork faults are found 
in a hroacl Lone ac&tcent to the north and NW- 
trending parts of the Waratch fat~lt, and their clensi- 
ty appears to decrease cast and northeast away &on1 
the trace of tlie Jliasatch f:r11lt. Slickenlines irrr rare 
and tool marks and grooves are uncommon on thesc 
faults. Strike-parallel fractures inclined by 2O0-4O0 
to the fiiult surface, resernl~le tenrile or crcrccnt 
fractures (Petit, 1987), which indicate clowti-to-the 
we5t niotion. 

Rlicrostructures of the fretted ptirple weathcretl 
fi~ults record fracture, frictional rlip, and cataclasis 
(fig. 5b). Iron-oxide ~nir-tcral~zation conimonly fills 
fractures and thin cataclasite zone5, suggesting at 

1. Chlorite breccias and phyllonites forni an irregularly least limited fluid flow duri~ig developrneilt of these 
shaped, nan-ow north-trending band in the foohyidl hil ts .  Zones of distributed cataclasis are up to 10 
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Figrire 4. Ozitcrop photo o f  (I yoringer, prirl~le-weoAer~.rl, plcitcrr 1 .  
jkult stifnee in fwegrouncl dipping cq~proxiincctel!/ 55" roest, zoitll 

I 
' . . M  

20" west-dipping chlorite ph!/llonites in the l~crckgror~nd ( l i n ~  S 
inrliccctes dip offolintion). Trace of W(csntch fartlt is rcppro.riinntel!l 
15 in to the west (left) ofthis view. Viezo i~ to the north, froin sozcth- 1 

sick of Hobnes Can!yon at stop 1. Wasrctclt Range is in tl1c1 hclck- 1 f -7: 
grorcnd I 

Figrcre 5. Pl~ototnicrogrul~hs o f  illin s~ctions offsai~tple~ rrt stop 1. 
A. Plosticrcll!l (le$ti~ttocl chlorite-inti.scocite phyllonite toit11 tuest- 
rlippii~gfilicrtio~~ rlc~reloperl in t11e .footwall of t l ~ e  lliasntch farclt cct 
stop 1. Q-fr~cctrri-PC/ qtccrrtz grain toit11 soine pkrstic cleforrnntion 
c.tiidc.tlt, MICIR-Mrexoritc.-Cl~loritc.-Riotite. Cross-pol(rrizpr1 light 
oicxo. 
B. Plr ne-polrcr-ized ligh t ricw of tlac~ ncrrrozc;, Izig111!/ polished firelts 
strperl)osf>cl on frotterl firelf netrsork. The nor-rots j)olisherl fmclt 
zone. is relq)roxiinnt~I!l 0.2 1r1ir1 toirk crt leff side of photo, ccnrl con- 
~ i s t . ~  of W~I fine grcrinctl heinntite jcrrrstcclliility detertninetl b!l x- 
r(r!/ d~flr~cctioi~). The nvttoork of frclctrcres are rlree to I~ir'ttl~ rlqfi)r- 
inrrtion rc~lntc~rl to tllc .fr(+io(l farrlts, (end consists of intergranrrkrr 
~fr(~ctrtrc~sjlletl toith hf7rnrctitc~ nnrl i~~icrocotaclrrsitc~. 

cm thick, and the fault-related rocks are all random- 
fabric cataclasites. 

3. The most striking mesoscopic faults at Stop 1 are 
west-dipping, maroon and purple, highly polished, 
planar faults. These faults are distril~uted through- 
out the study area, cut the phyllonites, chlorite IIrec- 
cias, and fretted faults, and their density decreases 
away from the trace of the Wasatch fault. The highly 
polished surfaces comnlonly 11:ive tool marks and 
grooves, some of which are curved, which record 
asperity ploughing and slip of the hanging wall in a 
down-to-the west sense. The fault ~ u i ~ i c e s  are com- 
monly only several millimeters thick. 

Microstructures of the highly polished surfaces and 51,). The narrow slip horizons consist of very fine-grained 
related rocks indicate purely brittle deformation. Rocks hematite, usually in sharp contact with adjacent cataclasti- 
adjacent to the narrow slip surfaces exhibit int1.a- and inter- cally deformed gneiss. Scant evidence from loose float 
granular fracture, and very narrow zones of cataclasis (fig. l)locks, ant1 from several in-place hematite veins suggests 
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these faults may have first initiated as hematite-filled veins 
or coated fractures, and evolved into polished, planar sur- 
faces. 

The extreme polish of the mineralized surfaces and the 
microstructures may indicate extremely fast rates of slip on 
these surfaces (Grocott, 1981), which could represent seis- 
mic slip at several km depth, where confining pressures 
were large enough to maintain surface contact during a slip 
event. Conversely, these highly polished surfaces may rep- 
resent aseismic creep (Power and Tullis, 1992), making a 
unique interpretation of slip rate for the highly polished 
surfaces difficult. 

The orientations, spatial distributions, and characteristics 
of the three fault types represent an evolution from deep- 
level reaction softening and plastic deformation exhibited 
in the phyllonites and chlorite breccias to zones of catacla- 
site represented by the fretted purple-weathered faults and 
the polished planar faults. Phyllonites and chlorite breccias 
are restricted to the north-trending part of the Brigham City 
segment, which suggests deeper levels of the fault zone 
were exhumed there, or that more recent slip has stepped 
into the footwall on the northwest-striking strand, cutting 
out fault rocks from deeper levels. 

Kinematic analyses of small fault populations in the foot- 
wall of the Brigham City segment constrain the orientations 
and relative magnitudes of principal stresses, and help 
examine the geometry of deformation in the footwall. We 
examined (Evans and Langrock, 1994) fault slip data for 
dominant clusters in slip directions and fault orientations 
and mean fault plane solutions, and inverted the fault data 
for principal stress orientations using the method of Gephart 
(1990a,b). Orientations of small faults on standard lower 
hemisphere stereograms (fig. 6) and kinematic analysis pro- 
vide a first-order estimate of the orientation best-fit fault 
planes and a fast estimate of the orientations of the maxi- 
mum and minimum principal stresses using the seismologi- 
cal convention for P and T axes. The stereograms and fault 
kinematic analyses show that along the north-striking trace, 
strikes of small faults roughly parallel the strike of the 
Wasatch fault zone. 

In the comer region and along the northern part of the 
northwest-striking strand of the Brigham City segment, the 
small faults strike northwest or northeast and slickenlines 
indicate slip occurred down-to the WNW, WSW, or south. 
Small oblique-slip components of both senses exist for most 
of the faults. The fault plane and slickenline data indicate 
oblique-slip motion generally on two sets of faults and non- 
plane strain behavior of these portions of the fault whereas 
the pseudo-nodal plane solutions yield nearly pure normal 
slip. The mean slip vectors along the NW-striking strand 
form a crude N70°W striking girdle distribution. This sug- 
gests that while fault slip occurred along faults of several 
orientations, including some at high angles to the main 

trace of the fault, slip was restricted to a NW-striking band 
of deformation. 

The lanematic and stress inversion analyses of the small 
faults, along with the mapping of the hanging wall horse 
(Personius, 1990) indicate that the segment boundary zone 
is a broad region of complex footwall and hanging-wall 
deformation. The different orientations of faults and slip 
vectors in the footwall, as well as the multiple orientations 
of faults in the Pleasant View horse (fig. 2) (Personius, 
1990), may represent changes in the orientations of princi- 
pal stresses over space or time, or represent non-plane 
strain behavior at the end of the fault segment (Scholz, 
1990; Cowie and Scholz, 1992). 

If the zone of deformation we observe is the result of 
fault tip damage, we would expect to see a similar, older 
damaged zone in the footwall to the north. The absence of a 
knot of complex faulting adjacent to the north-striking seg- 
ment may be explained by several hypotheses: a) The dam- 
aged zone near the fault tip there may have been smaller, 
and was obliterated by later faulting, b) much of the dam- 
age occurred in the hanging wall, c) little damage occurred 
ahead of the relatively "cleanly" propagating shorter, north- 
striking fault segment, whereas the present Brigham City 
segment has developed a broad damaged zone at the fault 
tip due to encountering a structural complexity, or d) stress- 
es on the fault changed over time. 

2.9 53.4 Return to Highway 89 driving southward, 
the canal and returning through the grav- 
el pit. Drive south on Highway 89 toward 
Ogden. 

1.6 55.0 The road skirts Cambrian Tintic quartzites 
to the east, and hot springs emanating 
from the Wasatch fault to the west. 

7.8 61.2 Highway 89 intersects with Washington 
Blvd in Ogden. Merge south. The rocks 
in the mountains to the east consist of 
thrusted Archean-Early Proterozoic base- 
ment and Cambrian strata in the Ogden 
Duplex (Schirmer, 1988; Yonkee, 1992). 

1.0 62.2 Intersection with 12th South (Highway 
39). Turn left (east). 

1.2 63.4 Intersection with Harrison Blvd. turn right 
(south). We are driving up to the Provo- 
level delta of Lake Bonneville. 

1.0 64.4 Intersection with 2100 South. Turn left 
(east). 

1.0 65.4 Drive east to the trail head at the end of 
the street (fig. 7). 

Stop 2. Stop 2 is located along the Weber seg- 
ment near a small fault bend that was first 
described by Gilbert (1928). This area 
contains a northern fault and southern 
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fault that both place Cambrian Tintic 
Quart- zite against Quaternary unconsoli- 
dated deposits, and an east-striking cross 
fault that connects the two main faults, 
forming a composite cross-fault-intersec- 
tion structure (fig. 7). The northern, south- 
ern, and cross faults are divided into 
approximately planar sections, but in de- 
tail, sections display roughness at a range 
of smaller scales, including crude ridges 
and troughs subparallel to slip directions. 
Sections of the northern fault dip 40 to 
50' west and have west- to southwest- 
trending slip lineations. Sections of the 
southern fault also dip moderately west- 
ward and have west- to southwest-trend- 
ing slip lineations. The cross fault dips 
steeply south, connects the northern and 
southern faults, which displays a 100 m 
left step along the cross fault. The cross 
fault and associated secondary faults have 
varying combinations of nonnal and sinis- 
tral slip, and displacement decreases to 
the east where the cross fault (C) contin- 
ues into the footwall of the main faults. 
The northern fault (N) forms a bend 
along the intersection with the cross fault, 
and a fault-bounded bedrock wedge (S) is 
developed where the southern fault 
branches near the cross-fault intersection 
(fig. 7). Sections around the northern 
bend define an approximately cylindrical 
geometry of the fault, and slip directions 
diverge slightly around the bend. The 
change in slip directions, development of 
complex secondary faults near the cross 
fault, and formation of the bedrock wedge 
probably record displacement transfer 
and non-plane strain in the region con- 
necting the northern and southern faults. 

Figure 6. Lower hemisphre equal-area plots which depict the ori- 
entations of fault planes and slickenlines at seven localities along 
the Brigham City-Weber segment boundary zone. Kinematic solu- 
tions of the data give orientations of the nodal planes and mean 
compressional (P) axes and extensional (T) axes. Numbers indicate 
groups of data referred to in text. Open symbols indicate mean slip 
vectors. 

Small faults across the bend can be interpreted to be due to east- 
west extension despite the variable slip vector orientations. From 
Evans and Langrock (1 994). 

Although some differences exist, the 
geometry and kinematics of this small- 
scde structure are similar to those in the 
boundary between the Salt Lake City and 
Provo segments (see stop 4), indicating 
that cross-fault-intersection structures may 
be important at a variety of scales. East- 
strihng cross faults of varying trace length 
and displacement are widespread along 
parts of the Wasatch fault (fig. 1). Timing 
of slip on these faults is uncertain; some 
may have initiated during Mesozoic thrust- 
ing and been reactivated during Ceno- 
zoic extension, and others may be direct- 
ly related to Cenozoic extension. Here 
the cross fault probably overlapped with 
early development of the northern and 
southern faults that cut bedrock, but these 
faults have not been active during the 
Holocene when near-surface faulting in 
the Wasatch fault zone shifted westward 
within surficial deposits. Some intersec- 
tions with larger cross faults may develop 
into rupture boundaries (as between the 
Salt Lake City and Provo segments, stop 
4), depending partly on the scaling and 
geometric relations between faults. Some 
intersections may affect, but not stop, rup- 
ture propagation, and some intersections 
may have no significant affect on ruptures. 
Both situations probably occurred here 
during recent episodes of faulting. 

1.0 66.4 Return to Harrison Blvd. Turn right 
(south). As we drive south, we traverse 
the top of the Provo-level delta. The sur- 
face trace of the Wasatch fault in this area 
is marked by a single scarp 10-34 m high 
(Nelson and Personius, 1993). 

2.6 69.0 Pashley & Wiggins (1972) and Nelson & 
Personius (1993) interpret the hummocky 
terrain on the left to mark a sequence of 
lateral spread and landslide deposits. 

1.7 70.7 Road merges with Highway 89. Turn left 
(east). We descend to the Weber River 
flood plain. 

13.4 84.1 Highway 89 merges with 1-15 south 
bound. The surface trace of the Wasatch 
fault along this stretch splits into 2 or 3 
scarps. Approximately 4.3 miles north of 
1-15 lies the site of the Kaysville trench, 
one of the first paleosei~molog~ trenches 
in the Great Basin (Swan et al., 1980; 
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I;igur<> 7. Gcnerrt!bccl pologic rnnp of co7q)osite ~r0~~7fnz i l f  iriler- 
section structure at Stop 2, Og(!c~n, [Jtnlz. Strikkt and dip of apprctx- 
irnately plnrtnr fuult sectiorrs untl ureriige clip rlirectiurt.~ arc itidi- 
cnted. Units ore. Ct-(hrr~l~riczrz Tintic. Quartzif(>, Co-C(~rrtbriati 
Ophir hnrzation, and Q-(.ucrrterttartt lacztstrin~, collzrrial, atid 
czllnt~iril fiin ck,posifs. Dnslzerl line i~tdicates.fi~1~1 trip ri>i~te~. 

McCalpin & Nishenko, 1996). Tlre last 
rupture or1 this srgntent was approrirnate- 
ly 900 years ago, ailcl 5 events dating back 
to 6400 years b.p. arc recorded on the 
\Yeher scgrllent (McCalpin & Nishenko, 
1996). 

1.0 95.1 Highway 89 cxit. Get off 7-15. 
2.7 97 8 Continue south on Nigh\viiy 89 past the 

Monroe Gravel Plant, and pull off in the 
industri~tl area on east side of strtvt. Stop 
3. 

Stop 3. 'Tectonics, of the War l  Springs fault zone 
and Salt Lake City segrnent of the IVa- 
satch fi~t~lt zone. Stop at prtll out approxi- 
rriately 0.5 rniles sor~tll of MONROC 
headcpiarters, 

'Tl~e Salt Lake City seg11-1ent of the \V:~satclt fault zone is, 
alx)nt 35 krr-1 lo~lg and consists of s,everal approximately pla- 
nar sections, each 3 to 12 km in length, that meet along 
fitult bends ancl branches (fig. 1; Bri~hrl et al., 1987; Per- 
s,onius and Scott, 1992). Estiillated dips range fro111 :30 to 
60'. Yaleostress, ;iualyses along the Salt Lake City segment 
llave indicated a subhorizontal ~ninintum conlpre5sive 
stres,s trending 1)etween 230 ~uid 250°, consistent with \vest 
to southwest-trer~ding normal to oblique slip along tlie hiilt 
sections (Bruhn et al., 1987; Yonkee unil Bn~hn, tinpub- 
lishett data). 

The Salt Lake City salient, ;t complexly f'tultecl ~uncf pxt- 
ly buried \+est-southwest-trcnding ridge of T e r t i a ~ ~  and 
Paleozoic bedrock (Van llonl, 1982; \/all f lorn ,~xtcl C;ritteti- 
den. 1987), for~ns the nortliern b o u n d a ~ ~  of the Salt l ~ k e  
City segment. Ckit\rity and drill llole clatu illdicate titat the 
bedrock ridge corttinues weshvard into the Salt Lake Killey 
(Zol>ack, 1983), and a diffuse belt of epicenters of small 
earthqltakes lies above this, ridge. The Salt Lake City salient 
is, a non-conservative barrier that separates the \C't.ber and 
Sdt I,&e City 5tLgrllents (Schwartz and Coppersmith, 1984; 
klachette et al., 11391). 'The salient is largely covered hy gen- 
tly cast-dipping ' k r t i a ~  elastic and volcaniclastic deposits 
and these deposits are scparatecl froni Precambrian I d -  
rock i111d steeply c-lippitlg Pi~leo~oic rocks by the Kudys Flat 
f'ai~It along the eastern briuildaq of the salient. 'This wa t -  
dipping normal fC~ult is "seoop-shaped" ant1 varies ill \trike 
frt)m north\veit to northeast. The interior of the salietrt oon- 
tains several north- to northwest-striki~lg synthetic and 
arttithetic ~iorrr~al fatlit\, anrl scverd rlorthea\t-slriki~lg hdts. 
The sctlient is, partly bounded on tlre south by the uzest- 
northwest-striking Virginia Street fault. The north-striking 
Wtrnm Springs fhi~lt separates t)aleozoic and Tertiary bed- 
rock from Quaterniuy deposits along the western nzargiti of 
the salient (fig. 8) (Gilbert, 1928; Marsell, 1964, 1969; Scott, 
1988). 'This fault appears to bend arounct the salient and a 
nortlrteast-striking I-trancll boilnds the r~orthwestern rn'trgi~~ 
of the salient. A possible f'~rtlt brar~ch also continues north 
of the salient (Van Horn, 1982). The southern extent of the 
\Vitnrt Springs fault is uncbertairt, axicl this fault may hc t n  
echelon or merge with the main part of the Salt Litkc City 
segrnent. 

The \\%rm Springs fault dips 40 to 80° west within the 
MONROC quanies, and places southeast-dipping bcds, of 
hlississippian limestone in tilt foohrall against Quaternary 
deposits in tlic linnging wall (fig. 8) (hfarscll, 1969; l'aulis 
and Smith, 1980). Ilepostts of Lake Bonneville are offset by 
10 to 15 m across tlic fault, l~rol)ably rt~cording nlultiplt. \lip 
event< (Gilbert, 1928; Marsell, 1964). Eildt mrfaces display 
hvo cloniinant sets of sliclcenlines, a west-sotlthwest-trc~~il- 
i~lg set and a11 older wes,t-riorthwest-trending set (Pavlis 
attd Smith, 1980). Fault sur-faces also display r~trdr~latiorts 



Figtor 8 C:~ologic ttztrp of tlte \Gtt-rn Springr sect-ion oftllc? \l'crwrtcI1 
Jirttlt at stop 3 Prrlco,-otc cctrl)ollnico c ~ r r  in tlw fi~otzccrl/ Et(~re, (itti! 

nrc> in erlain b!y 'Ii~r-ttnt-ry rc~rlrine~ltt i ~ d  Lokc, l3onrzt.t ~llp clc~potits 
*tfg-Gorrli&otl Fotrr~nfiorr. ,kid-Deserc~t Littlcsfovre, Allr~l-ff~rtttht~rg/ 
Dtiric t I'btr1uition5, T-li.t-t~ri~-!{ nr~(~itnc~~tt.v. Qll~~~g-k(~r.rfit~-~ttc. grclccls 
of rrt~t/~/~rc~ntt(if~~(/ Iriht~ ctjcler, Q11)g-Bottnt~t ilk-rtricr 1ar.ltrtrzirc 
grczt r 0 ,  (Ill~prtz E~itz~-gt-(iii~~d l ( ~ c ~ ~ ~ t r i t ~ ( ~  ~ ~ ( ~ Z ~ ~ Z C I Z ~ S ,  ( k~ f  (111u1 1(11 
filtl (/r~~losztn 

tvitlt wa\relengtlr\ ant1 arllPlituck.s of'tnillinieters to nreters. 
Clo\t rrntlrrlatiot~s itrc i11igrtt.d 511l)p~trdll~l to slicktr~line\ 
\vllieli are orientril ,ipproxinitit~lp down tlir dip of tllr ftiult. 

tJa;l.vlis and Smith (1980) show that slickenlirre data rc- 
fleet clip slip clispliic~crnent, witll 3 or 4 events recortlctl 1)) 
tool marks on tht linltstones. Photorrticrographs of the fine- 
grairierl carl)orr,itc tll'it forrns ,I ctir,ip:icc li,lve c,~t~rcl,i\tic,llly 
tlefh~n~ed limc~sto~tt~ grains entrai~tetl iri tlie cat-l>on,itc (fig. 9). 
'I'hc carbonate has '1 c1x1dt ~ c i y ~ r i r ~ g  in tllin sectiori <trrd o ~ t -  
crop Ridges with crests parallel to clip itntl hint strikc srlg- 
ge\L the car1tonnt.e was expl,rcecl cluriug fiiultirtg. 

1.4 99.2 Drive. south on tligh\v;ty 89 to 5th North. 
'li11-n light (west). Proccc.d 0.5 mile\ to I -  
15, ;inii return to 1-15 south hountl. As u7c 
tl.avr1 sorttl~\vard ;ilorlg the Stilt I,ake 

\:,rlley, vicv s of tilt. geology of thc \\%isateb 
R,u~gch to tfic ea\t arc clc~x. Tlie \I:i\iit(.lr 
Range r.~st of the Uriivt~r\it>~ of I't;l11 (look 
for the U on the mountain front) to 5evt~- 
a1 rrrilc%\ sobrtli of Parley\ C:,u~yon corr5ists 
of northeast trending folds ill Triassic alul 
J~rr,n\ic str'ita (Crittendcrr, 1!1651), C':III 
k101-1i '111d t:rittetndc~t, 1987; B~y,~nt, 1%)-)0). 
T11cse fblcls lie i11 thc har-rging wa11 crf t h e  
east-striking, rlortlr-ciippi~lg Clt. R,~yr~~orrtl 
thrust wh~ch intersects the mc)rtntaiti 
front clirt east of exit 304. So~tth of the 
thri~st, Carnlrian ;md L'rotc~rozoic secli- 
nientary rock\ cart IIC seer1 along the, 
mountiti~~ fj.ont. At euit 298, \rvc are cfttt* 

e'nt of 1,ittlc Cottorrwood Canyon, ~ ~ h i c l i  
roitgl~ly coirlcicles mith r l~ t .  nortlirrn 
bonndar? of tire Eocc~~ca Little Cottoll- 
cvoocl Stock. 1,ittle Cottotrwooti C,it~yori 
w~rs gl,ici,itc~d during tth, Pleistocerle, ant1 
l,itcraI rrlor.aine\ ,it tlrc nro~lth of t11ct 
Can!orr ,ire cut 11) tl-rc, \V,lsatcli Fault, 
fonning spc~ct,icrllar fa~rlt se,up\ clepictctl 
itn ~ l id t t )  texts. 
Exit 297 for jIigl1wa\7 71 (12.:300 South). 
( k t  otf 1-15 ,irlcl hcb,~tl cx..a\t orr IIigt~w,t! 
71. 

1.1 117.3 'lirr.11 riglit. on 700 Ea\t. Ilrivc 1 l)lock, 
,uld ttlrrl cast or1 tht. corrtililratioli of 
12300 Sorrth (fig. 10). 

1.9 119.2 Puvccl road c d s .  'li~rn right ontit thr 
grat cl road. 

0.8 120.0 Ptrll off road and p;ilk. Slop 4: Cltcrry 
Creek C:ilnyoil (fig 10) 

St013 4. Ror~rtd;uy ltehveen tlrt Salt Lake City 
'111~1 Provo S C ~ I I ~ C I I ~ \ .  Wrk along tlie <id<. 
of t11c gra~e l  road. Discussion of large- 
scdc kint.~~~:ttics ,tot1 slrort ltikv to 01)\~n (' 

nature of fiult Lone. Foul &,itin-e\ in tliis 
'11 eu ire i ~ o t c ~ o ~ d r y :  (1) I~i~ie~x~;iti~s of L i ~ ~ l f .  
\c>grr~t~rrtil in tlie honndar! ;irr irlrportixrtt 
in controlling rupttrrc rruclcatioii :urd 
prr)l)ag:itior~: (2) (leeper It~vt~ls of tl~ch fh l t  
Lonc w c ~ c  coml>lex, 1117 to smeval tlnrr- 
t'lrcvf ~rletc.r\ wiclc, ,ultl corl\istecl of ;ur;is- 
toniorir~g rmirror fiiults; (3) liyc1rothc~ri11:tl 
dttwtio11 and fluid-presst~rca tlrtct~ratiorri 
tvcrt, irnportailt in e\rolntiot~ of tlie f;tult 
~ o ~ r c ;  ;uici (4) the. i~~tc~ri\ilj ,irrti n,rtrrrc> of 
alteration and fracturing procltrcccl 
cliange~ in physical propc~rtie5 of the fi~llt 
LOIIC. 
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Figure 9. Cross-polarizerl light photomicrograph of tlze carbonate 
carapace formed along the Warm Springs portion of the Wasatch 
fault at stop 3, Beck Street locality. Before recent excavcltions the 
1 4  o n  thick, spelian calcite, was rlistrilnrted across a large portion 
of the fault su$[~ce, and exhibited elongation unrlulations which 
have long axes oriented down-dip, and lzave &lint down-dip lin- 
eations. This thin section exlzihits a foliation parullel to the fault 
(vertical in tlzis view). Srmll angular carbonate fragvnent,~ frorn the 
footwall are entrained in the calcite, and rlppear to be tlze result of 
fragmentation rluring&~ulting, which were st~l~seyuentl~y suspenrled 
in the calcite. This relationship suggests that carl~onc~te-richpt~ids 
have emplacer1 shortl!y afer fragmentation. 

Stop 4 is near a complex boundary between the Salt 
Lake City and Provo segments where the main fault zone 
curves around the base of the Wasatch Mountains (fig. 10; 
Schwartz and Coppersmith, 1984; Bruhn et al., 1987; Bruhn 
et al., 1990). Faulting in this area may have initiated by 17 
Ma based on a K-Ar date of hydrothermal sericite (Parry 
and Bruhn, 1986). Apatite fission track ages record onset of 
rapid uplift and erosion by 10 Ma, with an ongoing average 
vertical displacement rate from 0.5 to 0.8 mmlyr (Evans et 
al., 1985; Kowallis et al., 1990). Total vertical displacement 
is greater than 11 km (Parry and Bruhn, 1986). Within the 
boundary, the two main segments display several bends 
and a -6 km left step along an E-striking cross fault, which 
continues into the footwall as the Deer Creek fault. A com- 
plexly deformed bedrock ridge lies above the subsurface 
projection of the boundary within the hanging wall to the 
southwest in the Traverse Mountains. The boundary marks 
a change in rupture history between the Salt Lake City and 
Provo segments and its subsurface projection corresponds 
to a region of diffuse, historic microseismic activity, includ- 

ing a ML=5 earthquake in 1991 (Pechman, 1992), indicat- 
ing that the boundary is important in nucleating and stop- 
ping ruptures at a range of scales. The fault zone cuts and 
deforms the Little Cottonwood granitic stock and well- 
exposed uplifted fault rock provides an excellent opportuni- 
ty to examine the nature of deformation and fluid-rock 
interaction that occurred at deeper levels near the base of 
the seismogenic layer around the boundary. 

At a megascopic scale, the segments are divided into 
crudely planar sections that vary systematically in orienta- 
tion around the boundary (fig. lo), although in detail, fault 
sections display roughness at a variety of scales. Average 
slip directions also vary systematically around the bound- 
ary, but are locally variable along associated minor faults. 
The Salt Lake City segment is divided into four sections 
that define an approximately cylindrical bend with an axis 
plunging 25' toward 230' (Sl-S4). Strikes of the sections 
vary from NE to NW, dips decrease from 45" to 25" around 
the bend, and trends of slip directions vary from W to 
WSW (fig. 11). The Deer Creek cross fault is divided into 
three sections (Dl-D3) that dip 25" SW to 35' S and link the 
two main segments. Average slip directions plunge gently 
SW, but slip lineations on associated minor faults display 
large variations. Overall, slip directions diverge slightly 
around the bend in the Salt Lake City segment and along 
the Deer Creek fault, with complex deformation along 
minor faults in the boundary accommodating displacement 
transfer. WSW-striking normal fault\ that I)ound a fractured 
bedrock ridge in the hanging wall form a roughly conical 
structure parallel to and above the boundary axis, and 
accommodate both SW and NW extension. The northern 
part of the Provo segment is divided into 2 sections (PI and 
P2) that dip moderately W to SW and have WSW-trending 
slip directions. 

Observed slip directions for fault networks at different 
scales provide a record of "average" paleostress tensors, 
although in detail the stress field was spatially and tempo- 
rally varia1)le. Average slip directions for tlie main fault sec- 
tions are consistent with a best-fit regional stress tensor 
having a steeply W-plunging ol axis, a gently NNW-SSE- 
plunging o2 axis, a gently ENE-WSW-plunging o3 axis, 
and a stress magnitude ratio Q of 0.5 (fig. 11) (where Q = 
O ~ , - C S ~ / ~ ~ - G : ~ ) ,  where ol > o2 > are the principal stress- 
es. These values are similar to results obtained by Gibler 
(1986) for fault networks along the Salt Lake City segment. 
The regional 03 axis is subparallel to tlie trend of the 
boundary axis, but slip directions for individual faults 
diverge slightly around the boundaly. Slip directions on 
minor faults within domains around the boundary display 
more complicated patterns. Domains away from the bound- 
ary have estimated local stress tensors similar to the region- 
al tensor, but local stress tensors for domains within the 
boundary have lower values of Q and greater variations in 
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Figure 10. A. lttrlcx 1tup yf'the large-scsale strrcc.trere ($the iVascitc/t j>i-zrlt at IT composif(~ s~g~:lrzent-l~i~nrl, c-ross-filrllt-interaction hortrttlrir!/ 
tzcnr stop 4. The Salt Lake utzd Pmro segntmts uncl Deer Ct-elt,kfrritlt crrcj tliri(1ctl into al,proxitttcltely planar fault sections lahekd S1 to 
S4, PI fo P2, rind Dl to D3. Mujor hilr~girlg to~'crll_fiiirlt,s 11zcit bottrwl tltc Pucersc hloziritaifzs trrp lali~lctl T1 to T3. Location r!ffigttre IW 
inrficoterl. 
B. Pi>rspc~cticr 1-iezo clozcrl ar~d to iVE ($'kargf~-.~c(cle gcornf>fr!l c$fiirtlt sections. Strtictzlrff rontours indic(ited tznrl loc*ntion of 1991 MI, -5 
rartlz(/uuke foe-us shown by solid cin*k. Arc.rcegr1 slip din.c.tions. krificcrtc~rf h!y nrrotcs, ilirrv-g(, slightl!j (11-orot~tl flze houta(10rgj. Sectiorz~ 
lczh~l~d sirtne (1s in port A. 

tlie trends of o3 axes. The decrease in Q, for rrtiiror hult net- 
works within the bourrclar): may be relatctl to divergence of 
slip vectors on the n~ain fault sections around the beiicl, 
resulting in non-plane strain with components of hot!\ S\V 
and NM/' extension. Also, individual minor fi~ults itr tlir 
boundtlr) display large variations in slip dircetiorr5, retlect- 
irrg lion-plane stsraii~ and te~rlporil variations in stress, 
which may be partly related to coniplcx defonnation rlcar 
~ u p t t ~ r e  tips a id  intersecting fault sections. 

The intensity of defonnation aiid alteratiot~ varies wit11 
st~uctmal position within the hult zone and 11otrnclal-y (fig. 
12; ki)nkec and Bruhn, 1990; Bnlhrl et al., 1994). Nclativelj~ 
undeformecl and unaltered foohvall granite away frotll the 
fiutlt, reft>rred to as zone 0, is cut by vvidcly spaced (average 
spacing > 1 111), relatively long (average trace lengths > 1 ~n) ,  
fractures (fig. 9). The friottires fonn simple nehvorks cori- 
ri5ting of steeply dipping and stlbhorizontal sets, arid sorite 
fractures display lirnitecl :rlteration ant1 niinor rxtension or 
shear. E%ohvall granite grades up~vard into tt tn~rlsitiorr Lotlc 
of lteterogeneously clefonlled and altest>d rock, with a pre- 
served tltickr~ess that varies from al~out 20 rn to > 200 rn 

\vitl~in tlre Ito~mdat-). (fig. 12b). Thc lower part of tlie tratrri- 
tion zone, rcfeued to as zolic I, ii, cut 11y closer spaced (dm- 
scalca avcritge spacing) fractrtres that display rlrore interscxc- 
tions, rr~utual trttrrcation, and otTset cornpared to footvcall 
granite in Lone 0 (figs. 12c, 13b). The upper, more de- 
fonnecl part ofthe tramition zone. referred to as Lone 2, is 
cl~aracterized by complex, anastomo5ing networks of close- 
ly spaced (om-scale average spacing) fractures and minor 
fiu~lts (figs. 12c, 13c). Most trace lengths are less than 1 nr, 
rcflcctirig co~ttinnt~d rnr~tual o a e t  and truncation of frac- 
ture and Iht1lt5 that display  numerous intersectioi~s. Wide- 
spread veins arc. generally steeply dipping, display evidence 
for npeateil cracking and sedi~lg e~ents ,  and produce local- 
ly significant dilation and hori~ontal extension, altlioi~gh 
sot11e veins are actitatcd as  nitl lor faults with both revel-se 
and normal slip. Tt~c, traiisitio~r Lone grade5 tlpww-d irkto a 
slip zone (zone 3) compo5ed of discontint~ous lensec of 
l~reccia, fiilely coni~uinrtted oataclaGte, Eriglrly altered and 
palfly rec~-ystallized phyllonitc, and large striated slip sur- 
illctss (fig. 12c). The \lip Lone has a preservd thickness 
generally < 10 m, hut its total thickne5s is uncertain dtrc to 
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Wasatch Fault Section Data 
N 

Pole to Fault Section A 

Observed Slip Direction a 
Estimated Slip Direction o 
Estimate Stress Direction 

Figure 11. Equal area stereogram showing geometric relations of 
major structures. Average fault sections shown by great circles, 
poles to fault sections shown by triangles, observed average slip 
directions indicated by solid circles, and estimated average slip 
directions from stress inversion indicated by open circles. Principal 
stress directions estimated from stress inversion shown by squares. 
See figure lOA for explanation of fault section labels. 

truncation by major slip surfaces. A phyllonitic fabric, de- 
fined by stretched quartz grains, fractured and boudinaged 
feldspar grains, and preferred orientation of altered mica 
aggregates is locally developed and overprinted by frac- 
tures, carbonate- and zeolite-filled veins, and cataclastic 
zones. Veins of partly altered and recrystallized pseudo- 
tachylyte both cross cut and are deformed by the phyl- 
lonitic fabric, recording overlapping plastic flow and brittle 
faulting during generation of large earthquakes (Yonkee and 
Bruhn, 1990). Some large slip surfaces also have associated 
ultracataclasite dikes that are injected into adjacent wall 
rock. 

Changes in fracture networks are evident along our hike 
across the fault zone. At point 4-1 in the lower part of the 
transition zone (fig. 12a), the network includes: (1) a domi- 
nant set of relatively long, close-spaced, moderately W-dip- 
ping, shear fractures parallel to the main fault zone; (2) a set 
of shorter, variably spaced, steeply dipping, hybrid frac- 

tures that connect set 1 fractures; (3) a set of steeply dip- 
ping, hybrid and extensional cross fractures that strike at 
high angles to the main fault zone; and (4) other locally 
developed sets (fig. 1212). At point 4-2 in the middle part of 
the transition zone, the fracture network is broadly similar, 
but fracture intensity increases, additional sets are locally 
developed, and alteration is more widespread (fig. 13b). 
Some fractures, including the dominant set of shear frac- 
tures (set l), show evidence of episodic dilation with pre- 
cipitation of quartz veins during periods of high fluid pres- 
sure. Some veins were deformed during later shearing, 
recording repeated episodes of tensile and shear fracturing, 
fluid influx, and sealing. Continuing southwest in the upper 
part of the transition zone, the fracture network is very 
complex, with multiple sets of mutually offset, closely spaced 
fractures. The geometry of the fracture network varies over 
short distances within the boundary and includes synthetic 
normal faults and shear fractures, antithetic faults and shear 
fractures, steeply dlpping hybrid fractures and veins that are 
locally activated as faults, cross fractures with varying slip 
directions, other local fracture sets, and random, curviplanar 
fractures (fig. 13e). Different slip directions on fractures 
and faults of varying orientation and the sinuous nature of 
many faults results in mutual offset and interlocking, and 
may lead to geometric hardening. 

At point 4-3 in the slip zone, cataclasite and phyllonite 
are intensely deformed and altered, and locally cut by large 
slip surfaces, although most mesoscopic fractures are difi- 
cult to trace due to truncation, healing and sealing, and per- 
vasive microcracking. Rare, variably deformed pseudo- 
tachylyte veins occur within both cataclasite and phyllonite. 

Hydrothermal alteration in the transition zone is con- 
centrated along fracture, vein, and microcrack networks, 
and alteration is widespread in the slip zone, especially in 
phyllonite. Two main alteration assemblages are present: 

Figure 12. A. Generalized geologic map of area around stop 4. 
Route of hike and sites indicated. Units are: zone knde formed 
granitic rock of footwall; zone I-lower, less deformed part of tran- 
sition zone; zone 2-upper, more deformed part of transition zone; 
zone 3-slip zone of highly deformed phyllonite and cataclasite; 
Q-undivided Quaternary deposits; Pz-Cz-undivided Paleozoic to 
Cenozoic rocks in hanging wall. 
B. Cross sections A-A ' and B-B ' illustrating variations in thickness 
of fault zones within the boundary. Sectiop B-B ' within the middle 
part of the boundary has a thick, complexly deformed zone 2 inter- 
val. See part A for locations of section lines. 
C. Schematic block diagrams A-A ' and B-B' illustrating styles of 
fracture networks within the boundary. Veins indicated by stippled 
pattern, phyllonite by short wiggly lines, and cataclasite by short 
dashed lines. 
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abilities related to fractures are greater in the transition 
zone compared to the footwall granite and range from on 
the order of 10-12 to 10-14 m2 at high fluid pressures to 
10-16 to 10-18 m2 at low fluid pressures, reflecting a non- 
linear dependance of aperture on effective normal stress 
(Bruhn et al., 1994). In detail, permeability is anisotropic, 
and estimated permeability tensors in the transition zone 
have long axes at low angles to the main fault zone. Sealing 
and healing episodically closed fractures such that actual 
permeabilities may have been lower, particularly during inter- 
seismic periods. Permeability of the slip zone is uncertain. 
Estimated elastic moduli related to fractures decrease from 
the footwall into the transition zone, and are between 10 
and 40% of intact rock. Elastic moduli are difficult to estimate 
within the slip zone due to pervasive fracturing and micro- 
cracking. Note that reduced moduli also result in reduced 
seismic velocities in the fault zone. 

This ends the trip. Retrace the route to 12,300 South, 
return to 1-15, and the Salt Palace. Thank you. 
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ABSTRACT 

The results of recent and ongoing research into six significant geologic hazards of the Wasatch Front region 
will be summarized on this field trip, including: (1) surface fault rupture on the Salt Lake City segment of the 
Wasatch fault zone; (2) seismic site response in the Salt Lake Valley, including ground shaking and liquefac- 
tion; (3) liquefaction-induced landsliding at the Farmington Siding landslide complex; (4) lake flooding along 
the shores of Great Salt Lake; (5) debris-flow deposition on alluvial fans at the base of the Wasatch Range; and 
(6) landsliding in the Ogden area. The trip will ~ r o v i d e  an opportunity to discuss the scientific, engineering, 
and administrative aspects involved in geologic-hazard evaluation in this rapidly growing region. 

INTRODUCTION 

Situated at the eastern margin of the Basin and Range 
physiographic province, the Wasatch Front is subject to a 
variety of geologic hazards due to a unique combination of 
geologic, topographic, and climatic conditions. The Wasatch 
Front occupies a series of north-trending valleys at the foot 
of the western slope of the Wasatch Range (fig. 1). The 
mountains rise steeply as much as 7,100 feet (2,165 m) 
above the valley floor, reaching elevations near 12,000 feet 
(3,660 m) above sea level. This impressive relief is the 
result of ongoing uplift along the Wasatch fault zone, a 
major intraplate tectonic boundary which is the longest 
active normal-slip fault zone in the United States and one 
of several fault zones in the region considered capable of 
producing large earthquakes that could generate strong 
ground shaking, surface fault rupture, and seismically 
induced liquefaction and landslides. 

In the winter, frontal storms traveling east from the 
Pacific Ocean encounter the Wasatch Range and produce 
heavy snowfall in the mountains. Snow avalanches are com- 
mon and present a significant, widespread hazard. Freeze- 
thaw cycles in steep exposures of fractured rock produce 
rock falls. Rapid melting of a lingering snowpack periodi- 
cally results in slope failures, debris flows, and stream and 
alluvial-fan flooding. Convective storms in the spring and 
late summer also contribute to these hazards. 

and near its gently sloping shores. A seiche hazard also 
exists because of the regional earthquake hazard. Further- 
more, thick deposits of soft, fine-grained lacustrine sediment 
from repeated cycles of deep-water lakes that inundated 
the valleys could amplify earthquake ground motions, and 
loose, saturated sands are potentially liquefiable. 

This field trip provides an opportunity to observe and 
discuss six of the most significant types of geologic hazards 
of the Wasatch Front. These include (1) surface fault rup- 
ture on the Salt Lake City segment of the Wasatch fault 
zone; (2) seismic site response in the Salt Lake Valley, in- 
cluding ground shaking and liquefaction; (3) liquefaction- 
induced landsliding at the Farmington Siding landslide 
complex; (4) lake flooding along the shores of Great Salt 
Lake; (5) debris-flow deposition on alluvial fans at the base 
of the Wasatch Range; and (6) landsliding in the Ogden 
area. These topics are discussed in the following six sec- 
tions, which in turn are followed by a road log that describes 
the field-trip route. The route and stop locations are shown 
on figures 25 through 27. 

FIELD TRIP STOP NO. 1 

Bill D. Black, Leader 
Mouth of Little Cottonwood Canyon, 

Wasatch Boulevard and 9800 South; see Figure 25. 

Great Salt Lake, the remnant of Pleistocene Lake Bonne- pALEOSEISMIC STUDIES ON THE SALT LAKE 
ville, forms the western boundary of the northern Wasatch CITY SEGMENT OF THE WASATCH FAULT ZONE 
Front. Because the lake occupies a closed basin within the 
internally draining Great Basin, it is subject to climate- The Wasatch fault zone is one of the longest and most 
induced fluctuations that may cause flooding in areas along active normal-slip faults in the world. Situated near the 
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Figtire 1. G~rzrt-clliz~rl iwc,o o f  the Miasatck Front (tlashct! litle). 
Chtrcrl Jire sr~giv~lncnts of the Wisotch fault zone s1wrc.r~ b!j heclrtj 
linr~ toifla clr*lu>ri.s indicczting srg~nent hounclarics (vnotlifi~c! fi-orn 
~tf(tc1tette ei (11.. 1992). BC = Bt-ig/latn Citytll, 1%' = \%her, SLC = 
Salt Lake (:it!/. P = Protjt, N = h'ephi. 

center of thc Xrrtermotmtain seismic belt (S~rrith and Sbar, 
1974; Smith ant1 Arahasz, 1991), a north-trc-nding zone of 
historical seisniicity that extends fro111 northern Ari~ona to 
central Montana, the hi11t zone extends 213 nrilcs (343 h) 
along the \wstrrrr base of the W7asatc.h Range kom south- 
eastern Idaho to north-central Utah (Machettc et al., 1992) 
and comprises 10 independent, seisrnogenic segments 
(Sch~vartz ~ I I C X  Coppersmith, 1984; Machette et al., 1992). 
Results of numerous trenching studics indicate that the 
central five segments (Brigliani City, Vi'elrer, Salt Lake City, 
Provo, Ncphi) (fig. 1) each have gc~nerattbtl three or Inore 
surface-f:~ulting earthquakes in the past 6,000 years. 

The Salt I,ake City segment of the \Vasatcli Sa111t zone 
trends tl1roug11 the densely populated Salt Lakc Valley, 
extending 29 rnilvs (46 krn) from the lkaverse Mountain\ on 
the south to the Salt Lake salient on tlre north (fig. 2). The 
fhult segment cfisplays alr~mdlult evidence for multiple snr- 
face-fiaulting earthquakes during Holocene tiirre (Sch~vartz 
and Coppt~rsmith, 1984), arid thus it poses a sigrrificarit seis- 
mic risk to people living in the Salt Lake City nletropolitan 
area. The IIolocene chronology of surfhce-faulting c~arth- 

Figurc 2. Salt I,itk~ City segment (?ftJ~e 1Wt~s(itchfi1~lt z o n ~  (WFZ) 
and loccztiofu o f  thc Lit& Cotto?zrcoocl Canyon JLCC), Sorrth Fork 
Dry Creek (SFDC), ( n ~ d  Drt~ Grilc1t (DG) tr.(vtch ,sites. WSF = 
Ct'crnn Sp~-ingsfi~ub EBF = East Bcnchfrrzilt. 

quakes hiis been determined through h~lt-trenching stnd- 
ies ;it Little Cottotlwood Ca~lyori in 1979, South Fork Dry 
Creek in 1985 and 1994, and Dry Gulch in 1991. 

Little Cottonwood Canyon (1979) 

Tlre first paleo\eismic investigaticrn of the Salt Lake City 
segment ura5 at Little Cottonwood Canyon in 1979 (fig. 2) 
by Wood\vartl-Clyde Consultant\, ~ ~ n d c r  contract to the 
I?. S. Geological S I I I T , ~ ~  (USGS) (Swim et al., 1981). The fa11lt 
zone at this site is defined by a pmniinent west-facing main 
scarp that splays northward into three sd)-parallel scarps 
and :in east-facing antithetie scuaq>. Sottth of the rite, the 
farlit zone fonns a wide, deep gra13en ;L\ it traverses moraines 
near the nroutli ofthe canyon (fig. 3). 

Rour trrbnches were excavated acres\ the scalps at Little 
Cottonwoocl Canyon, exposing evicii>~~ee fir two surfacr- 
faulting earthqriakex. Radiocarl~on dating of detrital char- 
coal sho~vecl the oldcr earthquake occurred \frortly before 
8,000 to 9,000 years ago. how eve^; no rriatei-id suitable for 
radiocarl~on dating was fol~nd to eonstrai~i tlie timing of the 
younger event. Based on scarp profiling arid 5tratigraphic 
evidence in the trenches, Swan et al., (1981) calculated a 
recui-rence interval of 2,200 years and an average net slip 
per event of 6 f i ~ t  (2 111). 



HYLLAND, ET AL.: GEOLOGIC HAZARDS OF THE WASATCH FRONT, UTAH 301 

Figure 3. Wasatch fault zone at the mouth of Little Cottonwood 
Canyon. A. Aerial uiew, looking east, of fault scarps (arrows) cut- 
ting upper Pleistocene moraine and alluuial &posits. B. South uiew 
of fault scarps (in shadow) cutting Bells Canyon moraine (Zarge 
arrow on Fig. 3A). Resihntial deuelopment in foreground occupies 
a graben along the fault zone. 

South Fork Dry Creek (1985) 

The Utah Geological Survey (UGS), in cooperation with 
the USGS, conducted a paleoseismic investigation at South 
Fork Dry Creek (fig. 2) in 1985 (Lund and Schwartz, 1987; 
Schwartz and Lund, 1988). The fault zone at South Fork 
Dry Creek consists of six sub-parallel, west-dipping main 
fault scarps and a single east-dipping antithetic scarp (Per- 
sonius and Scott, 1992). Four trenches were excavated across 
three of the main scarps, but access restrictions precluded 
trenching all of the scarps. 

Two trenches each exposed evidence for two surface- 
faulting earthquakes. The other two trenches each exposed 
evidence for one surface-faulting earthquake, but no mater- 
ial suitable for radiocarbon dating was found in these 
trenches. Radiocarbon age estimates indicated that the 
earthquakes occurred (1) shortly after 1,100 to 1,800 years 
ago, and (2) shortly after 5,500 to 6,000 years ago. Based on 

this information, Schwartz and Lund (1988) estimated a 
recurrence interval of 3,000 to 5,000 years. However, they 
acknowledged uncertainty regarding the paleoseismic his- 
tory of the Salt Lake City segment, and cautioned that a 
true paleoseismic history could be developed only if infor- 
mation is obtained for every scarp at a site. 

Dry Gulch (1991-92) 

The incomplete nature of the Salt Lake City segment's 
earthquake history was demonstrated in 1991, when a non- 
research trench was excavated by a local consultant across 
the fault zone at Dry Gulch (fig. 2). Detailed geologic map- 
ping by Personius and Scott (1992) shows the scarp at Dry 
Gulch extends northward to South Fork Dry Creek. How- 
ever, this scarp was not trenched in 1985. The UGS inspected 
the Dry Gulch trench and found evidence for two surface- 
faulting earthquakes (Lund, 1992; Black et d., 1996). Radio- 
carbon dating indicated the earthquakes occurred: (1) rough- 
ly 1,600 years ago, which coincided with timing for the 
most recent event at South Fork Dry Creek; and (2) shortly 
after 2,400 years ago, which did not correspond to any pre- 
viously known event. This newly discovered event showed 
that at least three (rather than two) surface-faulting earth- 
quakes have occurred in the past 6,000 years, and at least 
four events (rather than three) in the past 8,0004,000 years. 
Based on timing for the additional event, Lund (1992) cal- 
culated a surface-faulting recurrence interval of 2,150 r 
400 years for the past 6,000 years. 

South Fork Dry Creek (1994) 

In 1994, the UGS excavated five new trenches across 
fault scarps at South Fork Dry Creek to complete the inves- 
tigation started there in 1985 (Black et al., 1996). With these 
additional trenches, all fault scarps at South Fork Dry Creek 
have now been trenched. The new trenches exposed evi- 
dence for one to four surface-faulting earthquakes, and doc- 
umented a previously unrecognized earthquake (event X) 
which increased to four the total number of events on the 
Salt Lake City segment in the past 6,000 years. Radiocarbon 
age estimates show these earthquakes occurred: (1) shortly 
after 1,100-1,550 years ago (event Z), (2) shortly after 2,100- 
2,800 years ago (event Y), (3) shortly after 3,500-4,500 years 
ago (event X), and (4) shortly after 4,9504,750 years ago 
(event W). Net slip per event could not be calculated, but 
earthquake timing combined with the age and cumulative 
offset of a debris-flow levee along South Fork Dry Creek 
suggests it is likely in the range of 5 to 8 feet (1.5-2.5 m), 
which is similar to that determined by Swan et al., (1981) at 
Little Cottonwood Canyon. Events W through Z show a 
varying pattern of surface rupture (fig. 4), indicating that in 
a wide fault zone containing many fault traces, subsequent 
earthquakes do not always rupture every trace. 
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Based on mean elapsed times between events W through 
Z, Black et al., (1996) calculated a new recurrence interval 
for surface faulting in the past 6,000 years of 1,350 + 200 
years (fig. 5). Elapsed time since event Z (about 1,300 
years) is close to the new shorter recurrence interval and 
within the assigned range of uncertainty, suggesting risk for 
a future surface-faulting earthquake is higher than previ- 
ously thought. However, more work is needed to character- 
ize the surface-faulting history of the Salt Lake City seg- 
ment in early Holocene time and refine the recurrence 
interval. 

r 
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Michael D. Hylland, Leader 
Salt Lake Valley overlook from Wasatch Boulevard 

at Pete's Rock; see Figure 25. 

SEISMIC SITE RESPONSE IN 
THE SALT LAKE VALLEY 

The Salt Lake Valley is a deep, sediment-filled structural 
basin formed by basin-and-range extensional block faulting. 
The combined thickness of unconsolidated Quaternary and 
semi-consolidated Tertiary basin-fill deposits locally exceeds 
3,300 feet (1,000 m) (Zoback, 1983; Mabey, 1992). Quaternary 
deposits are dominated by lacustrine sediments deposited 
by repeated cycles of deep-water lakes during the Pleisto- 
cene. Coarse-grained Lake Bonneville shore facies consist- 
ing of sand and gravel are present along the margins of the 
Salt Lake Valley up to an elevation of about 5,180 feet 
(1,580 m), whereas deep-water facies consisting of clay, silt, 
and fine sand predominate toward the center of the valley 
(fig. 6). Post-Lake Bonneville materials include alluvial, 
flood-plain, and flood-plain/delta deposits. 

The lateral and vertical variability of Quaternary deposits 
in the Salt Lake Valley results in a wide range of 
earthquake-induced ground motions. Furthermore, the 
presence of loose, sandy soils and shallow ground water 
makes many areas susceptible to liquefaction. 

Earthquake Ground Shaking 

Historical Seismicity and Building Damage 

The Salt Lake Valley occasionally experiences ground 
shaking from earthquakes within and beyond the Wasatch 

Figure 4. Pattern of surface rupture at the South Fork Dry Creek 
(SFDC) and Dry Gulch (DG) sites. Main scarps (S-1 through S-6) 
knoum to have been active during surjiacezfaulting earthquakes on 
the Salt Lake City segment in the past 6,000 years are shown by 
heavy solid lines; scarps possibly active are shown by heavy 
dushed lines. 
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Figure 5. Timing of surJace-faulting earthquakes on the Salt Lake City segment in the past 6,000 years. 

Paleoearthquake Z Y X W 

2,250 yr 

Maxlmum elapsed time 

Front region. Oaks (1987) summarized the effects of six 
moderate to large earthquakes (ML 5.0 to 6.6) that pro- 
duced ground shaking in the Salt Lake City area. These 
earthquakes occurred between 1909 and 1962 and resulted 
in damage consisting of toppled chimneys, cracked walls 
and windows, broken gas and water mains, and seiches on 
Great Salt Lake. The 1934 Hansel Valley earthquake, which 
produced surface rupture on the Hansel Valley fault at the 
north end of Great Salt Lake, generated the strongest ground 
shaking in the Salt Lake Valley in historical times. This 
earthquake had a maximum Modified Mercalli intensity of 
VIII in the Salt Lake City area and produced several long- 
period effects. Newspaper accounts described statues that 
shifted on the towers of the Salt Lake City and County 
Building and the LDS Salt Lake Temple, as well as adjacent 
six- and ten-story downtown buildings that swayed and bat- 
tered against each other. 

The Salt Lake Valley is in Uniform Building Code (UBC) 
seismic zone 3. Much of the development in the valley was 
originally constructed prior to implementation of the UBC 
seismic provisions. Many existing structures are being up- 

2,400 yr 

graded or retrofit, however, and some new structures are 
being built to seismic zone 4 standards. A well-known pro- 
ject is the seismic retrofit of the Salt Lake City and County 
Building. Several earthquakes have caused damage, primar- 
ily masonry cracking, to this historic landmark, which was 
originally constructed between 1892 and 1894. During the 
1934 Hansel Valley earthquake, 2.5 tons of mechanical 
clock equipment fell from the 12-story clock tower and 
"crashed down through the building" (Kaliser, 1971), and 
ground shaking from the 1983 Borah Peak, Idaho earth- 
quake (Ms 7.3) caused extensive masonry cracking. Concerns 
over the possibility of severe structural damage associated 
with near-field strong ground shaking prompted Salt Lake 
City to commission a study to determine the need for seis- 
mic strengthening of city buildings. The resulting upgrade 
of the City and County Building included structural rein- 
forcement and base isolation designed for a ground acceler- 
ation of 0.2 g (Prudon, 1990). The retrofit was completed in 
1989 at a cost of $30 million, and was the world's first appli- 
cation of seismic base isolation in the restoration of an his- 
toric structure (Bailey and Allen, 1988). 

between contiguous 
surface-faulting events 

1,700 yr 

1,150 yr 1,500 yr 1,350 yr 

V V 

I I I I I 

Minlmum elapsed tlme 
between contlguous 
surface-faulting events 

Calculated elapsed tlme 
between contlguous 
surfacefaulting events 

0 1,000 2,000 3,000 4,000 5,000 6,000 Tlme, in years B.P. 



BYU GEOI,OGY STPDIES 1987, VOI,. .12. PAKT 11 

Figure 6: C:c~ncr-c~lized geologic inap of tlze Salt Lake Ftzllt.!y fivnz L I I ) E ~  1990) 

Ground-Motion Levels rnotioils during future cal~hcluiikes, especially in the CVi~satch 

Utali has few strong-motion accelerographs and tnean- 
ingful earthquake records, so clriantitative estimates of 
ground shaking are made using data fro~n other arras, par- 
ticularly (hlifornia. However, federal, state, and private 
entities preserrtly operate 20 three-component strong-motion 
accelerograplrs in the Salt Lake Valley, including eight 
instru~nerits deployed iir the last two years. Although 
statewide coverage still is relatively sparse, the new instru- 
n ie~~ts  i t~creas~  the likelihood of ~~~easur ing  actilal grout~d 

Front arca. 
National probal~ilistic seismic-risk ]nap\ indicate that, 

for a SO-year exposurr tirne, peak ground accc~lerations 
(PGA) at rock sites around the Salt Lake Valley I-tave a 10 
percent probability of exceeding 0.20 to 0.30 g (illget~ni+ 
serr et id., 1990; Building Seisrnic Safety Courlcil, 1994). 
flowevel; t~nconsolidated judicial cieposits and basin effects 
could anlplifj' earthquake gro~rrrd motions, procluc~ing even 
hig11er ~lcet~lerationi at soil \itcls. Youngs et a)., (1987) indi- 
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EXPLANATION 

DESCRIPTION OF MAP UNITS 

Quaternary and Recent Deposits: 

Alluvial DepoaiEs - Stream alluvium, exIsUng and abandoned 
Ilbodplol118, alluvie/ fans, end local mwmowS 

Flood-plain and Delta Complex - Chie@finegrainedendpoody 
drained sedimenIs; includes depnsits hwn Ute Jordan River 
and Great Selt Lake. 

Glacial Moraines and Talus - Moraines, ti14 and outwasl, 
daposa consisthg d unsmw mlr(wes d cky, sil~ sand, 
gravel, and bouIders; telus accumulatims el the bese d 
steep skpes LY C I ~ .  

Provo-level and Younger Lake Bottom Sediments - Clays, siB, 
sends, Pndlocdy o&hw# send bets 

Prwo-level and Younger Shore Facie8 - Chiefly send md 
gravel in booch d.posils, barn, spHs, and &+I&. 

Bonnevllle-Level Shore Facles - Ch* sand and gravel ~n 
beach -Its, bars. spns. a d  deRa 

Horkem Alluvlum - U m s d k i a t e d a n d ~ ~ b o u M e r s ,  
gravel, send sill. and clay dwoshd in pre-Lake Bonnevllk, 
al1uvi.l hns. 

Tertiary Sedimentary Rock Units, undi&uenLYated. 

Tertluy Volcanic Rock Units, unMorentYated. 

Terliary Plutonic Rock Units, und&renbioled. 

Mesozoic Rock Units, undMerentYaW 

Paleozoic Rock Units, WrdiVemtiated. 

Precambrien Rock Units, und&mntiat& 

MAP SYMBOLS 

Conla* Between Unlts. 

Suspador Known Quatemery Faults - Dashed whereapprox- 
Imately located, dotted where concealed, queried where sus- 
pcted; Bar and Ball on downthrown side. 

cate the PGA with a 10 percent probability of being ex- 
ceeded in 50 years could be as high as 0.35 g at soil sites in 
the northern part of the Salt Lake Valley (fig. 7). 

Ground-motion monitoring of Nevada Test Site nuclear 
tests confirmed amplifications of weak motions in the fre- 
quency range of engineering significance (0.2- to 0.7-sec- 
ond periods) in the Salt Lake Valley (Hays and King, 1984; 
Tinsley et al., 1991). The largest amplifications (in some cases 
greater than lox) were in central valley areas and were 
attributed to deep, soft soil conditions. Recent studies along 
Interstate 15 identified areas underlain by significant thick- 

nesses of soft clay having shear-wave velocities lower than 
average soft-soil shear-wave velocities in the San Francisco 
Bay area (Rollins and Gerber, 1995). Theoretical studies of 
stronger motions have also indicated the for sig- 
nificant amplifications, particularly of short-period motions, 
in areas around the edge of the valley having characteristics 
similar to where amplification was observed in the 1994 
Northridge earthquake in California (Rollins and Adan, 1994). 
These amplifications are associated with shallow, stiff soil 
conditions (Adan and Rollins, 1993; Wong and Silva, 1993). 
Three-dimensional elastic-wave-propagation modeling in&- 
cates basin effects could produce significant amplification 
of low-frequency ground motions at sites over the deepest 
parts of the basin (Olsen et al., 1995). 

Site-specific studies are helping to refine ground-shak- 
ing estimates in various parts of the Salt Lake Valley rela- 
tive to estimates based on the existing regional maps. These 
studies include probabilistic ground-motion modeling for 
Kennecott Utah Copper Corp.'s Magna tailings impound- 
ment (Wong et al., 1995) and the Interstate 15 reconstruc- 
tion project (Dames & Moore, 1996). Also, a cooperative 
study by the UGS and Brigham Young University begin- 
ning in 1997 will result in a site-response map of the Salt 
Lake Valley that can be used in future probabilistic ground- 
shaking estimates. 

The issue of appropriate ground-motion design levels for 
structures in the Wasatch Front region is complicated by 
long recurrence intervals (102 to 103 yr) for large earth- 
quakes (see Machette et al., 1991). In other seismically 
active areas such as California, the probabilistic PGA does 
not continue to increase appreciably at long exposure times 
because crustal strain is dissipated by relatively frequent 
large earthquakes (fig. 8). In contrast, the infrequency of 
large earthquakes in the Wasatch Front region allows crustal 
strain to continue building over long periods of time, 
resulting in probabilistic PGAs associated with long expo- 
sure times being significantly greater than those associated 
with shorter exposure times. 

Liquefaction 

Much of the Salt Lake Valley is underlain at shallow 
depths by unconsolidated lacustrine and alluvial sand, silt, 
and clay, and has shallow ground water. The combination of 
soil gradation and density and shallow ground water results 
in extensive areas that are susceptible to liquefaction- 
induced ground failure (Anderson et al., 1986). 

Anderson et al., (1986) mapped much of the Salt Lake 
Valley as having a moderate to high liquefaction potential 
(fig. 9) based on soil liquefaction susceptibility as deter- 
mined from geotechnical parameters, calculated critical 
accelerations, and earthquake magnitude exceedance prob- 
ability. Although prehistoric liquefaction-induced ground 
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10% Probability of Excdance in 10 Yoarr 10% Probability of Excwdanco in 50 Ywrs 10% Probability of Exceedanca in 250 Years 

Figure 7. Contours of peak ground acceleration on soil sites with 10 percent probability of being exceeded in 10 years, 50 years, and 250 
years (after Youngs et al., 1987). 

failure has been verified in numerous excavations through- 
out the valley (Gill, 1987), many studies in areas mapped as 
having a high liquefaction potential have demonstrated 
moderate to very low liquefaction susceptibility based on 
an absence of sandy sediments, the presence of dense 
deposits, or the presence of undeformed Lake Bonneville 
sediments older than 10,000 years (Keaton and Anderson, 
1995). More site-specific engineering-geologic information 
is needed to refine and update the existing liquefaction- 
potential maps. 

FIELD TRIP STOP NO. 3 

Michael D. Hylland, Leader 
Corner of 1525 West and 675 North, 
west of Fannington; see Figure 26. 

THE LIQUEFACTION-INDUCED FARMINGTON 
SIDING LANDSLIDE COMPLEX 

The prehistoric Farmington Siding landslide complex, 
about 15 miles (25 km) north of Salt Lake City, comprises 
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Drrslteti eztrcrs ore fi-o~rr Alg(v-tnissc11 (l9881 crnrl solid c,rcn.f>c rccw 
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scnnu of tlic Iairgtlst lalldslides triggt~retl 1,) edrtliilu,tk(as irr 
thrc United States. 'i'he lanclslicle complex co\ ers an area of 
approximittcly 7.5 rquure lllilcs (19.5 km" c~~icl  is orrc of 
thirtecrr late, Pleistoeenc/llolocerte fcaturcs alor~g tllv 
\Vas,~tclt Frol~t r~iappetl Ily l)rcvio~ts inv(>stigators a~s possi- 
ble liquef:ltction-i~lclllced lateral sprcacts (\.'a11 Hont, 1975; 
Miller, 1980; Artdcbrson ct al., 1982; Nelson iu~tl Pcrsorrius, 
1993). Dctailetl clisct~ssions a11c1 rcsrtlts of rcccnt investiga- 
tio~tr of the la~tdslicit~ eon~plex tire> prcsentetl it1 Ilarty ct al., 
(1993), W>lland and 1,owc. (1995), I,owca cst al., (1993), 
i-lyllanci (1996), and liyllarrd and Lowc (in press). 

(:c~)lo~r;!~ ancl C:eon~orpIlolo~gy 

The H1rmingtor-r Sitling landslide cornplcx is it1 a gcntly 
sloping archa rtrrclrrlt~irr tit s11:illow tIcpths primarily 1)y fine- 
grained, \tratifiecj, late Plci\toecne to Iioloct~nth I,tcu\trine 
rlepclsits of Lakc 13onncvillr and (:reat Salt I,ake (fig. 10). 
Crouncl slopes within the lantfslitlt colnp1e.c ~ - ;u~gc~  fronr 
alwrtt 0.4 to 0.8 percerrt. U~rfail~ct i1opt.s adi,ic,ent to thck 
complex ratrgc korri ailtol~t 1 to 2 pi~rcent alorrg tltch t1atliks 
and fS to I I percent in tht. c-row 'trca. 'The tleposit\ 
ix~volvccl in lanclslidirlg conaist of intel-l>etldc~cl, laterally clis- 
co~itinltoits Iityt~s of c1,tjt.y to siatd? silt, well-\ortee1 fittr~ 
sand to silty sand, and minor clay and gravel. The crowr1 is 
untlcrlaitl by L'ike Uorineville sand arlcl silt deposits and i\ 

at an clcvatiotl of aljnut 4,400 feet (1,342 111) in tlrc cicinity 
of the city of F~tnt~iilgtor~. 'Cllcb toe rnay 11,1\ c ltcelr ericoun- 
tcsret1 Ileneatli C;re,;it Salt L,ake daring a clrilling project in 
F:irn-ringto~~ Bay to test for~r~clation contlitiolr5 for a pro- 
~~oiecf M ;lt~~r-storaige rc~st~rvoir (Everitt, 1991). 

Thc Iimtlslide deposit\ can he grotlpctl rn hvo age cate- 
gosit,\ rt.l,rli\ c *  to the ;igr, of tlrc C:ill)t,rt \horc.li~r~ corrrplr~x, 
whicli fbr-rtrctl ltctwc~cn 10,900 ;u~cl  10,300 ) cxrs itgo (Clo~cy, 
1990). l ' l r c h  tirtrt-ltrrn p'trt of thc l,ii~c'lslirle corrrplex trrinc,ltcs 
the C;ill~o.t sfiorelirrc~ (Mi11 I lont, /975), indicating nraior 
lx'st-<:ilbcrt I I IO .~  e-.~~ic.trt. Xlov evcr. tlrch C:ill,t,rt \l-torc~lint, can 
he tracc~cl 'tcross the 5o11thent p a t  of tht' landslitle cort~plc\ 
(A11c1ersort t't '11.. 1982; lI,lrt! c.t ,I]., 101-)3), itrtfic,~tirtg LXC- 

(;ill,crt ii~ovemctlt in this part of the corrrp1c.c. 
C:c~ornorI)liic katrrres ix~clt~cle scarl15, humr-rlocks, closecl 

cleprcssions, ancl tr,ulsvt.rscx lincaxncnts. \2.icll-prcsc~rvccI 
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lutcbr,~l ,urcl rmin \carp\ ir-r the, northrrn part of tllc' c~)~~lpl( ' \  
range. 111 height from al)otit 10 to 10 fret (3 to 12 m,~. 
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(fig. 12) 
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Figure 11. Aerial view of hummocky landslide terrain on the north- 
ern part of the Farmington Siding lanrlslide complex. H~~mmocks 
appear as light-colored patches. 

across hummock flanks and adjacent ground in the north- 
em part of the complex, Harty et al., (1993) determined the 
hummocks are relatively intact "islands" of lacustrine strata 
surrounded by liquefied sand which resulted from flow fail- 
ure. Other evidence for flow failure includes the existence 
of a landslide main scarp up to 40 feet (12 m) high; the 
overall negative relief in the head region of the complex, 
indicating evacuation of a large volume of material; and the 
overall positive relief in the distal region of the complex, 
indicating deposition of landslide material. 

Landslide Timing and Seismic Considerations 

Relative timing information and limiting radiocarbon soil 
ages indicate at least three, and possibly four, landslide 
events (fig. 13). Hylland and Lowe (1995) considered the 
timing of these landslide events within the context of paleo- 
climatic and lacustral fluctuations, and observed that lands- 
liding was associated with climate-induced highstands of 
Great Salt Lake. The apparent correspondence between 
landslide events and lacustral highstands suggests that 
landsliding may have occurred under conditions of relative- 
ly high soil pore-water pressures, and possibly increased 
artesian pressures, associated with rising lake and ground- 
water levels. 

Many features (for example, evidence of lateral spread, 
flow failure of gentle slopes, sand dikes, deposits susceptible 
to liquefaction, and proximity to faults with recurrent Holo- 
cene activity) indicate landsliding was likely triggered by 
strong earthquake ground shaking. Numerous fault studies 
(Machette et al., 1987; Schwartz et al., 1988; Personius, 1990; 
Forman et al., 1991; Lund et al., 1991; McCalpin and For- 
man, 1994; Black et a].; 1996) constrain the timing of pre- 
historic surface-faulting earthquakes on the active segments 
of the Wasatch fault zone; comparison of the results of these 

Figure 12. Liquefied sand (arrow) injected along fault plane in 
trench exposure of thin-bedded lacustrine rleposits. Trowel for 
scale. 

studies with the timing of landslide events indicates a close 
correspondence between landsliding and certain earth- 
quakes (fig. 14). Within uncertainty limits, surface-faulting 
earthquakes on the Brigham City segment coincide with all 
four possible landslide events. Surface-faulting earthquakes 
on the Weber, Salt Lake City, and Provo segments also 
coincide with the more recent landslide events. Earthquake 
chronologies for these segments generally do not extend 
beyond 7,000 years ago, so unrecognized and/or undated 
earthquakes on these segments may also correspond to the 
earlier landslide events. 

Hylland and Lowe (in press) used a variety of determin- 
istic analyses to evaluate the relative likelihood of large- 
scale liquefaction-induced landsliding being triggered by 
earthquakes on various source zones, including: (1) empiri- 
cal earthquake magnitude-distance relations, (2) compari- 
son of expected peak horizontal ground accelerations with 
calculated critical accelerations, (3) liquefaction severity 
index, and (4) estimated Newmark landslide displacements. 
All of these analyses indicate that widespread liquefaction- 
induced ground failure involving significant lateral dis- 
placements is most likely associated with large earthquakes 
on the nearby Weber segment of the Wasatch fault zone. 

At least two large earthquakes have occurred on the 
Weber segment that apparently do not coincide with land- 
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tation, inflo\v, :and c.v;ul,oration v:uiatiom. I,ong-tern1 climatic 
trends play a major role in rleterinining lake levels, as do 
diversion and consrtnrptive use of water sources 1)y man. 
Fluctuations iir Crc:.ct Salt have a proforrntl efkct on 
the ~~~t*fitcc area of thc 1:;ke beciuise of tlic flatness of t l i ~  
lake basin. Extretnc lo\v or high lake levels are likely to per- 
sist evcw after t t ~ e  Etctors which cclust~d the111 have changeil. 

Lakes liiiw oceupiecl tlre Uonncvillc basin sekeral tirneil 
over tlre past sevcr:tl rtlilliotl rars. \.V:tter levels in lakes 
srtch as Lakc Roi1ne.r ille and (kcat Salt Lakc have oscillatccl 
witlr great clevatiori ditri.rences brt\veen highstands a11d 
lowstands (fig. 16). I,ake Ronneville reached a masimun~ 
elnation (Borlneville shorclinc~) of 5,092 feet 11,552 rn) 
ar-ountl 15,000 years ago, and rceedecl to C* port-Botlneville 
lowstand after Ltbct~it 13,000 years 'igo (Currey ant1 C)\?i,ttt, 
1985). In the S ~ l t  1,tkr V;llley, the elevation of the Bonnc- 
ville ~horelinc varier fi-orn 5,161 tit 5,216 feet (1,573 to 
1,590 ni) (\:III I-torrt, 1972; Currey, 19821, due to a combina- 
tion of isost,ltic rel>ound as the. 1,lIc. lo\\ ered ,inel port-lake 
f'ttllting (14iller, 15180). Isostatic re1)ortntI was generally 
greater near tlre ctlritcr of thc' Uorrnc\ ilk. basin t11,trl at the 
etlgcs of the basin wlirre w,tter dtpths were shallo\vt,c 
Creat S:dt I,akel reac4li~cl .I tioloct~ni~ highstanti of approui- 
nr,itel) 4,221 ftxct (1,287 rn) I>chvccrt ,d,out 2,500 anti 1,300 
) cx,trs ago (Cr~rrchy d., 1988, tZ~ t r~ ' h i~o~ l ,  1989). A late prc- 
hsstoric highstanti of C:rt%at Salt Lakc \\7,1r at 4,215 feet 
(1,286 nr) sorrrctiirlt- during the I6005 (\lurchison, 1989; 
C:tlrrey, 1990). 

Although no sigrific'urt di11ni;il tides occur 011 Cre.t'dt Sidt 
Lake, mint1 seiches ,Ire corirliron. Sirch seichc~s develop on 
the itmiri Itocly of thtb Iiike in respotisc to st,u)rrg \\i11ds frorrl 
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Figure 17. Great Salt Lake seiche hydrographs for Promontory 
Point (north) and Silver Sands (south), and wind speed at the Salt 
Lake City International Airport, showing wind seiches over afive- 
day period grom Lin and Wang, 1978). 

the south or west. A major wind seiche commonly needs 
wind velocities in excess of 10 knots (18.5 kmhr) (Lin and 
Wang, 1978). Sustained, strong south winds cause the water 
level to decline in the south and increase in the north (wind 
setup). When the wind velocity drops, water levels try to 
reach equilibrium. These wind-induced oscillations have a 
fundamental period of about 6 hours and seiching lasts 
about 2 days (fig. 17; Atwood et al., 1990). During this time, 
up to 2 feet (0.6 m) of flooding may occur along the south 
shore. 

Great Salt Lake levels go through a seasonal cycle, wax- 
ing in spring or early summer in response to spring runoff, 
and waning in the fall at the end of the period of high evap- 
oration (fig. 18). The maximum seasonal lake rise (measured 
in 1983) is 5 feet (1.5 m), and the maximum seasonal lake 
decline (measured in 1988) is 3 feet (0.9 m) (Atwood et al., 
1990; Atwood and Mabey, 1995). Seasonal fluctuations are 
largely controlled by weather and are difficult to predict, 
but generally do not present a direct threat to life due to 
their slow rate of rise (maximum of about 1 inch per day 
[2.5 cmlday]). 

Historical water levels in Great Salt Lake have also fluc- 
tuated over the long term (fig. 18). Until mid-1986, the his- 

Figure 18. Hydrograph of Great Salt Lake. Elevations before 1875 
are estimated from traditional accounts (fi-om Atwood et al., 1990). 

torical high of Great Salt Lake was 4,211.5 feet (1,283.6 m) 
(Arnow and Stephens, 1990), which was reached in the 
early 1870s (Gilbert, 1890). The lake dropped slowly from 
its high in the 1870s, reaching an historical low of 4,191.35 
feet (1,277.46 m) in 1963. Above-average precipitation in 
the 1980s caused Great Salt Lake to attain a new historical 
high of 4,211.85 feet (1,283.71 m) in June 1986 (Arnow and 
Stephens, 1990) and April 1987 (USGS records). This lake- 
level rise caused damage to structures and other property 
along the shoreline and within the lake. The cost to Salt 
Lake County for flooding at lake elevations greater than 
4,212 feet (1,284 m) is believed to be in the millions of dol- 
lars (Atwood et al., 1990). If the lake rises to 4,217 feet 
(1,285 m), potential additional costs could exceed $3 billion 
(Steffen, 1986). 

Flood Mitigation 

The rapid rise of Great Salt Lake between 1982 and 
1986 doubled the lake volume and increased its surface 
area by nearly 500,000 acres (Atwood et al., 1990). Flooding 
associated with the lake rise caused more than $240 million 
damage to facilities within and adjacent to the lake (Austin, 
1988). The Southern Pacific Railroad causeway divided the 
lake into two unequal areas of different elevations: the 
north arm and the main Great Salt Lake. Most of the inflow 
was to the main Great Salt Lake. The causeway was breached 
in 1984, reducing the elevation of the main Great Salt Lake 
by about 8 inches (20 cm) and increasing the elevation of 
the north arm by about 16 inches (40 cm). However, the 
lake continued to rise and peaked (at its historical high) two 
years later. 

In response to flooding, the Utah State Legislature 
authorized a study of potential lake-level control measures 
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(Utah Division of Water Resources, 1984). Pumping excess 7 
water into the shallow desert basin west of Great Salt Lake 
was the only measure that could be implemented quickly t 
enough to provide flood-damage relief. Thus, construction I 
began in 1986 on the West Desert Pumping Project (Atwood 
et al., 1990). By the end of 1988 2.05 million acre-feet (2.52 
billion m3) of water had been pumped from Great Salt Lake 
(James Palmer, written communication, 1989). The lake 
dropped 5.4 feet (1.6 m) by the end of 1988 due to a combi- 
nation of pumping, evaporation, and decreased inflow from 

* c c -  - 
two drier than average years. The pumps are kept in reserve 
for future lake rises. 1 -* 

FIELD TRIP STOP NO. 5 

Mike Lowe, Leader 
Turn-out along North Ogden Canyon Road 

east of North Ogden; see Figure 27. 

CAMERON COVE DEBRIS FLOW, 
NORTH OGDEN 

A debris flow from an unnamed canyon deposited mate- 
rial on an alluvial fan in North Ogden (fig. 19) on Septem- 
ber 7, 1991, damaging seven houses in the Cameron Cove 
subdivision (Mulvey and Lowe, 1991, 1994; Lowe et al., 
1992). Over the %-hour period prior to the debris-flow 
event, rainfall in the North Ogden area ranged from 2.5 to 
8.4 inches (6.4 to 21.3 cm) (Brenda Graham, National 
Weather Service, verbal communication, 1991). This rain- 
storm set a new state record for a 24-hour period, and was 
estimated to be equivalent to a 1,000-year storm. Runoff 
from the storm was concentrated in channels on Tintic 
Quartzite cliffs at the head of the canyon and formed water- 
falls which cascaded several hundred feet to talus slopes at 
the base of the cliffs. The runoff mobilized talus and other 
debris in and near tributary channels at the base of the 
cliffs, initiating debris flows. As the tributary flows moved 
downstream and combined with the main channel, addi- 
tional channel material was incorporated into the debris 
flow. The flow exited the canyon mouth and traveled down 
an alluvial fan for a distance of about 1,300 feet (400 m), 
damaging the houses (Mulvey and Lowe, 1991). 

An examination of the main and tributary channels indi- 
cated that channel material, from the base of the cliffs to 
the mouth of the canyon, had been incorporated into the 
debris flow (Mulvey and Lowe, 1991). Depth of scour in 
the main channel averaged 5 to 6 feet (1.5 to 1.8 m), and 
was as much as 17 feet (5 m) locally. Soils on drainage-basin 
slopes did not appear to have contributed much material to 
the flow except from an area of limited extent near the base 
of the cliffs where grasses were absent, cobbles were left 
standing on soil pedestals, and small rills were present. 
This was the only place damaged by a wildfire in 1990 that 

Figure 19. Aerial view, looking northeast, of the September 7, 1991 
Cameron Cove deln-is flow in North Ogden (photo taken in August 
1996). 

noticeably contributed sediment to the debris flow. Mulvey 
and Lowe (1991) concluded that sediment contribution from 
the burned area was low because of rapid revegetation of 
oakbrush, woody plants, and grasses. 

Muhey and Lowe (1991, 1994) observed that much 
debris remained in and along the main and tributary chan- 
nels after the debris-flow event. Considerable debris was 
trapped behind several natural dams composed of large 
boulders. In many places along the channel, side slopes had 
been destabilized by scour and undercutting of channel 
banks. Mulvey and Lowe (1991) were not able to accurately 
estimate the volume of debris still in the channel, but they 
believed that enough debris remained in the channel that 
another large debris-flow event from the drainage basin 
was possible. 

The volume of the debris-flow deposit was about 25,728 
cubic yards (19,553 m3) (Mulvey and Lowe, 1991). Using 
the Pacific Southwest Inter-Agency Committee (PSIAC) 
(1968) Sediment Yield Rating Model, Lowe et a]., (1990) 
estimated an average annual post-fire sediment yield of 
approximately 387 cubic yards (294 m3) per year from 



314 HYU GEOLOGY STUDIES 1997, VOL. 32. PART I1 

Figure 20. View, looking sotrtl~west, from nenr the apex ofthe allu- 
cia1 fan above the Cameron Cove subclivision slzowing brevs from 
past dellm',sflotus (~nodif;erl from M~tlvey nnrl Lowe, 1994). 

slopes within the drainage basin. The large difference be- 
tween the PSIAC estimate and the actual volume of the 
debris flow supports Mulvey and Lowe's (1991) field obser- 
vation that a small percentage of the total volume of debris 
was derived from the slopes and that the 1990 fire was not 
a significant cause of the debris flow. The majority of 
debris-flow material in the 1991 event was derived from 
scour of stream channels and talus on slopes imniediately 
below the cliffs. 

Relative Hazard 

Future debris flows from the unnamed canyon are inevi- 
table. Levees from prehistoric debris flows are present on 
the steep, active alluvial fan at the mouth of the canyon (fig. 
20), indicating the 1991 debris flow was not a geologically 
unusual event for this canyon, but instead is part of the allu- 
vial-fan-l>uilding process (Mulvey and Lowe, 1991). Ridd 
and Kaliser (1978) recognized that tlie alluvial fan is active, 
and mapped relative flood-hazard zones on the fin. Lowe 
(Weber County Planning Commission, 1988; Lowe, 1990) 
mapped debris-flow hazards as part of a comprehensive 

- - 

evaluation of geologic hazards in Weber County and placed 
the alluvial fan in a dehris-flow-hazard special-stucly zone. 
The Cameron Cove su1)division was approved prior to com- 
pletion of these geologic-hazard studies. The Ricld and 
Kaliser (1978) study led to enactment of a hazard ordinance 
regulating development on alluvial hns  in the City of North 
Ogden where the Cameron Cove subdivision is located. 

In spite of the existence of these geologic-hazard studies 
and ordinance, homeowners and North Ogden City officials 
were apparently unaware that flooding and debris-flow 
hazards existed in the Cameron Cove subdivision (Mulvey 
and Lowe, 1994). North Ogden City was named in a law- 
suit brought by the owner of the home l no st severely clam- 

aged by the 1991 debris flow (Dennis Shupe, North Ogden 
City Manager, verbal communication, 1992). The lawsuit 
alleged that North Ogden City wa\ negligent for not miti- 
gating the debris-flow hazard on tlie alluvial fiin after thc 
hazard was identified by geologic studies (Mulvey and Lowe, 
1994). The case judge ruled that the city could not be sued 
due to governmental immunity. The homeowner has subse- 
quently erected a debris wall that can be seen along the 
eastern edge of the subdivision. Because 110 ~najor sedi~nent 
deposition has occu~red on the ,illuvial f'ln rince 1991, 
stream channels in the canyon above still contain debris 
that could be n1ol)ilizcd iu~d incorporated into another lawc' 
c1el)ris flow. Del~rir flows will likely be clepo\itecl again on 
the alluvial fan, ant1 houses within tlie Cameron Cove sub- 
division remain at risk until a long-terni, permanent solu- 
tion to the problcni is implemented. 

FIELD TRIP STOP NO. 6 

Mike Lowe, Leader 
Rninhow Gart1r.n.s pnrking lot, Ogclen; set> Figt~re 27 

RAINBOW IMPORTS LANDSLIDE, OGDEN 

The Rainbow Iinports landslide, near the mouth of 
Ogden Canyon in Weber County is part of the Ogden 
River landslide complex of Pashley and \Viggins (1972). 
Vandre and Lowe (1995) delineated four tloniains within 
this landslide complex (fig. 21), each characterized I)!, 
unique combinations of topography, ground-water contli- 
tions, soil properties, and movement mechanisms. Thev - - 
named the easte~nmost domain the frontage trough. After 
Pashley and Wiggins (1972), X L I I ~ ~ P  and h w e  (1995) refemcl 
to two other landslidc domains, which include topographic 
reentrants, as the eastern amphitheater and westen1 amphi- 
theater. The fourth domain, the Rainbow Imports landslide, 
is along the eastern margin of the eastern amphitheater 
(figs. 21 and 22) and is the most active of the IaildslitIc 
domains. The landslide was nanied after the Rainbow 
Imports (now Rainl~ow Garclens) commerci:d development 
north of the landslide. 

Geology 

The Wasatch Range east of the Ogden Rivcr landslidt, 
complex is chariicterized by a lower section of near-~ertical 
cliffs, consisting predominantly of Precam1)rinn Farmington 
Canyon Complex granitic gneiss and Cambrian Tintic quart- 
zite, and an upper section of more gently s1oping mountain- 
ous terrain consisting predominantly of Paleozoic setlinien- 
tary rocks (Crittenden and Sorensen, 1985; Yonkee ant1 
Lowe, in preparation). Below 5,200 feet (1,585 m) in eleva- 
tion, bedrock is generally covered hy Lake Bonneville 
lacustrine sediments, or by post-Lake Bonneville alluvial- 
fan deposits. The hench area south of the lantlslitle comples 
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Vandre and Lowe, 1995). indicated by avow.  Photo taken Athgz~~t 1996. 

is the Provo-level delta of the Ogden and Weber Rivers and 
consists of gravel, sand, and silt deposited as Lake Bonne- 
ville occupied and then regressed from the Provo shoreline 
after about 14,000 years ago (Oviatt et al., 1992). The delta- 
ic deposits overlie fine-grained, cyclically bedded sand, silt, 
and clay deposited during the earlier transgressional phase 
of Lake Bonneville. 

Several ephemeral streams flow westward from the 
Wasatch Range and have deposited various ages of alluvial 
fans onto the delta. The four drainages between the Ogden 
River and Taylor Canyon, about 1.5 miles (2.4 km) south of 
the landslide complex, are ephemeral with catchment areas 
of less than 0.5 square mile (1.3 kmz). Taylor Canyon Creek 
has a much larger catchment area of about 2 square miles 
(5.2 km2) and may be a significant source of recharge to 
ground water in the Lake Bonneville deposits at the land- 
slide (Vandre and Lowe, 1995). 

The Weber segment of the Wasatch fault zone offsets 
Lake Bonneville and alluvial-fan deposits along the eastern 
margin of the deltaic bench. Paleoseismic trenching studies 
of the Weber segment on the deltaic bench just north of the 
Ogden River show evidence of three to four surface-fault- 
ing events during the past 6,000 to 7,000 years (Nelson and 
Personius, 1993). Most of the fault scarps in the vicinity of 
the Ogden River landslide complex are west-facing, valley- 
side-down scarps. An antithetic, east-facing, mountain-side- 
down scarp is also present on the delta south of the Ogden 
River landslide complex, and this fault terminates along the 
eastern margin of the Rainbow Imports landslide (Yonkee 
and Lowe, in preparation). Two large conical depressions, 
probably sinkholes, along the base of the westernmost west- 
facing fault scarp (fig. 23) may be evidence of northward 
ground-water flow along the Wasatch fault zone. 

The Ogden River incised and eroded laterally into the 
deltaic and lacustrine deposits at the mouth of Ogden Can- 
yon as Lake Bonneville regressed from the Provo shoreline, 
leaving steep bluffs (Lowe et al., 1992) and depositing flu- 
vial sand and gravel between the bluffs. The Ogden River 
landslide complex is along the erosional bluffs south of the 
Ogden River. All landslides in the complex are below about 
4,710 feet (1,435 m) in elevation (Vandre and Lowe, 1995). 

Movement History 

The Rainbow Imports landslide initiated on March 9, 
1987, damaging a steel transmission tower (fig. 24) causing 
a loss of power to much of Ogden's east bench area (Kaliser, 
1987). Additional movement occurred on either the night of 
March 9 or early in the morning of March 10. Kaliser (1987) 
attributed the movement to soil saturation from melting 
snow and ice. Landsliding occurred again during April 1988 
and February 1992. These landslide events involved mostly 
earth flows, and landslide activity generally stopped within 
a week or two. 

The landslide moved again in early March 1994 (fig. 24) 
(Delta Geotechnical Consultants, 1994). Movement again 
involved mostly earth flows; however, the main scarp con- 
tinuously retreated after the earth flows ceased. The main 
scarp of the landslide retreated an additional 50 feet (15 m) 
southward between April and August 1994, and two homes 
south of the landslide were removed in October 1994 due 
to concerns caused by the retreating main scarp (Vandre 
and Lowe, 1995). The main scarp had retreated southward 
an additional 15 to 20 feet (4 to 6 m) by April 1995. The 
overall slope of the main scarp during April 1995 was 
approximately 80 percent, with the top 15 to 20 feet (4 to 6 
m) nearly vertical (Vandre and Lowe, 1995). 
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Figure 23. Sinkholes almg a normal fault crossing tlze frontage 
trough, Ogclen River Zudlicle complex. 

Vandre and Lowe (1995) estimated the width of histori- 
cal landsliding to be approximately 50 yards (45 m). From 
1987 to 1990, most of the movement involved sandy land- 
slide debris. From 1990 to 1994, movement involved most- 
ly deltaic and lacustrine deposits that had not previously 
been disturbed by landsliding (Vandre and Lowe, 1995). The 
volume of landslide material was about 25,000 cubic yards 
(19,000 m3) between 1987 and 1990 and about 50,000 cubic 
yards (38,000 m3) between 1990 and 1994. 

Vandre and Lowe (1995) noted two springs discharging 
in the landslide area near the contact between the regres- 
sive deltaic and transgressive lacustrine deposits. They pro- 
jected the top of the 1990 main scarp to he slightly below 
the elevation of the springs. A fault trace was noted in the 
1994 main-scarp area; water moving northward along the 
Wasatch fault zone may have contributed to the spring flow. 

Movement Mechanisms 

SHB AGRA (1994) noted different soil movement mech- 
anisms in different areas of the Rainbow Imports landslide. 
Vandre and Lowe (1995) refer to these areas as the under- 
cut, erosion, and deposition zones. 

The approximately 90-foot- (27 m) high main scarp is the 
undercut zone. The overall slope of this area was very steep 
with the finer grained soil layers generating near-vertical 
faces and the granular soils raveling to their angle of repose 
(Vandre and Lowe, 1995). The main soil movement mecha- 
nism in this area is collapse due to undercutting of fine- 
grained layers in response to wind and water erosion, and 
raveling of granular soils. 

The erosion zone is the area immediately downslope from 
the undercut zone. The erosion zone's vertical extent was 
approximately 50 feet (15 m) with side scarps on the order 
of 20 to 30 feet (6-9 m) high (Vandre and Lowe, 1995). Soil 
movement in this zone was primarily erosion caused by 

Figure 24. Rainbow Iinports lanclslide in 1987 (A) and 1994 (B). 

runoff from springs discharging at the top of the zone, and 
earth flows. 

The deposition zone is below the erosion zone. The 
ground slope at the top of this zone is 25 to 30 percent, but 
lower in the zone is 20 percent or less (Vandre and Lowe, 
1995). Soil deposition is caused by decreases in slope and 
spreading out of flowing water due to lack of confinement. 

Potential for Additional Movement 

Conditions contributing to slope failure at the Rainbow 
Imports landslide include the presence of: (1) slopes steep- 
er than 60 to 70 percent which are sul~ject to undercutting 
and raveling, (2) soils prone to erosion by wind and water, 
(3) ground water in close proximity to the contact between 
the deltaic and lacustrine deposits, and (4) saturated sandy 
soils which have the potential to undergo liquefaction. Due 
to these conditions, a high potential for future movement 
exists (Vandre and Lowe, 1995). The most significant land- 
slide hazard is to homes south of the present main scarp. 

The Rainbow Imports landslide will continue to retreat 
southward into the delta as the main scarp is undermined 
by erosion, flow slides, and/or raveling of the sand and gravel 
in the scarp. The rate of main-scarp retreat cannot he pre- 
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dieted. 'IIle time needed to reach stability may be 10,50, or 
100 years or more, and Vmdre and Lowe (1995) expect the 
rate of muin-scarp retreat to decrease as its slope decrensrs. 
Major earthc~uakes will likely accelerate the raveling of the 
n l in  scarp, possibly calisillg liquefaction of the saturated 
sands deposited in the erosion zone, tlrerelty causing lique- 
fictiorr-induced slope failures and more erosion meld runtlcr- 
cutting. Nniioff over the milin scarp may accelerate thc ntte 
of retreat (Va~idre and L,o\ve, 1995). 

ROAD LOG 

The following road log describes the route of the field Mp 
iu~d indicates selected geologic features and other points of 
interest. Space litrritations preclude reference to many sites 
and features along the route, however, and the reader is 
encor~rag~d to consult guiclebooks for previous geologic 
field trips along the Wasatcli Front (for example, Utall Geo- 
logical Association, 1971; Gurgel, 1983; Machette, 1988; 
Lowe et al., 1992; Horns ct al., 1995) for additional infor- 
mation. 

Mileage 
0.0 

0.4 (0,4) 
0.7 (0.3) 

3.5 (2.8) 

10.0 (6.5) 

13.0 (3.0) 

14.0 (1.0) 

14.9 (0.9) 

Tlic field trip departs from the Salt Palace 
Convention Center at 100 South West 
Temple in Salt Lake City (fig 25); pro- 
ceed SOUTH on WEST TEMPLE. 
Turn LEFT (EAST) 011 400 SOUTFI. 
Turn RIGHT (SOUTfl) on Srl'ATE 
STREET 
Tuln LEFT (EAST) onto 1-80 eastbound: 
follow signs for 1-215, SOUTH BELT 
ROUTE, at the lnouth of Parleys Canyon. 
Rocks exposed in thc vicinity of Parleys 
Canyon consist of folded Mesozoic strata. 
On the left (east) side of the freeway, resi- 
dences :ilong the upper nlargins of Olyrrl- 
pus Cove are periodically affected by rock 
falls. The prominent peak rising above 
the soutltern part of Olympus Cove is Mt. 
Olympus, the north hce of which is ;t dip 
slope of Cambrian Tintic Quartzite (Crit- 
tenden, 19Ea). 
Tike EXIT 6 (6200 SOUTH), turn LEFT 
(SOUTITEAST) under freeway, proccxtd 
rtp hill and contirurt. SOUTH on 
WASA'TC t 1 BOULEVARD. 
Active sand and gravel mining operations 
on the left (east) side of the road in out- 
wsh-faa/delta-co~nplex sediments (Scott, 
1981; Personius and Scott, 1992). 
h4outh of Big Cottctnwood Canyon. IZocks 
exposecl at the rrlouth of the canyon con- 

Figztre 25. Route of8fi~ld trip ~ I t o t ~ i i z g  sf011~ 1 (111d 2 Bnse frarrr 
IrSCS Snlt L,akc. Cit!y 30 X 60 rniutltr~ c/llc~~lrrntgle 
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sist of quartzite, shale, and siltstone of the 32.7 (0.7) 
Precambrian Big Cottonwood Formation 
locally intruded by quartz monzonite of 
the Tertiary Little Cottonwood stock (Crit- 
tenden, 1965b). 

17.0 (2.1) Turn RIGHT (SOUTH) and continue on 
WASATCH BOULEVARD; the road is 
in a graben bounded by scarps of the 
main trace of the Wasatch fault zone on 33.2 (0.5) 
the left (east) and an antithetic fault on 
the right (west) (Scott and Shroba, 1985; 
Personius and Scott, 1992). 

18.1 (1.1) Turn RIGHT (WEST) on 9800 SOUTH, 
then RIGHT (SOUTH) into large vacant 34.5 (1.3) 
lot near the mouth of Little Cottonwood 
Canyon for STOP 1 (fig. 25) and discus- 
sion of PALEOSEISMIC STUDIES ON 
THE SALT LAKE CITY SEGMENT 
OF THE WASATCH FAULT ZONE. 35.2 (0.7) 
From here, Wasatch fault zone scarps can 37.0 (1.8) 
be seen to the southeast cutting the Pine- 
dale-aged Bells Canyon moraine. 

Retrace route to NORTH on WA- 
SATCH BOULEVARD. 38.5 (1.5) 

22.6 (4.5) Turn RIGHT (EAST) at traffic light 
and continue NORTH on WASATCH 
BOULEVARD. 

23.3 (0.7) New golf course on the left (west) side of 
the road is in a reclaimed sand and gravel 
pit in Lake Bonneville regressive-phase 
deltaic deposits (Personius and Scott, 
1992). 

24.1 (0.8) Park at Pete's Rock, an outcrop of Pre- 
cambrian Mutual Formation quartzite 39.4 (0.9) 
(Crittenden, 1965a) and local climbing 
area, for STOP 2 (fig. 25) and discussion 
of SEISMIC SITE RESPONSE IN 
THE SALT LAKE VALLEY. This stop 
provides an overlook of the Salt Lake 
Valley with views from left (south) to right 
(north) of the Traverse Mountains, Oquirrh 
Mountains and Bingham open-pit mine, 
Great Salt Lake and Antelope Island, 
downtown Salt Lake City, and the Salt 
Lake salient. 

Continue NORTH on WASATCH 
BOULEVARD. 

27.5 (3.4) At 3300 SOUTH, continue NORTH on I- 
215 and follow signs for FOOTHILL 
DRIVE. 

32.0 (4.5) University of Utah campus. FOOTHILL 
DRIVE turns to the LEFT (WEST) and 
becomes 500 SOUTH. 

Robert L. Rice Stadium on the right 
(south) will be the locale for the opening 
and closing ceremonies of the 2002 Winter 
Olympics. Foundation excavations for the 
stadium, as well as the George S. Eccles 
Tennis Center on the south side of 500 
South, revealed evidence of faulting in 
pre-Bonneville alluvial-fan deposits. 
500 SOUTH turns to the RIGHT 
(NORTH) to descend a hill formed by the 
scarp of the East Bench fault. At the base 
of the scarp, the road turns to the LEFT 
(WEST) and becomes 400 SOUTH. 
At the intersection of 400 SOUTH and 
200 EAST, the Salt Lake City and County 
Building is on the left. The seismic retrofit 
of this historic building is summarized 
above in the discussion for field-trip stop 2. 
Turn RIGHT (NORTH) on 300 WEST. 
300 WEST becomes BECK STREET. 
Several hot springs occur in this area 
along the Warm Springs fault at the base 
of the slope to the right (east). 
Active quarry operations on the right 
(east) side of the road in Paleozoic car- 
bonates. Crushed stone is produced here 
for use in aggregate and other engineer- 
ing applications. A faulted Holocene allu- 
vial fan observed here by G.K. Gilbert 
(1890) has been removed by quarrying; 
striated bedrock in the footwall of the 
fault is now exposed at the base of the 
slope. 
Continue NORTH on 1-15. The Bonne- 
ville and Provo shorelines of Lake Bonne- 
ville are well exposed near the base of the 
Wasatch Range on the right (east). The 
Bonneville shoreline marks the highest 
level reached by Lake Bonneville around 
15,000 years ago (Currey and Oviatt, 1985); 
the Provo shoreline is a regressive shore- 
line about 350 feet (107 m) below the 
Bonneville shoreline. Several of the can- 
yons on the west slope of the Wasatch 
Range between Bountiful and Farming- 
ton have produced damaging and, in 
some cases, fatal debris flows and floods. 
Notable debris flows occurred in the 
1920s, 1930s, and 1983. Debris flows dur- 
ing the 1920s and 1930s were primarily 
generated by overland erosion during 
summer cloudburst storms (Woolley, 1946; 
Butler and Marsell, 1972; Keaton, 1988), 
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wl~ereas debris flows during the spring of 
1983 were mobilized from landslides 
caused by l-apid melting of an unilsually 
thick snowpack (kvieczorek et al., 1983, 53.7 (1.0) 
1989). 

49.7 (103) Take EXIT 325 (LAGOON DRIVE- 
FARMINCTON) and bear RIGHT to 
continue NORTII on 200 WEST 

50.6 (0.9) Turn LE??T (\'VrEST) on STATE STREET 
(US, 227). Cross over freeway, pass rrew 54.9 (1.2) 
Davis County Crirninal Justice Conrplex 55.2 (0.3) 
on the left (south), which is near the ten- 

ter of the prehistoric Rinnington Siding fi3.5 (8.3) 
landslide comples. 63.8 (0.3) 

52.1 (1.5) Turn RIGIIT (NORTH) on 1525 WEST 
Note hummocky landslide temin in this 
area. 

52.7 (0.6) Park near the intersection of 1525 WEST 70.6 (6.8) 
and 675 NORTH irt hrxrnn~ocky lartdslide 
terrain for STOP 3 (fig. 26) and discus- 
sion of THE LIQUEFACTION- 

INDUCED FARMINGTON SIDING 
LANDSLIDE COMPLEX. 

Continue WEST on 675 NORTIf. 
'R~rri RICIIT (EAST) on SHEPARD 
LANE and cross over freeway. The golf 
course was constructed on naturallj hum- 
rnocbky landslide terrain; tile clrtbho~tse 
and parking lot (on the left [north]) arc at 
the top of the landslide main scarp. 
Xirrr RlGIlT (SOUTH) on U.S. 89. 
nun RIGHT (WEST) onto 1-15 N0K'I'I-I- 
BOUND. 
Take EXIT 335 (SYRACUSE). 
Ttlrrt LEFT (WEST) on ANTELOPE 
I2RIVE (U'TAH 108). Proceecl WEST 
following signs for Syracuse and Antt~lope 
Island. 
Antelope Island State Park fee station. 
The causeway that provides vehicle asccss 
to Antelope Island was cclmpletely sub- 
merged by high lake levels in 1985. The 

Figur~? 26. R ~ l t e  (! f je l ( l  trip shotcing   top^ 3 cirill 4. B(ise from 
ClSGS Salt  Lake Cit!y, Bc~ele,  Pro?n(>ntory Point, (irul Og(1etz 30 X 
(iO minute cluotlrcingles. 



islarid was maccc~\sr't~l~~ to thrl 1>uX)lic uiitil 
Ihvis Coutlty rc*l,uilt t l ~ r  causernay In 
1993. 
Hear LEFT (S(JL1'TFIWEST) arid f(~llo\v 
pa\ ed road to BulF;do Poixrf. 
Stop at NnfE~lo Poi1 rt fbr STOP 4 (fig. 26), 
discuseion of FI,OOD HAZARD FROM 
CKEAT SALT LAKE, Lt~id lunch. Ante- 
lopi% Iilnncl tr;~c excrllerit exposures of h k e  
Bor~ncville ant1 (:reat Salt I ake ihorelines. 
Because of icoct;it~c rc>bourld, the clevd- 
tion of the Uonrrcvillc sl~orelinc. is as 
muclr ,is 150 fit.t (45 rn) h~glter on Antc- 
lope l~l,irld t l~ tn  at tl.tt3 rrl:rrgins of the 
Borrnrville basin (Doelling txt ,d., 1988). 

Kctrace rorltt3 to 1-15. 
'lii11r LEFT (NOtiTI 1) mto 1-1,; NOKI'II- 
BOU N D. 
'Ihke ESTT 352 il'l,iifN CITY-NONTII 
OCDEN) a11c1 tun1 RIC:I-IT (EAST) on 
2700 NoKI21. Viccv to rhi, left (north) of 
Hen Lomontf Y"t.,rk. Ilijcks expo\td on the 
south fl,uik of tlte rnount,iirr consist of 
quart/: rt~onzor~itc gnei$s of the 1,owc.r 
Vrotero~otc Etrrriinqtor~ C'tlryon C:o~nplc.x 
overl,~in by ,I thrurt-L~rrlt-reI>eett~~ci: ce- 
tluence of Carrrl)riii~~ rrrnrir~c strata (Crit- 
tt~rrtlen ant1 Sol.rr~serz, 1985). 'nre pmrni- 
nent cccarprnent orr the alllrlial fan at the 
bare of the mountain triarki the Uolme- 
villc sl~orelrnc. 
lilrr~ RIGFIT (SC)IIPTkI) orl US. 89. 
Turn LEFT (EAST) oil UTAII 205 32550 
NOE$T11). 7'lre road l)eh\ctxrr the fieewCty 
exit and FVasl3irigton I'toulevard crosses 
landslicle depo\its of tire prehistoric liq- 
~refactictrr-irrduct~cl Nortlr Ogdthrl la-tid- 
slide compl (~  (Millel; 1980: Vt~rsonir~c, 
1990; IIarty ct dl., 1993). 
Turn LEFT (NCIKTI-1) on MrASI31NC- 
TON BOLJI,E\'L41ZIl. 
T~im NICEIT (EAST) on 2600 NC)RTII, 
Tii1-n 1,EFT (NOKI'IT) on 1050 EAST. 
Xrni RTGII'T (ELISFT) on 3100 NORTH 
(NOKTI-X OCDEN C:AYYON IiOAD). 
Debri\ flo\zr Irr 1901 eritcxil c~trlyon rncrutfr 
or1 the left (north), cros~ckcl tht. ro,td, ,trrcl 
deposited mntt.ncll rn the resrtlentral snb- 
dl\ icion <ti tile bace of the dliicial 611. 
I't~rk in turn-out on thc right side of the 
road for STOP 5 (fig. 27) itrrcl tliscuesion 
of the CAMERON COVE DEBRIS 

FLOW Vrtw to the v,e\t crf tllc 1991 
tlel)ni-flot\ itilc.po.;~t on tlte ,iIlrrct,rl f,ln 

Hc%trdce t oirtt* to \IZ-\SIII\C;TOY 
B01'IdiI:\'=\KI2. 

119.9 (2.61 'li~rrl LEFT (SOL ?'I-1) or, ?? -iSI11\(:- 
T( )h BOI;I,E\'ARD 

124 0 (4 1) 'Ilrrn lAI?F1' (EAS'n on 127'El STI.IEF:T 
125.2 11 2) C:tn?tir~ticb \iraigltt ,rt the t~,i-llrc Irgllt 

\\ X~r~rtl IS'TFT STREET b t~c~ t>r t~c~ \  1 '1'ttII 
3-1 

126.2 (1 0) 'litittl KICiFI'T (\'\'EST) on i AI,X,EY 
lIKI\'E: ,inti thchrr LEFT 'SOU'1'1I) into 

tllc li,til-rt,ctw (;articns pdrk~i-rg lot, iocatcd 
l t l  tilt‘ ed\t1'171 ctfllph1tht'clt~'l. of tht' ogdl~ll 
Rr1c.r l,t~~tlslrtk~ tr)riiplc~, &)r STCIP 6 (fig, 
2;) bllld f i l i ~ - t l s \ l ~ ~  01' tilt\ R.AXTC'RO\Y 
IMPOITrS LANDSLIDE 'fit I,irrtl\ldr 
1% tm thcx hltrfi wuth of tl-rt parkrng lot 
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Continue WEST on VALLEY DRIVE. Building Seismic Safety Council, 1994, NEHRP recommended provisions 

Landslides within the Ogden hve r  land- 
slide complex are on the left (south). At 
the golf course, the road crosses landslide 
toe deposits. 

127.3 (1.1) Cross HARRISON BOULEVARD and 
continue WEST on 20TH STREET. 
Follow signs for 1-15. 

130.7 (3.4) Turn LEFT (SOUTH) onto 1-15 SOUTH- 
BOUND and return to Salt Palace Con- 
vention Center. 
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ABSTRACT 

The availability of ground water is a problem for many communities throughout the west. As these commu- 
nities continue to experience growth, the initial allocation of ground water supplies proves inadequate and 
may force restrictions on existing, and future, development plans. Much of this new growth relies on ground 
water supplies extracted from fractured bedrock aquifers. An example of a community faced with this prob- 
lem is western Summit County, near Park City, Utah. This area has experienced significant water shortages 
coupled with a 50% growth rate in the past 10-15 years. Recent housing development rests directly on com- 
plexly deformed Triassic to Jurassic sedimentary rocks in the hanging wall of the Mount Raymond-Absaroka 
thrust system. The primary fractured bedrock aquifers are the Nugget Sandstone, and limestones in the 
Thaynes and Twin Creek Formations. Ground water production and management strategies can be improved 
if the geometry of the structures and the flow properties of the fractured and folded bedrock can be estab 
lished. We characterize the structures that may influence ground water flow at two sites: the Pinebrook and 
Summit Park subdivisions, which demonstrate abrupt changes (less than 1 mi11.6 km) within the hydrogeolog- 
ic systems. Geologic mapping at scales of 1:4500 (Pinebrook) and 1:9600 (Summit Park), scanline fracture 
mapping at the outcrop scale, geologic cross sections, water well data, and structural analysis, provides a 
clearer picture of the hydrogeologic setting of the aquifers in this region, and has been used to successfully 
site wells. In the Pinebrook area, the dominate map-scale structures of the area is the Twomile Canyon anti- 
cline, a faulted box-like to conical anticline. Widely variable bedding orientations suggest that the fold is seg- 
mented and is non-cylindrical and conical on the western limb with a fold axis that plunges to the northwest 
and also to the southeast, and forms a box-type fold between the middle and eastern limbs with a fold axis that 
plunges to the northeast. The fold is cut by several faults including the Toll Canyon fault, which we interpret 
as a west-directed folded hanging-wall splay off the east-directed Mt. Raymond thrust. These complex geome- 
tries may be due to at least two phases of deformation. Results from outcrop analyses show that the fractured 
bedrock aquifers are lithologically heterogeneous, anisotropic, and compartmentalized. Two exposures of the 
Toll Canyon fault show that even though the fault cores may be thin, extensive damage zones develop in the 
Nugget Sandstone and Thaynes Limestone, and shale smears form in the Triassic shales. The damaged zones 
may be regions of enhanced fracture permeability, whereas the shale smears act as flow barriers. The orienta- 
tion, density, and hydrogeologic characteristics for predominate fracture sets vary within meters. 
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In the Summit Park area, chronic water shortages required new wells to be sited in the northeast-plunging 
Summit Park anticline. The anticline experienced two phases of folding and at least one episode of faulting. 
Structural analysis of the fold defined the geometry of the structure, and a down plunge projection along the 
fold hinge was used to estimate the location of the Nugget Sandstone at a depth of 700 ft (213 m). The crestal 
region of the anticline was drilled in order to intercept regions of higher fracture density in the fold. The test 
well penetrated the Nugget Sandstone at 698 ft depth, and two production wells with long-term yields of 120 
and 180 gpm completed. One well in the Sliderock Member (Twin Creek Formation) experiences seasonal 
fluctuations whereas production in the Nugget sandstone has only subdued seasonal variations, suggesting 
the Nugget may have great storage. 

Complex structures work against the typical basin yield approach for water budgets, therefore, water s u p  
ply estimates may benefit from detailed studies within local areas. The results of this study demonstrate how 
traditional structural analysis may be used as an integral component of ground water resource evaluation and 
management in regions developed on deformed sedimentary bedrock aquifers. 

INTRODUCTION mentary bedrock aquifers (Ashland et al., 1996). Even 

Growth in the Park City area of western Summit County, 
Utah (fig. I), has exceeded 5% per year during the past five 
years (fig. 2). This rate is expected to continue since Park 
City will host several events for the 2002 Winter Olympics, 
and as the area expands to a year-round "bedrock bedroom" 
community only 32 km/2O mi from Salt Lake City. The 
majority of this growth lies within the Snyderville basin, a 
physiographic basin bounded on the west, north, and south 
sides by high ridges of the Wasatch Range, and on the east 
by low hills underlain by Tertiary Keetley volcanic rocks. 
Two principle drainages, Silver Creek and East Canyon- 
Kimbd Creek, flow from south to north and ultimately drain 
into the Weber River (fig. 1). Ground water flow occurs 
through complexly folded and fractured bedrock and dis- 
continuous, thin unconsolidated valley-fill deposits, with 
most new development relying heavily on the fractured bed- 
rock aquifers for municipal water supplies (Ashland et al., 
1996). 

The increased water supply demands associated with 
dramatic growth necessitated a basin-wide hydrogeologic 
study (Ashland et al., 1996) which identifies the likely key 
hydrostratigraphic units and their future water resource 
potential. That report was part of a comprehensive evalua- 
tion of the ground water resources of the area conducted by 
the Utah Geological Survey and U.S. Geological Survey, 
Water Resource Division, for the Utah Division of Water 
Rights and local water developers. 

This field trip presents the results of integrating struc- 
tural geologic analysis with hydrogeology in a small region, 
and provides examples of how this integration assists man- 
agement and development of local ground water resources 
from fractured bedrock aquifers. Two development sites 
within the Snyderville basin will be discussed: the Pine- 
brook and Summit Park subdivisions (fig. 1). These sites 
depend on water supplies from fractured Mesozoic sedi- 

though the Pinebrook and Summit Park subdivisions are 
within 1 mile (1.6 km) of each other, the aquifer characteris- 
tics and consequent well yields between them are highly 
variable. The Summit Park area, which consists of approxi- 
mately 200 single-family homes, experienced water short- 
ages in the 1980s and further development there is limited 
by available water. At present, the Pinebrook area transfers 
water shares to Summit Park and consists of at least 700 
single family homes, and 300 multiple family dwellings, 
and a small community services area (Dan Schofield, Gor- 
goza Water Co., pers.comm., 1996). 

Based on a regional analysis of Snyderville basin, Ashland 
et al., (1996) suggest that at least 16 dlscrete structural and 
stratigraphic ground water compartments exist that may 
influence local water well production and the prediction of 
sustainable yields. This interpretation supports the need for 
detailed geologic studies within the proposed compartments 
to assess future ground water resources in this region. 

In this trip, we will provide a regional overview of the 
physiography, geology, and development history of the area, 
and we will then visit localities which provide examples of 
the geometry of the folds, faults, and fractures which influ- 
ence ground water flow. 

GEOLOGIC SETTING 

Stratigraphy 

Figure 3 summarizes the stratigraphy of the Snyderville 
basin and the units within Summit Park and Pinebrook. 
Rocks exposed in the study area include the Triassic Thaynes 
and Ankareh Formations, the Jurassic Nugget Sandstone, 
the Jurassic Twin Creek Limestone, and minor amounts of 
Quaternary alluvium. Knowledge of stratigraphy is vital in 
recognizing the distribution of productive versus non-pro- 
ductive (confining) units within the hydrogeologic system. 
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Figtire 1. Geographic location rncq) of the Snyclemille hyclr<cllogic 
husin, avid the f'inebrook cind Surmrait Purk sul~tEioisions in zoesfenl 
Szrrnmit C(ncrzt!y, Utah (moclifiecl from A.slz1und ct a/., 1996, cirttl t f z ~  
iiSGS Salt Ikke City 30 x 60 rtninute g~mclrrrnglc~). 

The 'I'l~aynes Formation (Xt) is comprisetl of thin- to 
thick-beddecl, greenirh-brown to browi, light-gray, pale- 
recl, and ocher, fine-grained, limy sartdstone arid slitstorle 
interbedded with olive green to dull-red sliale arid thick 
becltlecl, light gray, fine grained, fossiliferotrs lirnestont. 
(Crittenden et al., 1966; Bronlfield and Crittetrden, 1971). 
Boutwell (1912) and Birrnes and Sirnos (1968) d~scribcc~ a 

Year 

Figurr 2. P~~)icZadio~t (f' Surnrrtit County. Growth ut the currertt 
mtrs wc>ukl restilt in a $ce,foll increase in population between 
I980 nrtrl 2002. Source of' dmtm throtrgh 1995. Vcpar-ltnent of' 
Roratai?rg o~ul  Artnl!lsis, 1997. 

Mid-Hccl Shale urlit that separates the Thaynes into upper 
arrd lower members of nearly equal thickness. The Thaynes 
Formation in thi5 area is between 335 to 475 m (1,100 and 
1,500 ft) thick (Brotnfi eld, 1968). 

The At~karel Foilation consists of the lower Mahogany 
biember ('Ram), the middle Gartra Grit Member (% ag), 
ttnd the upper member (%a~t). The Mahogany Menher 
consists of approximately 305 m (1000 ft) of reddish-brown 
ancl pinkish-brown, locally ripple-laminated to finely-lami- 
rrated, fine-grained sarrclstone and siltstone, purplish mud- 
stone, and a &w thin limestone beds. Tlie Gartra Grit Mern- 
her is composed of white, pinkish-white, and pale-purple 
rrrassive, cross-bedded, coarse-grained to pebbly, strongly 
rilica certlented sn~idstone grading to a deep rnaroon to 
dark pu1711e, coarse-grained to pebI)ly, poorly cet~ierited sand- 
stone near t l~c  uppennost contact. Thickness ranges for this 
formation are hetween 75 to 200 feet in the Pinebrook sub- 
division study area. 'Tlie upper inember iricludes rnoderate- 
retl, grayish-red, and grayish-purple rnudstor-re and fine- 
graiiled sandstone and is gradational with the underlying 
G;;irtra Grit Mernber. This unit is very poorly exposed with- 
in tlie study area ai~cl approximate thicknesses range be- 
tween 69 to 275 m (225 to 900 ft) (Bromfield, 1968; Brom- 
field and Crittcndc.11, 1971). 

The Jurassic rocks consist of the Nugget Sandstone (Jn) 
ttncl tl-re Thin Creek Limestone (Jtc). The Nugget Sandstone 
is a salmon colored, fine- to medium-grained, medium to 
thick beclded, ir~ternally finely cross-bedded sandstone. 
The Nugget Satlclstone is about 243 tn (800 ft) thick in tlie 
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t'iguw 3 Str(~tzgr11p1111 rrrld 11t~tlrortrc~tlgrii~~l~1~ of  thu Anf?l)n?ctk ctrtrl Surrtr~rrt Pclrk trrl>(flt t \~o , i s ,  Smrtlrrirt C'orrrtfrl, I rcrh isricrrlijrc ti' frrttri 

litrztzt~ (198i'ij c ~ n d  ,4shlrrnrl (1  996)) 

Park (hty ,irca, and approximately 475 nr (1,500 St) thick in 
the Summit Park arrcl Pirrehrctok are;t\ (Jarvi\ and Yonkec, 
unpubli\hcd report, 1993). 

Thc 'litin Creek Limestone contains seven n~ernl>cr\: the 
Gypsr~nt Sprirrg, Slitlerod, Rich, Bounrlciq Ritlgt,. \.\.&ton 
Canyon, Let& Creek, and GiriIfi'e Creek. 7'he basal Gypsum 
Spring Mc>mber i\ a gypsiferou\, r td  to rtaddi\li-l)ro\vx~ 
clayey silt\to~re and \ilty claystone conkrining locd blocks 
of gray to P I I I ~  l imest~~rt~,  The upper rr~ciiibers of tlic, 'Evil\ 
Crcek Limotonc in t11e Snydenille b,i\in area arc ~rimari- 
1y olive-clr,il,-weatliering, gray, oolitic, finely cbrystalllirie, 
and clayel to tilty (micritic) lirnestolte. The %will Creek ic 
 bout 702 111 (2,600 ft) in the Summit Park \tudy arcla 
(Critterider~ et al., 196li: Hint~e,  1988; Imlay, 1967, J'ir~is 
and Yonkce, uiipubli~hcd report, 1993). 

Ashland e.t al., (1996) e\tal)lishcd a prelirninaq Irydros- 
tratigraphy of the layered rock unit\ it1 the study area (fig. 
3). They propose that \tratigfi~phic ground water cornpart- 
nlent\ (SGWCh) consistirig of fract~lretl lilrrestone ,inti sand- 
\tone art  \cparated by confining slial) bcds wlxldr may 
liave local hydraulic contllrctiv~ti~s '~ppro'lcl~irig tho\c. of 
u~~fract t~rc rock. This st.paration of permea1)le fractirrecl 

rock nilit\ 111 poor11 ~~cri~.teal>le vonlilrmg bct1.i rs t.1 lrlencc. 
o f  stnttigr,il>hic c~nrpartlxient~tl~r:'~ tiol I 

~1il~Ortdllt dClllll;*l.$ (S(:\Y(:4) I11 the iflid) X.E'QOII t l l ~ ' l ~ ~ 3 ~  

the two ltn~c\toncb rtirit5 of t h e  ?'lra\ne\ iflornr,itroi~, tfrrt. 
Nnggt-~t S,urclstorre, tlrc, R~cbJl ,trrtl i,cbcbds C r  rch tiit*rrit tcxr.i of 
tlic. 1 B 1 r l  Crcvl\ l,lrrit*\tonc, ,triil ~>otrr~trallv (:,u.tr,~ C:nt 
k1vtembt.r o f  the Anl\,cr c.11 Fol-~n~ttroir ( i\ltl,~rltl c.t '11 . 1 C39ti) 
"l'ht coiifirrrrig 01 t~~l~t",thdt Iiktbl\ inlrtb~t grx,rlrld water 
f . 1 0 ~  ~nclude the W1i-l Red ilt'tlc tinrt 01 rl.1~. 'l'ttat~rci 
For~ti~~tion, the lo\\ ctr part of' the .ClCihoil;an\ \lc~rnber and 
the 1ippc.r niernlwr of the 41rk~irclr F i ~ r n ~ ~ i t r t ~ t ~ ,  anti tht. 
C;!-p\\tnr Spring 'tncl Bornid'il-~ R I ~ ~ c  CIC'III~>CI I of the 'h in 

C:rrcll\ Forrn,tt~orr. 

Crrttelrden yt ,d . (1966) rrr,il~ptbcl tFic Srrrnrmt Krr l\ 'tncl 
Pi~l~I)rook drtkit'r \l .!11~'h XfTC '\I\() 111clll<ied In tlnc 1 ~O(~,f)C)~) 
sc'ih 1rr;q) o f  Br>;rrtt ( 1990) TIrc riiorlunctnt \tr?rctur c r u  thv, 
region 1s ilk(> ~~o r t fx~ ,~ \ t  \t~ikitiq \ i o t ~ t i t  R t t \ ~ x ~ o i ~ c ~  ti11115t (fig 
4). uhrch carticks Pcm~rsvlk arirair t l r ~  vr rgir Cr-tlt,tccxot~s rock\ 
I I ~  its. llanging wall jC:rittciicler~ el. ,rl , I I.)6fi, A n  ant, lSIjO) 
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SALT 
LAKE 
CITY 

Figure 4. Regional fold train in Triassic (Tr = Thaynes and Ankareh Formations) and Jurassic (Jn = Nugget Sandstone) rocks in hanging- 
waU of Mount Raymond thrust (mod$ed from Bryant, 1990; Ashland et al., 1996; Jamis and Yonkee, 1993; Crittenden, et al., 1996). 
Macroscopic faults and folds present within study areas are noted. 

The traditional interpretation of the thrust is that the sinu- 
ous trace, interpreted on the basis of a small thrust in the 
Snydenille basin, reflects foldmg of the thrust plane (Critten- 
den, 1974; Crittenden et al., 1966; Bradley and Bruhn, 1988; 
Bryant, 1990; Yonkee et al., 1992). In contrast, Lamerson 
(1982) and recent mapping for Mobil Oil by McBride (pers. 
comm., 1996), suggests the thrust has a relatively straight 
strike across the area, eliminating the need for post-thrust 
folding. The Mount Raymond thrust plane dips gently north 
(fig. 5), and appears to be a smoothly undulating surface 
that records northward tilting but little or no folding of the 
thrust plane. 

Rocks in the hanging wall of the MRT are cut by a series 
of imbricate thrusts and folded within a fold train that 
extends for 20 km (13 mi) west of Park City (fig. 4; Bryant, 
1990). The folds trend northeast to northwest, plunge be- 
tween 5" to 72O, and are expressed in Triassic and Jurassic 
rocks with open to close box-like geometries. First-phase 
folds (referred to as F1) consist of a series of smaller-scale 
anticlines and synclines with generally north to northeast 
plunging fold axes, including the Summit Park anticline, 
the Toll Canyon syncline, and the Twomile Anticline exam- 
ined here. These folds developed above detachments with- 

in Pennsylvanian to Triassic strata, are locally associated 
with moderate to high angle reverse faults, and formed dur- 
ing an early phase of shortening. An early spaced cleavage 
(referred to as Sl), defined by spaced seams of clay-rich 
material, is widely developed within the Twin Creek Forma- 
tion. S1 is subparallel to F1 fold axes and strongly fanned 
about F1 folds, indicating that cleavage formed during ini- 
tial shortening. Second-phase folds (referred to as F2) con- 
sist of larger-scale anticlines and synclines with gently east- 
northeast plunging fold axes, including the Parley's Canyon 
syncline and adjacent Spring Creek anticline and Emigra- 
tion Canyon syncline. A weakly developed second cleavage 
(referred to as S2) formed during F2 folding. F2 folds may 
correlate with a series of folds exposed further north that 
formed during large-scale slip on the Crawford thrust 
(Yonkee and others, this volume) development of the Uinta- 
Cottonwood arch, or during Medicine Butte, and Absaroka 
thrust systems. 

The structures of interest on this trip are the informally 
named, Summit Park anticline and syncline, the Toll Can- 
yon syncline, the Twomile Canyon anticline, and the Toll 
Canyon and Twomile Canyon faults (fig. 4). We believe that 
understanding the aquifer and confining layer geometries 
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Figure 5. View to the southeast of the best-jt surface (in grids) of the Mt. Raymond thrust. Surface is a minimum curnature surface calcu- 
hted from digitized points along the thrust trace (dashed line) using SURFER software. Gentle north dip of a srnooth surface is suggested 
by the data. Coordinates are in feet from a datum on the Park City West quadrangle. Vertical scale is in feet above sea level. 

are important for ground water resource management and 
development in this region. 

Data Collection and Methods 

Geologic mapping and structural analysis at a scale of 
1:4500 were completed over an approximately 6 km2 (2.25 
mi2) area to characterize the geometry of the Twomile Can- 
yon anticline and macroscopic faults within the Pinebrook 
subdivision. Fracture systems in the sedimentary bedrock 
were characterized by using a modified version of the scan- 
line technique (LaPointe and Hudson, 1985). Geologic map- 
ping and cross-sections at a scale of 1:9600 were completed 
as part of a well siting and well head protection plan for the 
Summit Park subdivision conducted by Weston Engineer- 
ing in 1994-95. 

ROAD LOG 
elapsed total 
mileage mileage 

0 0.0 Start trip from Salt Palace. 
0.3 0.3 (approx) Travel south from the Salt Palace 

(approx) until a left (east) turn can be made. Down- 
town construction alters this. 

0.3 0.6 Turn right (south) onto State Street. Travel 
south to 1-80, 

3.2 3.8 Turn left (east) onto 1-80 east bound. 
1.4 5.2 Cross approximate trace of western splay 

of WFZ which has Holocene fault scarps. 
The East Bench fault forms prominent 
scarps along the 9th-11th East area in 
Salt Lake City (Personius and Scott, 1993). 
View to southeast of central part of the 
Wasatch Range. The steep slope of Mount 
Olympus consists of Tintic Quartzite in 
the footwall of the Mount Raymond thrust. 
Precambrian Big Cottonwood Formation 
and basement rock of the Little Willow 
Series core the Cottonwood arch to the 
south. Oligocene granite and quartz mon- 
zonite intrusions locally cut the crest of 
the arch. 

2.2 7.4 Junction with Interstate 215. Continue 
west on 1-80. 

0.6 8.0 Cross approximate trace of eastern splay 
of WFZ along base of mountains. 

1.1 9.1 Fractured and faulted sandstone beds of 
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Nugget Sandstone are exposed in road 
cut. A locally faulted contact between Nug- 
get Sandstone and Sliderock and Gyp- 
sum Spring Members of the Twin Creek 
Limestone is exposed to the northeast. 
Heading northeast on 1-80 we will be 
cutting obliquely across the SSE limb 
and hinge zone of the Parleys Canyon 
syncline, a major ENE trending F2 fold, 
and also across a series of smaller scale, 
N- to NE-trending F1 folds developed 
in Triassic to Jurassic strata above de- 
tachments in Permo-Pennsylvanian strata 
(fig. 4). 

0.6 9.7 Argillaceous, fine-grained limestone of the 
Rich Member of the Twin Creek Lime- 
stone is exposed in roadcuts, and is de- 
formed by spaced cleavage, multiple vein 
arrays, and minor faults. An earIy, strong- 
ly developed, N- to NE-striking, steeply 
dipping cleavage is associated with F1 
minor folds and early layer-parallel short- 
ening. A later, weakly developed, ENE- 
striking, gently dipping cleavage is asso- 
ciated with the Parleys Canyon syncline 
(see Yonkee et al., this volume, for details). 

0.7 10.4 Overpass. Complex folds are developed 
in the Watton Canyon Member of the 
Twin Creek Limestone, and spaced cleav- 
age is strongly fanned about the folds. 

1.6 12.0 Ranch exit. Argillaceous to silty limestone 
beds are cut by minor fault zones in road 
cut to northwest. Cores of minor faults 
contain scaly, clay-rich material that may 
form impermeable bamers to ground 
water flow. 

2.0 14.0 Mountain Dell exit. The ENE-plunging 
Spring Canyon anticline is exposed to the 
NNW (Crittenden, 1965). The anticline is 
cored by faulted Triassic rocks, and may 
continue northeast into the frontal anti- 
cline of the Crawford thrust sheet. 
Conglomerate beds exposed to the north 
along East Canyon may display progres- 
sive unconformities above the underlying 
tighter Parleys Canyon syncline and 
Spring Canyon anticline, recording most- 
ly Late Cretaceous development of F2 
folds (Mullens, 1971). 

1.9 15.9 Lambs Canyon exit. NNW-dipping sand- 
stone and conglomerate beds of the Cre- 
taceous Kelvin and Frontier Formation crop 

out hrther north toward the hinge of the 
Parleys Canyon syncline. 
Parleys Summit. Red siltstone and sand- 
stone beds of Preuss Formation dip NNW 
in road cuts. This information also con- 
tains salt-bearing intervals, and appears 
to have formed an important regional 
decollement during Cretaceous thrusting 
(Yonkee et al., this volume). 
Road cut in micrite beds of Twin Creek 
Formation. Summit Park is to southwest. 
Pass exit to Jeremy Ranch. Sandstone beds 
of Nugget Formation exposed in the quany 
to the west lie within the northwest limb 
of the hanging-wall ramp anticline which 
is discussed in stops 1 and 4. 
Junction with Utah Highway 224 from 
Park City. Exit 1-80. Turn right (south) on 
Highway 224. Travel 1 block to traffic 
light, turn right. 
Turn right at the traffic light. Travel 1 
block, and turn right onto the frontage 
road. Proceed north along the frontage 
road. 
Hi-Ute Ranch on left. The hills north 
across the freeway are underlain by 
northeast dipping Triassic and Jurassic 
rocks in the hanging wall of the Mount 
Raymond thrust. 
Junction with Pinebrook Drive-Entrance 
to Pinebrook Development. Turn left. 
Turn right. 
Turn left. Proceed along Pinebrook Road. 
Sharp bend in street. Veer left (south). 
Hair pin bend in street. Veer north. 
Road bends west. Stop 1. 

Stop 1. Pinebrook Overview 

The Pinebrook subdivision (figs. 1 and 6) is an excellent 
example of the extensive "bedrock community" develop- 
ment that is occumng within western Summit County and 
the Park City area. Pinebrook includes the southeast half of 
section 10 south through the east half of section 15, to the 
southern half of section 11 and south through section 14, 
T.1.S. R.3.E., Park City West 7.5 min quad.), bounded on 
the west by Summit Park and Timberline subdivisions and 
by 1-80 to the north. The development boundaries are also 
Pinebrook's water rights boundaries. Pinebrook is intriguing 
because its wells are more productive than those in sur- 
rounding communities, it contains abundant high-quality 
bedrock exposures, and the structures are poorly understood. 
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nassic Ankareh Formation -..-Contact, dashed where approximate 
-n 4 *Fault trace, dashed where approximateL 

U- upthrown side, 0-downthrown side 

8$ strike and dip of bedding 

Figurc 6. Location, regional geoln~Sic setting, geologic map cmd cle.1;~10~nnenf ($tlzc Pinaln-ook subrlicision area it i  zuesterrz Sulnlnit Cnt~nty 
nmr Park City, Zitc~h. Rc~kl rrwpping zuas corriplctcd in sections 14 11, 14, 15, T1 S, R3E using the USGS Park Cittt Wht y?~ud.rangle. 
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Table 1. Summu y of Hydrogeology for Pinebrook Wells 
(CRS Consulting Engineer's Znc., 1995; Gorgoza Mutual Water Company, oral comm., 1997) 

Formation 
Well # / Name Penetrated Well Depth Well Yield Description 

(see Figure 6) (feet) (!am) 

Spring Tank 
(Twomile Spring) 

Dan's Well 

Nugget 
Sandstone 

Thaynes 
Formation 

Thaynes 
Formation 

Thaynes 
Formation 

Thaynes 
Formation 

Thaynes 
Formation 

Thaynes 
Formation 

Thaynes 
Formation 

40-175 Seasonal production 
fluctuations common 

150-200 High turbidity, 
low usage; 

7/97 yield @ 80 gpm 

300 85 feet of alluvium; 
7/97 yield @ 240 gprn 

1000 Thaynes at 535 feet; 
artesian flow 
March- June 

- Not in use 7/97 

Deepened from 
800 ft (6/96) 

60-240 Natural spring; 
7/97 yield @ 195 gpm 

125-200 Seasonal production 
fluctuations common 

This setting provides an excellent opportunity to use struc- erally north-northeast plunging folds that most likely devel- 
turd analysis at various scales to understand the subsurface oped with movement and/or re-activation on the MRT and/ 
structure and its relation to the hydrogeologic system. or related backthrusting. A second phase of east-northeast 

trending folds (F2) appears to have rotated some of the F1 
Structural and Hydrogeological Setting folds, locally up to 40°-600. Elsewhere, northwest plunging 

Fractured bedrock units include the Triassic Thaynes 
and Ankareh Formations and the Jurassic Nugget Sand- 
stone (fig. 3). The Thaynes Formation and Nugget Sand- 
stone provide Pinebrook with its' water supply (refer to 
Table 1 for well information and fig. 6 for well locations). 
Average production rates for wells in these aquifers range 
from 40-1000 gpm, with higher average yields associated 
with increased annual precipitation (Gorgoza Mutual Water 
Co., oral comm., 1996). These formations lie within a hang- 
ing wall ramp-anticline, referred to as the Twomile Canyon 
anticline (figs 4 and 6) after Ashland et al., (1996), of the 
Mount Raymond thrust (MRT). The nearest exposure of 
the MRT occurs approximately 3 km (1.9 mi) southeast of 
Pinebrook (fig. 4). This fold train consists of a series of gen- 

folds may have folded northeast plunging folds. Possible 
causes of the F2 folds include: (1) reactivation along the 
MRT or younger thrust systems, (2) slip on a lateral ramp, 
or 93) rotation related to uplift of the Uinta arch (Bradley 
and Bruhn, 1988; Bruhn et al., 1986; Bryant, 1990; Yonkee 
et al., 1992). 

The other major structures in Pinebrook subdivision 
include high-angle faults (fig. 6) : (1) the Toll Canyon fault; 
(2) the Twomile Canyon fault, and (3) a previously unmapped 
fault, a possible splay from the Toll Canyon, in the northern 
section of the study area. The presence of these faults and 
the superposed folding within the study area complicate 
the interpretations of the structural and hyrdogeological 
setting. 



Regional ltyclrogeologic studies suggchrt that the aquifers 
in this area rrlay be strrrcturally (e.g. f;xitlts) arid rtratigraphi- 
cally je.g. Micl Red slralv i~nit  in tllc Thayrtes R)ri~iatiori) 
comp;utrnerrtidi~t~cl (Ashland et d., 19%). ,k1tlitiorkkl acluifer- 
test data will l>e ~icctled to deli~leate arid corrfirt~i tlie 
hyclrogeologic compartnl~nts associatecl with the proposed 
gcology for the Pinebrook ,tnrl Sutnrtmit I%rk sul)divi\ion\. 

Structural Axlidysis 

Structural analysis in tlie Pine1)rook sr1hdi\7isiorr (fig. '7) 
arc: (1) bc.dding attitudes areh very scattared ,i~lct tlo rtot cori- 
fonn to a1 5irlgle great-circle ( inter l~r~t  a\ a nort-cyliric~rical 
fitlcl if fitrrticd by one defbtmational event or e\~itlcnce for 
refolding al~out a non-parallel fold xis); (2) cylinclria~l k t -  
Lit tests to t l ~ r  hed data generate a11 overall fold axis orienta- 
tion of 5Ei0/038" for tile Tworn~le <:anyon anticlitre (fig. '74; 
and (3) a Kanrb eontortr plot (fig. 711) delineates four dip 
domains (la-\teep to overturned SE dips; Ib-steep to over- 
turned NW and SE dips: IIa-moderate to steep NE dips; 
arid Ill)-moderate-steep N-NE dips). Tlie preterrcd fold 
geo~nrtry interpretation for these ditta is hiterprrtatiori h 
shown in fig\ 7c.-e. Irite~prt~tatiotl A wggests a partly rlon- 
cj?lindrical, r-torthmest to solttheust pltltiging conical Sold 
(figs Ye. And 7d.) in the western portion of the sttlcly area 
that rotate5 into a cyli~idrieal, north plvr~git~g box-like ktld 
to the east (fig. Ye.). Another, less complex, folcl geon~etry is 
Interpretation I3 rhowri in figs 7f:-11. Tliis iritcrpretation 
assrtme5 c) liridrical foldir~g and suggests a gently to rnoder- 
ately plungtng, segrneutc3tl lmx-like fold with t1rrt.e cli5tinct 
a ia l  sudalcr~s: a. 282"/1$" N\li, 1,. 339O/75" NE, and c. 19fi0/ 
82" NkI'. 

The clistrihntion of tlic preclo~nitratc~ hacture trend, prc- 
sent throi~ghout the study area are s1iown in rose tliagrams 
in fig. 8. ?'tte\e plots clcmonrtrate the variation in fracture 
orientations within very rliort ctistancc.s. as indicated 1)y 
comparing the plots at each station with the station loca- 
tions  show^^ in fig. 6. Thc plots may l)(& usc.fitl in cfeterrnin- 
ing flow clirections tlrroughout the Twomile Cariyitri anti- 
cline. 

'Elm v~llielcs around. Rchtrtrn doun Pinel~rook Roatl. 

0.4 30 8 Hair pill in street. 
0.35 31  1 Junction at hair pill. \?c.cr right. 
0.1 :312 Dirt rclacl to Spring 'Etnk. Park licrca aiid 

~ d l i  to \top. 

Stop 2. Spring Tank Outcrop 

This sit(% is situated id tlic Spring 7:;urk (Twonlile Spring) 
\veil sliowr~ in fig. 6. The 'Twontile C:atlyot-t fat~lt, n ~iorth- 
\triki~ig, east-clipping to 'i'ertiail rcbver\e ftt111t that c~lts tlie 

INTERPRETATION B 

Figtlw 7 l%M utaalljsi~ j11ots i$!)ecll(lirig ciuft~ itt ~ J I C  Pit t~Im~ok ~ ~ 1 1 ) -  

cltt ision, Summit ("ozlntrj, Llfi~h C:!yliri(Zncal fit lo I~cWing plnnc, 
poki  gc~ttc.rc~fi,s (1 fi1ol cryis 1r.erzil c~rltl plringr of 03#0/t550 1; Dip 
rlornnltlt detc.rrrlinrt1 froin Kr~nlb i.otltour i$ bc~rhli?lilrg plnttr, pok~s 
(ittd r t l q )  ~"t~lc l f io~~h/z tp~ tlrown in fig 6 I?ltery?rchtioti A c (:onzi.uk 

$1 to or tv-tui-rrcct toestt>i~t Eirnl) jl)ip I)otrz(~~t~ Iiij ge~ncratt~s (1 j i~lil 
nrn ($298 O/23 q Jt~zlf-(ipi(. iitzglc ($1 H O, d C:onic.nlfif to nortl~tccat 
ohp[xttg to rerticcll, non-o~ elilrh~t-tlcd /inth (DL/? Ditinaltz 114 ge7tc7r- 
aicr ci fikl u.ris of 12/i0/21 9 hc~lflapiccrl angle o$ 179 e. Ct/lzrtr/r-ictil 
fif to riortlz-ilzp)~)lng cmd iiortlz-c~lst tl~pping lin~bs (Domnztu 11a ilnil 
lib) g(~rrc~,-utt.c a j;jk( ilxi~ of 005"/+5(i0 Infety)rftuftorr B f' C~/lznllric 
fit fo I)omai~ls la nnd I17 g ~ n ~ r [ l t r i  (1 fold rtxii O$ 032°/1.3Y g. 
Cylintlricnl f i t  to Donruins lb cinil Ill? getac~rnli.~ or fijlrl cryis of' 
004'7f5H0, 11. C~tlit~cl~-Ii,ol fit to llorr~nins 110 ark(! Ilh ger~c~rc~fe\ t h ~  
rarrte fbld oris sliozcn irt e 

Th:tytlc\ Fonnatiorr ricar the crt%st ofthe atmticlinc, is infemd 
to pa\\ just to the cad of this site, Tl-te Twomile Spring well 
,tt this bcatioti, and Daris well to the soitth\\?ckst, penetratt. 
tlme 'l'l\,tynes acpifer with yirlrls between 125300 gpni 
(T;~l)ltl 1). Spri~tg discltarge hydrographs tutd well logs citg- 
gcst that gl-ouncl water flou at tliis 1oc:ttioil i \  controlled 11y 
i r i t e r~onncc t~  fractures (CRS Consulting Ktigi~lters, IIIC., 
1995). 

'The Thaynes tiommation consists of intchecldecl lime- 
stoner, uucl 5lrales, strikes rrortlmc~ast, atrd is nearly vertical at 
this location (figs 92. and 911). Fracture dat;t was collected 
alollg vertical ;tnd ltori~ontal scattlines tl\rotrgIi bctl5 of 
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Figure 8. Equal area rose diagrams showing relative frequency offracture trends for each of the stations located infig. 6. Circle perime- 
ters range between 25-50%. A. Major fracture sets observed at qualitatiee sampling stations. B. Results ji-om detailed sampling methods 
using fracture scanline survey techniques at indicated stations. 

varying thicknesses. The predominate fracture sets for 
thick, medium, and thin beds are highlighted in fig. 9a. 
Four main fracture sets and the fracture sets with small 
amounts of offset are observed on the stereonet plots (figs 
9d.,9e., 9c.). Results from this analysis of the scanline data 
supports the sets determined qualitatively using the photo- 
graph in fig 9a. For each fracture set, the spacing increases 
with bed thickness, with the most common sets, the south- 
east-dipping joints (J2) and joints parallel to bedding ( J l )  
present throughout the outcrop in the thick, medium, and 
thin beds. 

0.4 31.6 Intersection with Big Spruce Way. Turn 
right. 

0.3 31.9 Intersection with Tall Oaks Drive. Turn 
left. 

0.3 32.2 Note complexly deformed Triassic 
Ankareh beds on left side of road. 

0.2 32.4 Intersection with Tall Oaks Circle. Turn 
left and park. Stop 3. 

Stop 3. Tall Oaks Circle--The Ecker Hill Fault 

The Ecker Hill fault juxtaposes the Thaynes Formation 
and Mahogany Member of the Ankareh Formation. This 
fault may connect or splay off of the Toll Canyon fault in the 
western portion of the subdivision. The fault surface is 
undulatory with an average orientation of 305"/65" NE. 
Figure 10 is a geological map of the site plan view and 
structural geology of this site. A damage zone of intense 
fracturing extends for at least 3.5 m (11.5 ft) north of the 
fault into the Thaynes Formation, with 0.25 to 0.50 m (0.8 
to 1.6 ft) of clay gouge adjacent to the fault core. The damage 
zone on the south side of the fault is represented by a 1 m 
(3 ft) thick clay smear in the lower Ankareh Formation (fig. 
11). Filled veins, open fractures, and small faults extend for 
several meters north of the fault core and immediate dam- 
age zone in the Thaynes Formation. Based on these obser- 
vations and the high clay content of the fault core, the fault 
may act as a combined conduit-banier system as described 
by Caine et al., (1996). Ground water flow may be minimal 
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N = 38 Bedding planes N = 6 Offset fractures 

bt N = 563 Joints u-/ N = 563 Joints 
C.I. = 2.0 sigma Circle = 265  

Figure 9. Structural analysis of the Spring Tank outcrop (station gg. inflg. 6). a. Major fracture sets are: i.) ~1--020°-0300/800-900 SE; ii.) 
1 2 4 . 6 5  '-90 '11 8 " 4 0  iii.) 13-1 05 '133 " Sx iv.) 1 4 3 1  5 '135 ' 4 5  9 Scanline results: b. Average bedding at this outcrop is 030 '190 9 c. 
Orientation of fractures with oflset; d. Poles to joint planes measured at scanlines; and e. Rose diagram of joint strike data further illus- 
trates the dominantfiacture sets at this location. 
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5 meters . 
15 feet 

Figure 10. Map view of Tall Oaks Circle outcrop. Orientations of joints are plotted with Rose diagrams south of the fault within the 
Triossic Mahogany Member of the Ankareh Formution (Kmj ,  and nwth of the fault in the Thaynes Formation (Etj. Poles to small planes in 
the Thaynes F m t i o n  are also shown. The main fault is the Toll Canyon fault (in- related splay) outlined with the relative thicknesses of 
the gouge zones on either side of the fault. 
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Figure 11. Gouge present at fault contact between the Thaynes 
Formation and Mahogany member, lower Ankareh Formation. - - 
Gouge zones in the Thaynes and Ankareh Formations are approxi- 
mately 0.25 to 0.50 m (0.75-1.5 ft) and up to 1 m (3 ft) thick, 
respectively. Extent and pervasive fracturing within the damage 
zone coupled with the high clay content near the fault core suggest 
the Toll Canyon fault at this location acts as a conduit-barriersys- 
tern (ajler Caine et al., 1996). 

perpendicular to the fault within the immediate fault core 
and damage zone, but may increase to the north of the fault 
into the heavily fractured limestone beds. Flow to the south 
of the fault would most likely be parallel to bedding but the 
abundance of clay-fill within the fractures in the shaly unit 
would tend to impede flow. 

Return to Pinebrook Road. (Note: An optional trip is to 
continue south to the end of Tall Oaks Drive, for overview 
of Winter Park Sports Park, Snyderyille Basin, and Park 
City region.) 

extend from this lot southwest through the gully north of 
sr-1, and to the east represented in fig. 6 by the approximate 
contact between the Nugget Sandstone and the Mahogany 
member of the Ankareh Formation. A damage zone at lot 
sr-1 characterized by pervasive fracturing and faulting of 
the Nugget Sandstone extends for at least 50 m (164 ft) to 
the south of the concealed Toll Canyon fault contact (fig. 
13). Scanline data were collected at sr-43 and sr-1, but not 
at the fault contact because it was buried before detailed 
work was completed. The fault cores present throughout 
outcrops sr-43 and sr-1 are composed of brecciated sand- 
stone and clay gouge, but are very thin 2-4 cm (0.8 to 1.6 
in) average (fig. 14). Because of the nature of the damage 
zone, we suggest the Nugget Sandstone has enhanced per- 
meability in this region and corresponds to a distributed 
conduit system as described by Caine et al., (1996). Other 
observations that suggest the Nugget Sandstone and the 
Toll Canyon fault form conduits at this location include: (1) 
during spring runoff flowing water occurs parallel, with 
seepage perpendicular, to the small faults at outcrops sr-1, 
sr-42, and sr-43; (2) pooling water was present into early 
summer at the sr-43 basement excavation; (3) builders have 
had to install pumps to divert water at the Sunridge lots 
identified on the map in fig. 12. 

0.7 34.8 Proceed on Sunridge Drive. The Ridge to 
the north is underlain by the Gartra Grit. 
Turn right on Gambel Drive. 

0.1 34.9 Intersection with Boothill Drive. Turn 
right. 

0.1 35.0 Intersection with Wagon Wheel Drive. 
Turn right. 

0.2 35.2 Intersection with Pinebrook Road. Turn 
left. Return to Frontage Road. 

0.9 36.1 Frontage Road. Turn left (northwest). 
2.4 38.5 Exit from 1-80. Begin to enter Summit 

0.5 32.9 Intersection with Big Spruce Way. Turn Park Subdivision. Continue straight. 

right. 0.4 38.9 Road bends sharply south (left) 
0.3 33.2 ~~~~~~~~~i~~ with pinebrook ~ r i ~ ~ .  T~~~ 0.2 39.1 Road intersection. Turn sharply left. Con- 

right. tinue on this road. 
0.3 33.5 Turn left on Ecker Hill Drive. 0.75 39.9 Road widens at outcrop of Jurassic Twin 
0.35 33.9 Turn right on Stage Coach Drive. Creek Formation. Park here for Stop 5. 
0.2 34.1 Sunridge Drive intersection. Turn right 

and park for Stop 4. Stop 5. Summit Park 

Development in the Summit Park area, combined with 
Stop 4. Nugget Sandstone at Sunridge-Toll large seasonal fluctuations in water production from exist- 
Canyon fault ing wells, had led to water shortages in this area during the 

Pervasive fracturing and faulting of the Nugget Sand- 1980s and early 1990s. Because of the need for more water, 
stone in the footwall of the Toll Canyon fault occurs at this a test well siting program was initiated in 1993, and two 
location. The Toll Canyon fault contact was uncovered final production wells were completed in 1996. Successful 
briefly during excavation of lot sr-43. The fault is inferred to siting and completion of the wells illustrates the impor- 



KEIGHLEY, E T  AL.: BEDROCK GEOLOGY O F  SNYDERVILLE BASIN, SUMMIT COUNTY, UTAH 339 

Figure 12. Sunrirlge outcrop site map. Rose diagram plots repre- 
sent joint strikes and stereograms display poles to fault planes for 
data collected along each scanline. 

tance of incorporating expertise from a variety of areas, 
including structural geology and hydrogeology. Pre-existing 
wells in this area had been completed in the complexly 
deformed Jurassic Twin Creek Limestone, but had only 
produced moderate amounts of water. Fractured sandstone 
of the underlying Jurassic Nugget Sandstone was selected 
as a likely target for a test well, but because of the complex 
structure and varying lithologies present in the area, detailed 
mapping and structural analysis were first undertaken. Here 
we discuss lithological and structural characteristics used to 
site the test well and briefly summarize completion of the 
production wells. 

The main rock intervals of interest in the Summit Park 
area are the Nugget Sandstone and Twin Creek Limestone 
(figs. 3 and 15). The Nugget Sandstone consists of well 
sorted, variably cemented sandstone cut by widely to close- 
ly spaced fractures. Permeability is variable, being highest 
in areas of more intense fracturing and lowest in areas with 
silica cementation. The Twin Creek Limestone is divided 
into lithologically distinct members that have important 
controls on ground water flow. The basal Gypsum Spring 
Member consists mostly of mudstone and forms a ground- 
water compartment bamer with very low permeability per- 

Figure 13. Photo of a portion of the Sunridge sr-1 outcrop showing 
location of scanline srl-2; a. represents location of fault core photo 
infigure 15. 

Figure 14. Fault at 6.32 meters along scan sr-1-2. Fault core com- 
posed of 2 centimeters of foliated clay with intense iron-oxide 
weathering. Damage zone extends from 5.9 meters to 6.55 meters. 
This fault is r~pproximately 50 meters to the southeast from inferred 
Toll Canyon falilt contact. The percentage of datnage zone relatizje 
to fault core is high, suggesting a distributed conrluit system as 
defined h y Caine et al., (1 996). 

pendicular to bedding (Ashland et al., 1996). The overlying 
Sliderock Member consists mostly of thick-bedded, bioclas- 
tic to oolitic limestone that is moderately to strongly frac- 
tured, and probably has variably high permeability. The 
Rich Member consists of clayey to silty, fine-grained lime- 
stone that displays well developed spaced cleavage at high 
angles to bedding. Secondary fractures along cleavage seams 
are generally small and probably mostly closed at depth, 
suggesting overall low permeabilities. The Boundary Ridge 
Member includes thin-bedded silty limestone and mud- 
stone that probably have very low permeabilities perpen- 
dicular to bedding and form another ground-water com- 
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0 490 m 

No vertical exaggeration 

Fig14r~ 16. Ge>ologir cross sc2rtion A-A 'throt~gh the Sununit Park urea. 

partment barrier (Ashland et al., 1996). The Watton Canyon 
Mernber consists mostly of dense limestone cut by moder- 
ately to wiclely spaced, thicker cleavage seals. Longer, wider 
secondary fraet~lres along tliese seams may be partly open 
at depth and some fracturt>s ntay have rtrrctt%rgone dissolil- 
tion widening, resulting in overall moderate to high perrne- 
abilities. The Leeds Creek hfeniber consists mostly of clayey 
to silty, fine-grained limestone that displays variably devel- 
oped spaced cleavage and pencil fractrlring, but most frac- 
tures are sniall and probilldy closeci at depth resulting in 
overall low permeability 

The Summit Park area lies within co~nplexly deformed 
rocks affected by F1 and F2 phases of folciing and at least 
one phase of fat~brrg (Crittenclen and others, 1966; Bradley 
and Bmhn, 1988; Bryant, 1990; Yonkee and others, 1992; 
Jarvis and Yonkee, 1993; fig. 4). Thc dominant sti~~ctural fea- 
ture in the area is the Sunlrnit Park anticline. The anticline 
has a moderately southeast-dipping southeaqtern limb, a 
moderately north- to norttrwest-dipping northwestern limb, 

and a colnples hinge region that changes geometry with 
structural level (figs. 15 and 16). Withixi the Nugget Sand- 
stone the two limbs are separated hy a high angle fault 
along a sharp hinge; within the lower Twin Creek Lime- 
stone the fold is box-like witlr a central, p1ar.n~ hinge region: 
and in the upper Twin Creek Limestone a IIroad, rounded 
hinge region is marked by dishan~lonic minor folding and 
faulting. The fold is overall riortlicast plunging, but is non- 
cylindrical, being partly conical and also having a cnrvilin- 
ear hinge line. The anticline is l~ouncled on the southeast by 
die Summit Park Gnlt zone, wl~ich includes two branches 
that bound a complexly defornied, steeply southeast-dip- 
ping to overturned parlel of rocks. The lower 61ult branch 
bounds the northwestern lin~l) of the Suri-rrtiit syncline and 
dips steeply northwest. The upper fadt branch bounds the 
southeastern lirnb of the anticline ancl ctlmes slightly, prob- 
ably reflecting a steeply dipping fa~tlt that changes strike 
and diverges upward from the lower b ~ i ~ l c h .  Although exact 
sIip directions on the f id t  branches are unknown, both 
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faults probably have a significant component of top-to-the- 
southeast reverse slip. Geometric and spatial relations be- 
tween the fault branches and anticline are consistent with a 
general model of fault propagation folding. A variety of small- 
scale deformation features are also present in the anticline 
hinge region. The Nugget Sandstone is cut by widely to 
closely spaced fractures, the Sliderock Member is locally 
faulted and thickened by minor folding, and the Rich Mem- 
ber displays vein arrays and well developed spaced cleav- 
age at high angles to bedding. 

Jarvis and Yonkee (1993) completed a report incorporat- 
ing mapping and structural analysis, and proposed a test 
well site in the hinge region of the Summit Park anticline 
(figs. 15 and 16). This site was chosen based on access and 
estimated depths to fractured strata of the Nugget Sand- 
stone in the subsurface. The Nugget Sandstone, as well as 
the Sliderock and Gypsum Spring Members, are exposed 
south of the test well site, and using the mapped location of 
the Nugget contact and an average apparent dip of 55' NE 
along the fold hinge, the estimated depth to the top of the 
Nugget was about 210 m (700 ft) at the proposed test well 
site. However, this estimate was somewhat problematical 
due to possible variations in bedding orientations from non- 
cylindrical folding and complex internal thickening in the 
hinge region. 

The test well was drilled from 1994 to 1995 under the 
supervision of Weston Engineering. The well started in the 
Rich Member, drilled through fractured, permeable lime- 
stone of the Sliderock Member and impermeable mudstone 
of the Gypsum Spring Member, and encountered the top of 
the Nugget Sandstone at 698 feet (212 m). Initial pump 
tests indicated adequate water quality and quantity from 
both the Sliderock Member and Nugget Sandstone. Two 
final production wells were then drilled from 1995 to 1996 
under the supervision of Weston Engineering, with well 7 
cased through the Twin Creek Limestone and completed in 
the Nugget Sandstone and well 8 completed in the Slide- 
rock Member (Weston Engineering, 1996). Pump tests in&- 
cated that well 7 could sustain a long-term yield of 180 gpm 
and well 8 could sustain a long-term yield of 120 gpm, and 
that pumping of each well did not produce drawdown in 
the adjacent well or in other nearby wells, probably indicat- 
ing that the Nugget and Sliderock aquifers are separate and 
confined. Well 7 had a static water level of about 26 ft (8 m) 
below ground level that showed subdued seasonal fluctua- 
tions, whereas well 8 had a static water level between about 
100 and 150 ft (30 and 45 m) below ground level that varied 
with seasonal variations in infiltration of rain and snowfall. 
These relations may reflect rapid recharge and low storage 
within fractured limestone of the Sliderock aquifer, versus 
greater storage within the Nugget aquifer, which has vari- 
able grain-scale porosity in addition to fractures. 

The well locations were selected along the crest of the 
plunging Summit anticline partly because of the likelihood 
of finding through-going, high-angle extensional fractures 
in such a structural setting (Huntoon, 1993), and the occur- 
rence of water yielding zones in the Nugget Sandstone and 
Sliderock Member appears to confirm the presence of such 
fractures. The setting of the wells also appears to confirm ob- 
servations by Stone (1967) and Bruce (1988) that mudstone 
beds act as confining layers even where folded. Although 
the integrity of the Gypsum Spring Member as a confining 
interval appears to be preserved in this area, Bruce (1988) 
also indicated that regionally this member was locally bro- 
ken during detachment faulting. 

Turn vehicles around. Retrace route to 1-80 on ramp. 

0.75 40.6 Turn right at intersection 
0.2 40.8 Turn right at bend. 
0.4 41.2 Intersection with 1-80 on ramp. Turn left. 

Take 1-80 west bound to Salt Lake City. 

End of trip. 
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New explorations along the northern shores 
of Lake Bonnevillel 
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DAVID M. MILLER 
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ABSTRACT 

This field trip begins in Salt Lake City and makes a clockwise circuit of Great Salt Lake, with primary 
objectives to observe stratigraphic and geomorphic records of Lake Bonneville. Stops include Stansbury 
Island, Puddle Valley, gravel pits at Lakeside and the south end of the Hogup Mountains, several stops in 
Curlew Valley and Hansel Valley, and a final stop at the north end of Great Salt Lake east of the Promontory 
Mountains. Stratigraphic observations at gravel-pit and natural exposures will be linked to interpretations of 
lake-level change, which were caused by climate change. Evidence of paleoseismic and volcanic activity will 
be discussed at several sites, and will be tied to the lacustrine stratigraphic record. The trip provides an 
overview of the history of Lake Bonneville and introduces participants to some new localities with excellent 
examples of Lake Bonneville landforms and stratigraphy. 

INTRODUCTION 

Objectives 

The objectives of this trip are to (1) show key new locali- 
ties along the northern shores of late Pleistocene Lake 
Bonneville in an area where unusually complete preserva- 
tion of Lake Bonneville deposits and landforms provides 
new insights into the lake's evolution; (2) visit some classic 
sites; and (3) provide an overview of Lake Bonneville and 
selected Holocene lake features in the context of climate 
history and neotectonics. Lake Bonneville is one of the best 
studied late Pleistocene pluvial lakes and its record of wax- 
ing and waning is a powerful paleoclimate proxy. This pale- 
oclimate record plays a fundamental role in paleoecology 
studies and serves as a benchmark for testing local, region- 
al, and global climatic hypotheses. Geomorphic features of 
the lake serve as vital markers for recording neotectonic 
events because both age and paleohorizontal can be estab- 
lished with shoreline features. As a result, deposits and 
landforms of Lake Bonneville provide valuable clues for 
understanding Quaternary volcanism and faulting in north- 
west Utah. In addition, modem hazards, from flooding to 

contamination and salt-water intrusion, are best understood 
within the context of the complete Holocene record of Great 
Salt Lake. Our approach will be to look at a number of 
Lake Bonneville features around Great Salt Lake, including 
at classic sites and newly discovered sites, and set this in 
the context of climate, neotectonic, and hazard themes. 

Regional description 

Lake Bonneville was the largest of numerous late Plei- 
stocene pluvial lakes that formed in the Great Basin, a divi- 
sion of the Basin and Range physiographic province charac- 
terized by playas, lakes, and internally draining rivers in 
hydrologically closed basins interspersed with north-trend- 
ing mountains that includes western Utah, most of Nevada, 
and parts of adjoining states. Although much of the north- 
eastern part of the Great Basin was occupied by Lake Bonne- 
ville at its highstand (fig. l), the Bonneville basin now is 
marked by mountains separated by wide arid valleys, and 
few perennial streams. The three broadest lowlands are 
Great Salt Lake, the Great Salt Lake Desert, and the Sevier 
Desert. Thresholds between these lowlands provided some 

'with a contnbut~on by Dorothy Sack, Department of Geography, Ohlo University, Athens, Ohlo 45701. 
W~th ammo-acld results from Darrell Kaufman, Department of Geology, Utah State Un~verslty, Logan, Utah 84322 
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Figure 2. Major Quaternary lake cycles in the Bonnecille basin 
(mod$ed from Figure 3 of Machette and Scott, 1988), cletennined 
prirnurily from outcrop data. 

started developing during the Pliocene or latest Miocene, 
about 5 to 7 Ma (Miller et a]., 1992). Many of the ranges in 
northwestern Utah are bounded by normal faults that had 
Quaternary activity, and some have experienced Holocene 
activity (Christenson et d., 1987). The principal Holocene 
fault activity is along the Wasatch Front on the Wasatch 
fault (and related faults), but faults under Great Salt Lake 
and north of Great Salt Lake in and near Hansel Valley also 
ruptured during the Holocene. This western zone of recent 
faulting also contains Quaternary volcanoes (Miller et al., 
1995), reinforcing the possibility that it is a zone of magma- 
tism and rifting (Smith and Luedke, 1984) (see Stop 7 and 
fig. 24 below). 

Late Cenozoic precursors to Lake Bonneville 

The term Lake Bonneville is used here to refer to the 
last major late Pleistocene lake in the Bonneville basin, 
which existed between about 28 and 12 ka (Oviatt et al., 
1992; Oviatt, 1997). Earlier Quaternary lake cycles have 
been documented in the basin (fig. 2), but Lake Bonneville 
and Holocene lakes are far better understood because the 
older lake deposits have been largely obliterated by erosion 
or buried by younger lake deposits and alluvium. Long cores 
of sediments from the floor of the Bonneville basin collected 
by A. J. Eardley and his colleagues during the 1950s and 
1960s (Eardley and Gvosdetsky, 1960; Eardley et al., 1973) 

Figure 1. Map of Lake Bonneville at the Bonneville shoreline stage contain evidence of a number of pre-~onneville ~~~t~~~~~ 
(1 5 ka). lakes that occupied the basin, although reexamination of 

these cores by Oviatt and R.S. Thompson (unpublished) 
indicates fewer major lake cycles than Eardley originally 

controls on lake levels, but climatic factors provided the 
interpreted from the cores. On this field trip we will get a 

primary influence on the lake's budget of water influx and 
glimpse of deposits of several pre-Bonneville lake cycles (at 

evaporation. Rivers on the eastern side of the basin con- 
the Lakeside gravel pit; Stop 3), but we will spend most of 

ributed most of the water to the lake, because they drained 
our time on deposits and landforms of Lake Bonneville. 

the largest and highest mountains. 
The topography of the northeastern part of the Great 

Lake Bonneville studies 
Basin was formed by normal faulting that created alternat- - 
ing uplifted and downthrown north-trending structural Although evidence of a greatly expanded lake was noted 
blocks, referred to as basins and ranges. This topography by the Spaniards Dominguez and Escalante in 1776, the 
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Figure 3. Graphs of surface area and volume vs. elevation in the 
Bonneville basin. Data from Currey (1990, Fig. 16). Data points are 
for shorelines of Lake Bonneville and for high and low stands of 
Great Salt Lake. 

significance of shorelines far above the level of modem 
Great Salt Lake wasn't realized until Fremont and Stansbury 
explored the basin in the 1840s and 1850s (Sack, 1989). 
Other federally sponsored surveys during the late 1800s led 
to the masterful work of Grove Karl Gilbert, who named 
the ancient lake, Lake Bonneville, and spent many years 
studying its geology, geomorphology, and stratigraphy. USGS 
Monograph 1 (Gilbert, 1890) is the full report of Gilbert's 
studies and illustrates his amazing abilities as a scientist 
and observer. 

Since the publication of Monograph 1 many people have 
studied Lake Bonneville, and ideas about its history have 
evolved considerably (see reviews by Machette and Scott 
(1988), and Sack (1989)). It is worth noting, however, that 
after more than a century, during which Gilbert's hypothe- 
ses have been repeatedly tested, many of his ideas and con- 
clusions have withstood scrutiny and today stand as the 
solid framework of a robust body of knowledge about Lake 
Bonneville. 

OVERVIEW OF LAKE BONNEVILLE 

General Concepts 

At its maximum about 15 ka, Lake Bonnedle had a depth 
of over 300 m, a surface area of 51,000 km2, and a volume 
of approximately 6500 km3 (fig. 3). It had numerous bays, 
arms, peninsulas, and islands. The large rivers that emptied 
into the lake along the high mountains to the east produced 
tremendous volumes of clastic sediment, which dominate 
the stratigraphic records in valleys along the mountain 
fronts (Lemons et al., 1996). Over most of the area of Lake 
Bonneville, however, where no rivers discharged sedment, 
the source of shorezone clastic sediment was alluvium and 
weathered bedrock on mountain flanks, and impressive 
constructional shoreline features, such as spits, barriers, 
and tombolos (some of which will be seen on this trip) were 
deposited. In distal areas where clastic input was small, the 
dominant fine-grained facies is marl.2 Typically, coarser 
grain sizes were deposited close to shore where wave ener- 
gy was high, and fine-grained facies (marl) were deposited 
offshore, but there are exceptions to these general rules 
that depend on local geomorphic controls. For instance, 
dropstones from shore ice or rootballs of rafted trees are 
common in certain settings of the marl, and some fine- 
grained sediments were deposited where wave energy was 
low and fine-clastic input was high. 

A schematic stratigraphic column of a typical white marl 
section specific to a deep-water, or low-altitude, location is 
shown in fig. 4. At higher altitudes, early and late parts of 
the history are not represented. Refer to fig. 5 to place the 
stratigraphic units mentioned here in the chronology of Lake 
Bonneville. Coarse-grained littoral deposits at the base grade 
upward into sandy marl and laminated marl (early trans- 
gressive-phase and Stansbury marl), which grades upward 
into more massive marl (deposited during the deepest- 
water phases) that generally has a lower clastic content, and 
in many places is pink or dark green in color. The massive 
marl has an abrupt upper contact with a sandy laminated 
unit (the Bonneville flood unit) that in many places contains 
abundant reworked ostracodes. The sandy laminated unit 

2Gdbe1t named one of the Lake Bonneville shatigraphlc unlts the Whrte Marl, and 
the fine-gralned calcareous facres of the Bonneville Allofonnatlon u shll referred to 
rnformally as the white marl On this field tnp we wll examrne a number of expo- 
sures of the (stratigraphic unit) whrte marl, most of which will fit the definlhon of 
marl ("a soft, grayish to whlte, earthy or powdery, usually Impure calclum carbonate 
precipitated on the bottoms of present-day freshwater lakes and ponds largely 
through the chem~cal actlon of aquatrc plants the calc~um carbonate content may 
range from 90% to less than 30%" [Bates and Jackson, 19871). In Lake Bonnevllle, 
marl was deposited even dunng the deepest stages, calclum carbonate was probably 
precrpltated in the eprhmn~on, and mlnute crystals of calcrte or aragonite settled to 
the lake bottom In places the (strabgraph~c umt) whte marl contans over 80% calcrum 
carbonate, but in other places rt may conslst of calcareous sand, depending on the 
local Input of clast~c debns 
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Figure 4. Generalized stratigraphic column of the white marl 
showing facies that are likely to be encountered at a low-elevation 
site in the main body of Lake Bonneville (mod$edfi-om Oviatt et 
al., 1994, fig. 3). Typical ostracodes in the three main facies are as 
follows. Post-Bonneville flood (Provo deep-water marl): Cytherissa 
lacustris, Candona caudata, Candona adunca, Limnocythere ceri- 
otuberosa, Candona eriensis (?); Deepest-water phase (deep-water 
massive marl): Candona adunca, Limnoc~there ceriotuberosa, 
Candona caudata; Early transgressive ~ h a s e  (transgressive-phase 
laminated marl): Limnocythere staplini, Candona caudata. Ostra- 
code abbreviations used in subsequentfigures: genus Candona: C. 
adunca = Ca, C. caudata = Cc, C. eriensis = Ce, C. decora = Cd, 
C. rawsoni = Cr; genus Limnocythere: L. staplini = Ls, L. cerio- 
tuberosa = LC, L. sappaensis = Lsa; genus Cytherissa: C. lacus- 
tris = Cyl. 

grades upward into another massive marl unit (deposited 
during the Provo stage and initial regression), which grades 
upward into coarse-grained sediments (of the final regres- 
sion). Fossil ostracode faunas in these subunits of the white 
marl are distinctive (fig. 4), and are very helpful in intra- 
basin correlations (as the water chemistry changed with 
changes in lake volume and level, the ostracode assemblages 
changed [Forester, 1987; Thompson et al., 19901). Marl 
chemistry (carbonate content, relative proportions of differ- 
ent carbonate minerals, oxygen and carbon isotopes) also 
varies systematically and will be discussed at several stops 
on the field trip. For instance, for marl pecipitated in dur- 
ing periods of relatively low lake level, the percentage of 
total carbonate, the aragonitelcalcite ratio, and the relative 
values of oxygen and carbon isotopes are relatively high 
(Oviatt et al., 1994; Oviatt, 1997). 

Some of the shorelines .of Lake Bonneville have been 
mapped throughout the basin (Gilbert, 1890; Currey, 1982; 
Currey et  al., 1984), but many shorelines do not have 
regional signatures, and can be mapped for only short dis- 
tances along individual mountain fronts. Two of the mapped 
shorelines (Bonneville and Provo) are prominent because 
they formed during periods of overflow at the basin rim 
(near Red Rock Pass, Idaho), but other mapped shorelines 
(Pilot Valley, Stansbury, Gilbert) were not threshold con- 
trolled, and are difficult to confidently identify in many 
places. On this field trip we will observe good examples of 
all five of the above-mentioned shorelines, as well as num- 
erous examples of unnamed shorelines. 

As Gilbert (1890) noted, the major shorelines of Lake 
Bonneville are not horizontal on a regional scale, but are 
bowed upward in the interior of the basin-the Bonneville 
shoreline is 74 m higher in the Lakeside Mountains than at 
the basin rim (Red Rock Pass), and the Provo shoreline is 
bowed upward a maximum of 59 m (fig. 6). Gilbert correct- 
ly attributed the deformation to isostatic rebound following 
the removal of the Lake Bonneville water load, and subse- 
quent work has refined Gilbert's shoreline mapping and the 
modeling of the isostatic response (see Crittenden, 1963; 
Currey, 1982; Bills and May, 1987). 

History 

Lake Bonneville began to rise from elevations similar to 
modem Great Salt Lake (-1280 m; 4200 ft) after about 28 
ka (all ages discussed in this guidebook, except for historic 
dates, are in radiocarbon years B.E) (fig. 5). The Pilot Valley 
shoreline, which was first mapped in the vicinity of Pilot 
Valley (Miller, 1990), was ~roduced at about the level of the 
regressive-phase Gilbert shoreline sometime after 28 ka. 
The Pilot Valley shoreline is prominent in a number of areas 
in northwest Utah, but has not yet been mapped through- 
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Figure 5. Luke Bnrlrzetjille tirne-altihul;. cume rnodifiedfrurn O1.iatt et (d., (1992, ,fig. 3) aruf Ouultt (1997, fig. 2). El~cations clre nrljzuted 
jiw the eg~cts  o f  isostutic n>hound in the basin (Oviatt clt al., 1992), arzd ages are in  1-cdiocarbon !/em-s. Open circles tire cnrl?onute radio- 
carbon snrnpk;.~ (shell, &&I), solid circles are rlisserniriutetf orgurric carf~on surrlples, solicl syzcares itre tcoocl or charcoal samples, rmd cyperz 
triurigles are basaltic (shes. U l ,  U2, arlcl 173 are utinnttu~cl trumgressiue-pf-)c~seflt~ctzrntzo~ls. 

out the Creat Salt Lake basin. Lake Bonr~eville 11:tcI reached 
an elevation of a l ~ u t  1340 m (4400 ft) I)y 26.5 ka (fig. 5). 
Later in the transgressive phase the lake experienced a series 
of fluctuations, each on the order of 30-50 m (Stansbury, 
U1, U2, U3), before reaching its highest stage at the Bonne- 
ville slrorelitle about 15 ka. The lake briefly overflowed 
(probal,ly less than 500 yr) near Red Rock Pass, ID, as the 
Boi~neville shoreline fom~ed, catastrophically dropped about 
100 m wherr the alluvial-fan thresl.~old fiiltd about 14.5 ka, 
then continued to overflow noucatastrc~phicaIly at a new 
stable threshold chiring the formation of tlie Provo shore- 
line. During regression below the Provo shoreline the lake 
dropped past an intrabasin threshold, referred to as the Old 
River Bed th~*eshold, and the lake was divided into two sep- 
arate lakes, one in the Sevier Lake basin (Lake Gunnison), 
a11d one in the Creat Salt Lake basin, which received over- 
flow from the Sevier basin. The Gilbert shoreline formed ill 
the Creat Salt Lake basin during a moderate rise behiveen 
11 and 10 ka, 

The Bonneville shorclirre ranges wiclely in degree of 
dcvelopnient and preservation depending on local geornor- 
phic controls, such as wave energy anct direction, substrate 
resistance, slope, and sedimt~nt supply. The Provo shoreline 
is cornmonly the best developed, -100 rn (-330 ft) below 
the Bonneville. Provo and Stansbury shorelines are marked 
by prominent drapes of tufa and cemented beachrock, each 
with a marl "clutn$ below, The Gilbert shoreline is rporadi- 
rally developed, and where present typically has a relatively 
fresh-looking appe:trmce. The Pilot Valley shoreline is ex- 
posed sporadically across northem Utah at low elevations, 
dncl as the erwliest regionally developed shoreline, is an im- 
portant reference kmre for measuring isostatic defonnatiorr. 

Basaltic volcanic ash has been usehl in Lake Bonneville 
stratigraphic studies (Oviatt and Nash, 1989; Miller et al., 
1995). Thc E-lansel Valley ash (discussed below) tvas erupted 
from an unidentified vent in northern Utah a1,otlt 26.5 ka. 
Several other basaltic ashes (Pahvant Butte, Tabernacle Hill, 
and Pony Express) have been described in the Sevier Desert 
region in the routlrern part of the BonneviIIe basin. 
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Figure 6. isostatic rebound of Bonneville, Provo, Stansbury, and 
Gilbert shorelines. Modi$ed from Cuwey (1990, fig. 13). The fine 
lines labeled 1552 m and 1444 m associated with the Bonneville 
and Prouo shorelines, respectively, represent the unrebounded ele- 
vations of those shorelines. Lake Gunnison, in the Sevier basin, 
merf2owed into the Great Salt Lake basin during the development 
of the Gilbert shweline. The Lakeside Mountains are near the cen- 
ter of the Lake Bonneville water load, and therefore, the shorelines 
are rebounded the greatest amount in this area. 

and magnitude of water-budget shifts during the late Plei- 
stocene and Holocene. 

Although the timing of the final regression of Lake 
Bonneville is known to have occurred between about 14 
and 11 ka, the details of the regression are poorly under- 
stood because of the paucity of suitable datable materials in 
meaningful contexts. The isostatic response of the basin to 
loading and unloading is still being refined (Bills and May, 
1987). For example, the altitude of the Gilbert shoreline 
varies from place to place in a way that is not easily predict- 
ed by isostatic models. It is higher on the northwestern 
edge of the basin (4260 ft [I298 m] from the Pilot Range 
along the Utah-Nevada stateline to Curlew Valley) than else- 
where along north shore (4250 ft; 1295 m). 

Other unanswered questions include: (1) Where was the 
Hansel Valley ash eruptive center? See more discussion 
below-locating the vent is important in assessing regional 
geologic hazards. (2) The Pilot Valley shoreline (-4275 to 
4295 ft; 1303-1309 m), which formed early in the transgres- 
sive phase, has not been studied in detail: was its develop- 
ment regional in extent, and what is its age and paleocli- 
matic significance? (3) Was the rise to Stansbury very rapid, 
and were there significant lake-level fluctuations between 
the time of eruption of the Hansel Valley ash and the Stans- 
bury oscillation? (4) What is the origin of the double shore- 
lines at the Provo level, and how did isostatic rebound 
immediately after the Bonneville Flood affect shoreline 
development at the Provo? 

Unresolved questions OVERVIEW OF GREAT SALT LAKE 

A number of questions about Lake Bonneville history are 
still being pursued. The transgression of Lake Bonneville, 
and all the falling-lake events (or regressions), such as the 
Stansbury, U1, U2, U3, the post-Provo regression, and the 
post-Gilbert regression, were caused by climate change in 
the basin. For most of its history the lake was hydrographi- 
cally closed so that changes in lake level reflect shifts in the 
water budget of the basin. The Bonneville cycle as a whole 
was correlative with marine oxygen-isotope stage 2, and 
each of the major falling-lake events was correlative with 
the abrupt termination of an iceberg rafting event in which 
large quantities of debris were deposited on the floor of the 
North Atlantic Ocean (Oviatt, 1997). The iceberg-rafting 
events were associated with global climate changes (Bond. 
and Lotti, 1995). Therefore, the Bonneville-basin water 
budget was sensitive to global climate change on time scales 
ranging from at least 105 to 103 yr. The rapid response of 
Great Salt Lake to El Nifio forcing during the 1980s sug- 
gests that the basin has the potential to yield high-resolu- 
tion (decadal?) paleoclimate records if complete, unmsturbed 
sedimentary sequences can be identified and sampled. More 
work is needed (and underway) to help refine the timing 

Great Salt Lake is a shallow, highly saline lake in a hydro- 
logically closed basin, which fluctuates largely as a result of 
climatic and human-induced influences (see Gwynn, 1980; 
and Arnow and Stephens, 1990). A pair of thresholds north 
and south of the Newfoundland Mountains control over- 
flow to the Great Salt Lake Desert at -4217 ft (1285 m) 
altitude (Currey et al., 1984). At the average historical lake 
level (4202 ft; 1280 m), maximum depth is roughly 35 ft  (11 
m) and areal extent is 1800 mi2 (4600 km2) (Currey et al., 
1984). The lake lies in an arid basin, and input is mainly 
from rivers draining mountains east of the lake. Principal 
stream inflow is from the Bear, Weber, and Jordan Rivers 
(fig. 9); this inflow is roughly double the direct contribution 
to the lake from precipitation. The shores of the lake typi- 
cally have broad shallow mud flats that grade laterally to 
steeper areas, with the result that moderate lake-level fluctu- 
ations can produce either dramatic shoreline changes across 
the flats or very little shoreline change along steep slopes. 

Prehistoric Great Salt Lake 

The shoreline record that postdates the Gilbert-age lake 
deposits gives some information on major Holocene high- 
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Figure 7. Holocene history of Great Salt Lake mod$.ed from 
Currey et al., (1984; see also Murchison, 1989). 

stands of Great Salt Lake (fig. 7). At Locomotive Springs on 
the north shore of Great Salt Lake, a wave-cut notch at 
4240 ft and a gravel beach at 4230 ft may be regressive 
shorelines of the Gilbert Stage but more likely are distinct 
Holocene lake highstands. A sand and gravel beach at 4218 
ft rests on Holocene lake muds and represents one of the 
Holocene high stands of Great Salt Lake. Elsewhere along 
the north shore of Great Salt Lake 4240-ft and 4220-ft 
beaches are very common. Currey et al., (1988) described 
evidence that a 4221-ft shoreline formed between 2.5 and 
2.0 ka. Some stands higher than the 4217-ft thresholds have 
taken place during the late Holocene, including the Little 
Ice Age highstand about 400 years ago (Currey et al., 1984). 
Atwood (1994) has been studying how the elevations of 
Great Salt Lake shorelines are affected by processes such as 
wind-generated lake-level changes, wind seiches, earthquake 
seiches, and diking or other human activities. An under- 
standing of these geomorphic processes is important for 
accurate reconstructions of ~aleolake levels, and for assess- 
ing geologic hazards associated with rises in lake levels. 

Historic lake levels 

Great Salt Lake typically has 1- to 3-foot annual varia- 
tion in lake level caused by seasonal variations in evapora- 
tion and influx. The hydrograph (fig. 8) for recordings at the 
southern end of the lake illustrates longer-term variation in 
lake levels, including the historic highs in the early 1870s, 
and in 1986-1987 (both rises reachedalmost to 4212 ft), and 
low in 1963 (4191 ft) (Mabey, 1986; Arnow and Stephens, 
1990). 

The Southern Pacific Railroad causeway bisecting the 
lake from Lakeside to Ogden artificially controls lake level. 
Most of the fresh water enters the south arm of the lake, 
and construction of the causeway in the 1950s, and modifi- 
cation in the 1980s, has caused lake levels in the northwest 
arm to be lower than in the south arm by several feet. In 
addition, the north arm has much higher salinity and slight- 
ly lower water levels. Several openings in the causeway 

Figure 8. Historicalfluctuations of the su&ce altitude of the south- 
ern part of Great Salt Lake. Data* the US. Geological Survey, 
1996 Web Site. 

allow water from the south arm to flow to the north at the 
surface, although dense saline water from the north arm 
also flows southward through the causeway openings. 

The high lake levels caused by floods of the 1980s were 
probably similar to the those of the 1870s, although the first 
lake-level gage was installed in 1875, so the pre-1875 levels 
are estimates (Mabey, 1986). In the 1980s, the lake rose 
rapidly during a five year period (1982-1986) from about 
4200 ft to almost 4212 ft (reported as 4211.85 ft) during 
1986, and then dropped just as rapidly to its present level. 
The rate of rise and fall during this flood event was greater 
than 2 ft per year, despite significant human water con- 
sumption. Similar rates for past recorded rises and declines 
in lake level demonstrate the rapidity with which lake levels 
change. Most population growth in the region took place 
during a time when the lake was below its average level, 
and the roads and buildings constructed at low altitudes 
and were considerably damaged during the lake rise of the 
1980s. To help control the damaging effects of high lake 
levels, a pumping plant was constructed in the southern 
Hogup Mountains to pump water from the lake to shallow 
basins in the Great Salt Lake Desert, which together acted 
as a huge evaporation basin (U.S. Geological Survey, 1987). 
Pumping during 1987 flooded roughly 600 mi2 (1700 km2) 
west of the Newfoundland Mountains. 

Shorezone features 

Oolitic sand is currently forming in shallow water around 
most of the margins of Great Salt Lake (Eardley, 1938; 
Gwynn and Murphy, 1980), except where clastic deposition 
and fresher water dominate near the deltas of the Bear and 
Jordan Rivers. In places, oolitic sand is reworked into 
eolian dunes at the shoreline. 

We will observe or pass close to a number of springs and 
marshes at the margin of the lake on this field trip. Most 
notable will be the marshes at the Public Shooting Grounds 
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at the north end of Bear River Bay. The Bear, Weber, and 
Jordan Rivers have built deltas along the east shore of 
Great Salt Lake. 

Ecology and contamination 

Despite its high salinity, Great Salt Lake supports a 
healthy ecosystem. Typical organisms include bacteria, blue- 
green algae, diatoms, brine shrimp, brine flies, and other 
aquatic insects. The lake itself, and the springs, deltas, and 
marshes at the margin of the lake, support a diverse avifauna. 

Restricted circulation in the lake, due both to natural 
causes such as shallowness and long islands, and also to 
artificial bamers such as causeways, has served to concen- 
trate contaminants in parts of the lake. Effective mitigation 
of contamination relies on traditional hydrologic principals 
such as knowing paths and rates of water input and circula- 
tion, and also a detailed knowledge of the chemistry and 
physical attributes of water in different parts of the lake. 
The unique waters may provoke unusual reactions with 
contaminants. 

FIELD TRIP GUIDE 

This trip will start and end in Salt Lake City, and will 
circle Great Salt Lake in a clockwise direction (fig. 9). We 
will use highway mileage markers for locating features dur- 
ing travel dong major routes such as Interstate freeways, 
and give odometer mileage for roads off the major routes. 
We reset mileage to zero after each stop. Elevations are 
given in feet throughout the guidebook because the USGS 
7.5-minute topographic quadrangles and benchmarks are in 
feet, and it is easier not to convert to meters (metric equiva- 
lents are given in parentheses). 

DAY I 

Travel west from Salt Lake City on 1-80, 

Mile 104. To the north, Saltair recreation park lies on 
the gently sloping shore of Great Salt Lake. It was built in 
the early 1980s as a partial replication of the historic Saltair 
park, and promptly flooded during the 1982 to 1986 rise of 
the lake. Despite attempts to dike around the building, it 
was damaged extensively. Water stood at least 5 ft deep at 
the building. Note how far the lake has now receded. Kenne- 
cott's copper smelter lies south of the freeway. Marshes 

Figure 9. Field trip stops and road route. Heavy lines are interstate 
highways; lighter lines are paved highways; dashed lines are grad- 
ed gravel roads. Average shoreline for Great Salt Lake (4202ft) is 
shown. Mountains (shaded) are outlined by the Provo shoreline. 
Adaptedfiom Currey et al., (1984). 

between the airport and Saltair are Holocene in age, and 
comprise part of the Jordan River dstributary system. 

Mile 93. In this vicinity both 1-80 and the parallel rail- 
road north of the highway were raised during the mid- 
1980s as the lake rapidly rose to its highstand of almost 
4212 ft during the early summers of 1986 and 1987. Note 
fenceposts still partly submerged. 

Mile 84. Exit here (Grantsville exit). Set mileage to zero 
at stop sign. Turn right (north) and follow paved road west 
and north through several bends. 

0.5 Pavement ends. Cross railroad heading north. 
4.2 Intersection; take left fork. 
6.0 Crossroads. Turn r i d t  (east) and drive to floor of 

gravel pit. Shorelines are visible on the moun- 
tain facing us. 

STOP 1. Stansbuw shoreline on Stansbury Island. 

We will examine exposures in Stansbury Gulch that show 
a section of the white marl and a wedge of tufa-cemented 
gravel that can be traced to the Stansbury shoreline. The 
exposures demonstrate that the Stansbury shoreline formed 
early in the lake history and that offshore stratigraphy can 
be linked to geomorphic features. 

Cream-colored sandstone outcrops form the west ridge 
of the short, steep valley, and gray limestone, the east. The 
tufa-cemented prominent shoreline high on the sandstone 
outcrops is the Provo shoreline, and the fainter shoreline 
about half way between the gravel pit (at the base of the 
mountain) and the Provo shoreline is the Stansbury shore- 
line. Both shorelines also can be seen on the limestone 
ridge. Most gravel exposed in the gravel pit at the base of 
the mountain was deposited during the initial transgression 
of Lake Bonneville. In some parts of the gravel pit, the 
white marl can be seen overlying trasnsgressive-phase 
gravel near the top of the exposure; the marl is overlain by 
a few meters of cobbles, which were deposited during the 
rapid regression of the lake. The white marl was truncated 
in most places during this regression event. 

Walk up Stansbury Gulch to the northeast. A jeep track 
traverses the east side of the valley and may be drivable as 
far as a pit in the diatomaceous marl. The stratigraphy and 
geomorphology of Stansbury Gulch have been described in 
several previously published guidebooks (see Currey et al., 
1983; Green and Currey, 1988). Two or three thin sand 
beds in the diatomaceous marl in the lower parts of the 
gully exposures can be traced up slope into thicker sand 
and then into a thick wedge of tufa-cemented gravel that is 
coincident with the Stansbury shoreline (fig. 10). A radio- 
carbon age of 20.7 ka (Currey et al., 1983) determined on 
gastropods collected from the sand at the lower end of the 
gravel wedge, in addition to the stratigraphic relationships, 
indicates that the Stansbury shoreline formed during the 
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Figure 10. Stop I-Schematic measured sections from the walls of 
the gully at Stansbury Gulch (modijied from Currey et al., 1983, 
and Green and Cumey, 1988). The sections are simplijied into 
three main units: lower marl (below the S tanshy  sand and grav- 
el); S tanshy  sand and gravel, including the thick tufa-cemented 
gravel; upper marl (which represents deep-water deposition 
between the time of development of the Stansbuy shoreline and 
the regression below the Provo shoreline); and Holocene colluvium 
and debris f i w s .  Two radiocarbon ages have been obtained from 
these sections: 20.7 ka on Pyrgulopsis (Amnicola) shells from the 
Stansbury sand; and 24.9 ka on fine-grained CaC03 from the 
lower marl (Green and Currey, 1988). 

transgressive phase of Lake Bonneville during an oscilla- 
tion in lake level. Stratigraphic and geomorphic interpreta- 
tions from other locations in the Bonneville basin indicate 
that the total amplitude of the Stansbury oscillation was on 
the order of 45 to 50 m (150-165 ft) (Oviatt et al., 1990), , , 

although the evidence at Stansbury Gulch is insufficient in 
itself to demonstrate this. 

The Stansbury oscillation is one of at least four major 
oscillations in lake level during the transgressive phase, 
each of which represents a significant change in water bud- 
get driven by climate change in the basin (fig. 5; Oviatt, 
1997). For example, the Stansbury oscillation represented 
surface-area and water-volume changes of about 5000 km2 

and 1000 km3, or relative changes of 18 and 50%, respec- 
tively (Oviatt et al., 1990). The other transgressive-phase 
oscillations had similar magnitudes, and represent climate 
changes probably associated with shifts in the mean posi- 
tion of storm tracks, which in turn were possibly deter- 
mined by changes in the size and shape of the Laurentide 
ice sheet (Oviatt, 1997). 

global climate change (European loess cycles and deep-sea 
records). However, a quick look at the core in 1993 con- 
vinced Oviatt and Bob Thompson (USGS) that Eardley et 
al., had missed the deposits of the deepest Quaternary lake 
in the basin (Lake Bonneville). That is, the white marl of 
Lake Bonneville is in the upper 6 ft of the core-an interval 
described by Eardley et al., as soil and interpreted as evi- 
dence of dry to shallow lake conditions. Therefore, in 1995 
Oviatt and Thompson reexamined the Burmester core (and 
other cores taken by Eardley in the 1950s and 1960s) and 
concluded that the core contains a record of mudflat, 
eolian, and marsh sedimentation interspersed with a few 
units of marl deposited in deep lakes. The original paleo- 
magnetic results, and recently obtained tephrochronology 
(Williams, 1994), provide age control for the past -3.3 Ma. 
We concluded that there were only four major deep-lake 
cycles represented in the Burmester core, including Lake 
Bonneville, during the last 700 ka, in contrast to 17 deep- 
lake events interpreted by Eardley et al., (1973) for the 
same time interval. It is obvious that much more work 
needs to be done on the pre-Bonneville lacustrine history 
of the Bonneville basin. 

Mile 81. Note the good view of the Bonneville, Provo, 
and Stansbury shorelines on the north end of the Stansbury 
Mountains, south of the freeway. The Provo shoreline is 
most prominent, and is draped by tufa-cemented beachrock. 

Mile 77. Morton Salt plant on the right. Salt and other 
minerals extracted from Great Salt Lake brines are a key 
industry for the region. 

Mile 62. Exit toward Lakeside. Reset mileage to zero at 
stop sign. Turn right and follow paved road toward Military 
area. 

View over Puddle Valley, an internally-drained 
valley within the Bonnedle basin. The two passes 
at the south end of Puddle Valley (one close by 
to the southeast and the other farther to the 
southwest where the freeway disappears over 
the horizon) are about 80 m below the Provo 
shoreline. The pass at the north end of the val- 
ley, which we will study at STOP 2, is lower. 
Muddy marl outcrops are in the road cut; ostra- 
codes indicate that the marl was deposited 
while Puddle Valley was innundated by Lake 
Bonneville. 
Cross Lake Puddle shoreline. Currey (1980) 
noted and named this shoreline, which does not 
match regional shorelines of Lake Bonneville 

Retrace route to 1-80 and enter freeway headed west. (see the contribution by Sack below). 
Near this location the 1000-ft (300-m) deep Burmester core 8.9 Bonneville marl capped by eolian sand in expo- 
was taken in 1970 by A. J. Eardley and his colleagues (Eard- sures along the road. 
ley et al., 1973). Eardley et al., attempted to correlate their 13.1 Reduce speed as we approach a high mound 
interpretations of the Burmester core with other records of with steep fronts north and west of the highway. 



This is a Inass of gravel (I-eferrt.d tit by Sack 
[bclow] as an inflow feilt~trct or har) tltat was 
ernplaced into a lakc in Puddlc lr;illcy. A5 the 
road clirnhs the grace1 ~iiorrt~tl, notch tlw steep 
southern fi-ont, nnrl that the niotlrrd has an 
ut~dtllating surface, with ,\vales filled I)y rnarl. 
The undulatiot~s are megaripple-like features, 
s~xtcccl 6 to 270 m apart. The. rrtarl is post- 
S~an~l-tbu~y in age, on the basis of ostrlicode stud- 
ies. 

14.4 Pass road on right to blrrathall ['ass. 
14.9 r I i ~ r ~ ~  ri&t (east) or1 gravel road, pass ririder 

pc)wer lines. 
15.1 Bvar left to a grnvt=l pit nrtcl 1):iss sign "No tres- 

passing-Government Property." Continuc into 
pit ;illd on the left. 

STOP 2. Stansbury osciIlation and catastrophic inflow 
at Puddle Valley. 

Lakc Uoniie\,ille's Pttddlc Kdley Connection 
by 

Dorothy Sack 
Depwtrner~t of Geography, 122 Clippinger I d ) s  

Ohio University, Athens, Ohio 45701 

P~rdcllc Valley is a 400-hm%losed clrninage lrasirr located 
approxirrtatc~ly 100 km west of Salt Lakc. City tlcar the cell- 
tcr of' the Lake 13ot1nt~villc basin. Its clevatiot~ r:utgc's from 
4317 ft (1316 111) on the valley floor to 6625 ft (2019 rn) at 
tllc higllcst peak in the Lakcsiclc Xfo~mtain\, which forni 
the vallry's eastern botrndary. Puddle \%lley is conlpletely 
srtmnrlcletl 1)): tl-litt is, ir~set into, the Bo~rnevillt~ basin. For 
lllost of tllc last deep-lake cycle P~rclc~le 'Clallcy \\>as it11 inte- 
grated subbasin of Lake Bonneville anct corttairrt.ci arb arm 
of tht. great lake (C,ill)ert, 1890; Curre!? ct id., 1984). Sliore- 
line. evidence rc\eals that an indeperlcltnt Lake Puddle 
(C:trrrry, 1980) itccr~piecl tllr v:dley at least hric~fly after its 
re-isolation ti-onr Lake Uonneville (Sack, 1"395), but today 
there is tlo nattzrally oceurri~tg pert~rrniitl or i~ltt~rtt~ittent 
surface \k7ater in the valley. 

Thu lowrest point oti Pucldle \%ley's drainage divicle lies 
irr tlii; r~lrnatiictl pass through w7hich the pavecl highwa~ 
exttxnds at the II~I-th eiitl of the valley. Tlre tllresholcl has a 
tnodcr~i elevation of al,out 4470 ft (1362 rn), wlrich is belo\v 
thcb ~riotk~rn loc:d elevations of all thl-r'ta major 1,akt. Botlrrc- 
ville sllorelincs, the Uonneville (5330 ft; 1625 ni), Provo 
(4925 St; 1501 tn), auttf Stanshttry (-4530 St; -1380 rn), a11tl 
iil-tove the post-Botrneville Lake Pr~cldle level 1390 ft (1338 
In) (Crrrrc,y. 1982; Sack, 1995). Pudclltb lJiilley hrcart~t part of 
tlie Uonnevillc basin when Lake Bonncville spilled ti-om 
the north over this threshold into Pttddle Mdley The inflow 
event is markecl in the pas5 by a 1.2-krr~ long spillway that 
slopes to tlrc soutli arid by a clisti~lctivt landform, first tlottd 

l>y C ~ U L ? . ~ ~  (1980), that is preserved just 1)c->yoncl tlzc encl of 
the spillwa? in Ptltldle Mdlcy 

Tlle Lake Uonrrevillr itiflow feature in Puddle Valley is a 
large-scale, tot~g~ie-shaped l-tar on \vhich are found giant 
current rippltss (fig. 1 I) .  'Fhe gravel bar, uhicll is 1.5 km 
long and up to 1.2 knr \vide, consists of a pan on the up-cur- 
rent side bordercd by a coritirruous lateral and lee-side. rirn. 
Elevations range fwnt 4400 ft (1341 111) at the distal b:lse of 
the bar to 4450 St (1357 111) at the crest of the liighest I d -  
fonn. iiloilg tlw I~igllway road cut, the moderately asytn- 
rncti-ieal giant current ripples range in height from 0.2 to 
5.2 m, in Ic~ngt11 from 6 to 271 nl, and in vertical form intlex 
(Lm) ftorn 15 to 71 (fig. 12). The ripples mnsist of grcivrl 
cross I)t*tis tlliit clip 9' to 24' to~v;irds Puddle \'alley (:lasts 
\amplecl from 14 .;etliment pits dug in the bedforms l ~ t l  art 
,ivcrage A xxis of 10 ern and the overall ten largest clasts 
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Figure 13. Pl~oto o f  grauc'l pit ~ X ~ ~ O S ~ I W  nt ,sfol) 2 (c'ccst of Putl(1le 
Valley threshold). 

age, and that the catastrophic inflow to Putldle Valley is also 
pre-Stansl~u~y or Stans1,ury in age. Cross-bedded sand at 
the base of the exposure is overlain I)y allout 65 cnl (2 ft) of 
sandy marl. A carl3oniite hivd ground in the upper part of 
the marl may mark the stratigraphic position of the Bonne- 

Figt~re 12. Measured cross section tlzrough ginnt czcrrent ripples on 
the Ptcddle Valley inflow /b(c7: 

had an average A axis of 35 cm. The surface of the bar com- 
plex is mantled with Lake Bonneville white marl, clastic 
lacustrine fine-grained sediments, and postlacust~ine eolian 
sandy silt. 

The dimensions of the giant current ripples, size of con- 
stituent clasts, and presence within the bedforms of lip-up 
fragments of pre-Bonneville Iiicustrine marl (R.M. Forester, 
1992, pers. comm.), tufa, and beachrock indicate that inflow 
was a high-velocity event accompanied by sudden cata- 
strophic failure of the threshold. Because evidence of the 
Stansbury shoreline con~plex, which formed between about 
22 and 20 ka (Oviatt et al., 1992), is found in Puddle Valley 
(Sack, 1995), the valley must have become part of the 
Bonneville lake basin before Stansbury shoreline time. 
Using the Lake Bonneville hydrograph (fig. 5) and the 
Puddle Valley threshold elevation, corrected for postlake 
liydroisostatic rel,ound (Currey and Oviatt, 1985), it is esti- 
mated that Lake Bonneville spilled into Puddle Valley and 
created the inflow I ~ a r  allout 25.8 ka and that the two basins 
re-isolated no later than a1)out 12.2 ka. 

ville flood-marl and sand al~ove this contact are coarser 
grained, and contain gastropotls typical of Pn~vo  and post- 
Provo deposits (St(lgnicok1 [[formerly L!y~nntreci] and P!yrgrrlosis 
[formerly Arnnicokr]). A sample of gastropods collected from 
the sand directly al~ovc the marl yielded a racliocarl,on age 
of 16,620 yr B.P (Beta-100449). This apparent age, which is 
several thousand years oldcr than expected, is inconsistent 
with the interpretation 1,ased on independent stratigraphic 
information (lithology, ostracodes, gastropods), ant1 suggests 
that at least some of tlie dated gastropod shells were 
reworked from older deposits. 

The hypothesis that some of the sl~ells might 1,e reworked 
is supported I,y amino acid analyses of a sul)sample of the 
gastropod shells. DnrreII Ktiufnian (Utah State University, 
unpublished data) found potentially two dinkrent age 
groups of shells for each of the two genera. For instance, 
the average ratios of alloisoleucine to isoleucine for a total 
of twelve analyses arc: for Stngnicoln, (group 1) 0.113 f 
0.001, n=2  and (group 2) 0.133 f 0.006, n=4; and for 
Pyrgzllopsis, (group 1) 0.149 f 0.002, n=4  and (group 2) 
0.164 + 0.004, n=2. Reworking was likely a common 

[end of contribution from D. Sack] 

process in Lake Bonneville, especially in certain environ- 
ments during the rcgressi\~e phasc of tlic lake, or during 
smaller-scale fluctuations. 

Marl exposed in the wall of the gravel pit east of the 
PuddleValley threshold (fig. 13) is tlie upper, or post-Stans- 
I~ury, marl as shown by the ostracode faunas. This indicates 
that the spits and 1)aniers in the vicinity of the pass (fig. 14), 
on which the marl rests, are pre-Stanslsbluy or Stansbury in 

Return to the pi~vetl road, reset mileage to zero, and 
turn right (north). 
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, ! f  
Spil lway- 

lnfl ow bar 

ddl e 

Figure 14. Stereo pair of Puddle Valley pass area. Aerial photographs were taken August 10,1953. 

0.5 Bear r i d t  on a gravel road. Paved road goes to STOP 3. Multiple barrier beaches at Lakeside quarry. 
military base. 

7.5 The large tombolo on the skyline to the east is at 
an altitude between the Stansbury and Provo 
shorelines, just below the Provo. 

8.4 Bear left at fork in road. Twin Hills (near Lake- 
side) lie in the distance to the north. Both have 
prominent Provo erosional platforms with sea 
stacks in their centers. 

Homestead Knoll lies west of the road. Home- 
stead and Cathedral caves, both in Homestead 
Knoll, have an important lacustrine and terres- 
trial record that is currently being studied by 
David Madsen (Utah Geological Survey) and 
colleagues. 

12.9 Continue straight (north) on main road. 
14.3 Turn right (east) on small gravel road toward 

pump house. Park about 150 ft past pump. Walk 
to edge of quarry (to the north). 

From the edge of the quany, look east at the architecture 
and stratigraphy exposed at the east and south ends of the 
quarry where deposits of at least five lake cycles are 
exposed. The youngest of these is the Bonneville lake cycle, 
which is represented by a transgressive-phase gravel bamer 
overlain by the white marl. Underlying the Bonneville de- 
posits is a sequence of at least four pre-Bonneville lacus- 
trine units that are ripe for study (fig. 15). 

Unit 1 is poorly exposed at the base of the east wall of the 
pit. It consists of coarse foreset gravel and minor carbonate 
mud that fills spaces between clasts. We know virtually 
nothing about the lake cycle created that it. 

Unit 2 consists of horizontally bedded gravel that thickens 
to the south into foreset gravel of a bamer beach. On the la- 
goon side of the bamer, and exposed in a bench that trends 
west from the east wall of the pit, the bamer is conformably 
overlain by a marl unit that dips to the south (fig. 16). The 
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Figure 15. Photo of deposits on east wall of Lakeside gravel pit. Numbers refer to gravel units rliscussed in the text (under Stop 3). 

marl is about 0.8 m thick, and grades upward into reworked 
lake deposits and lagoon fill about 1.5 m thick in which a 
calcic paleosol is developed. The paleosol is overlain by 
well sorted sand and gravel (unit 3?) of a younger lake 
cycle. 

Ostracodes from the marl (fig. 16) suggest that the lake 
in which unit 2 was deposited may have reached a level no 
higher than levels equivalent to the Stansbury shoreline of 
Lake Bonneville. Only two species of ostracode are present 
in the unit-2 samples, Limnocythere staplini, and Candona 
caudata (?), and the assemblage is dominated by L. stciplini. 
By comparison, this assemblage is found in the lower part 
of the Lake Bonneville marl, which was deposited before 
the lake reached the Stansbury shoreline. At lake levels 
higher than the Stansbury, the water chemistry changed, 
and other ostracodes begin to replace L. staplini (e.g., L. 
ceriotuberosa) (Forester, 1987; Thompson et al., 1990; Oviatt, 
unpublished data). Note that reconstructions of the Cutler 
Dam Lake cycle (-40-70 ka; fig. 2; Oviatt et al., 1987) sug- 
gest that it reached a elevation of no higher than about 
4400 ft (1340 m), which is roughly the elevation of the low 
point of the Stansbury oscillation of Lake Bonneville. The 
highest level attained during the Little Valley Lake cycle 
(-150 ka) was an elevation between the Bonneville and 
Provo shorelines (of Lake Bonneville), and ostracode 
assemblages from marl of Little Valley age are more diverse 
(Oviatt, unpublished data). Therefore, the ostracodes in the 
unit-2 marl suggest that unit 2 was deposited in a relatively 
low pre-Bonneville lake, possibly of Cutler Dam age. 

The lagoon sediments in which the paleosol is devel- 
oped, and which overlie the unit-2 marl, can be traced to 

the west across the floor of the pit, where they wade into 
silty lagoon fill that contains a white bed, 3 0 5 0  cm thick, of 
reworked fine-grained volcanic ash. Microprobe analyses of 
a sample of the ash suggest a correlation with one of the 
Mt. St. Helens ashes, which have been dated between -40 
ka and 150 ka (Mike Perhns, and Andrei Sarna-Wojcicki, 
personal communication, 1996). The possible correlates are 
a Mt. St. Helens C tephra, with a probable age between 40 
and 50 ka, and another tephra from a core from Carp Lake, 
OR, with an age estimated between 75 and 125 ka. 

Table 1 shows the results of amino acid analyses of ostra- 
codes from the Lakeside unit-2 marl compared with results 
from deposits of known age in the Bonneville basin and 
elsewhere (analyses and data by Darrell Kaufman, Utah 
State University). The ostracode amino-acid data suggest a 
marl age older than Lake Bonneville (which is also clearly 
indicated by the overlying paleosol), and younger than the 
Little Valley lake cycle (about 150 ka; Scott et al., 1983). 
The amino acid ratios are similar to those for ostracodes 
from deposits of the Cutler Dam Allofomation, which was 
deposited sometime between 40 and 70 ka (figure 2; Oviatt 
et al., 1987). If the correlation with the Cutler Dam Allofor- 
mation is correct, the overlying paleosol is probably correl- 
ative with the Fielding Geosol (Oviatt et al., 1987). Further 
refinements to the basin-wide chronology of the Cutler 
Dam lake cycle, and tests of the hypothesis that unit 2 in 
the Lakeside gravel pit is Cutler Dam in age, are needed. 

Units 3 and 4 are gravels that overlie unit 2 in the east 
wall of the pit, and also thicken to the south into foreset 
gravel. Each of the gravel units in the east wall, except unit 
3, has a boulder or cobl,le lag at its top, which was probal~ly 
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deposited by waves during the regressive phase of that lake 
cycle or during the transgressive phase of the succeeding 
lake cycle. A thin (-10 cm) fine-grained unit between units 
3 and 2 may be composed of eolian silt. Units 3 and 4 have 
not been dated and nothing is known about the sizes of the 
lakes in which they were deposited. 

Bonneville deposits (unit 5) at the top of the sequence 
also consist of horizontally bedded gravel in the east wall, 
but can be traced to the south into foreset gravel of a bam- 
er beach. Although the gravel barrier has not been dated 
directly, it is near the right elevation (4300 ft; 1310 m) to be 
possibly equivalent to the transgressive-phase Pilot Valley 
shoreline. Most of the gravel bamer has been removed, but 
the Bonneville marl on the back (lagoon) side of the bamer 
is well exposed. 

Ostracodes from the Bonneville marl in the Lakeside 
gravel pit permit correlations with typical white marl sec- 
tions elsewhere in the Bonneville basin, and demonstrate 
that although the marl on the bamer is thin and sandy, it 
has some similarities with other marl sections. For instance, 
the ostracodes at the base of the section consist primarily of 
Limnocythere staplini, which is typical of pre-Stansl~ury 
marl (--25---22 ka), and the ostracodes near the top of 
the section are typical of deep-water phases of Lake 
Bonneville (fig. 4). A thin carbonate crust about halfway up 
in the marl may represent the abrupt contact at the base of 
the Bonneville flood bed, and would therefore date to 
approximately 14.5 ka. However the crust probably formed 
long after deposition of the section; secondary carbonate 
precipitated at the contact between the less permeable sed- 
iments below, and the sandier, finely bedded marl above. 
We observed a similar carbonate crust at the Bonneville 
Flood contact at the Puddle Valley gravel pit. At the Lake- 
side gravel pit, however, the carbonate crust marks a level 
in the marl between deposits of approximately Stansbury 
age and deposits of Provo age, as determined from the 
ostracodes. Therefore, it appears that the massive marl de- 
posited during the deepest-water phase of Lake Bonneville 
is missing from this section. 

Return to gravel road, reset mifeage to zero, and turn 
north. 

0.3 Lakeside-Turn left along base of hill. Pass large 
quarry on left. 

0.7 Turn right and cross railroad tracks. 
0.8 Turn left parallel to railroad tracks. This road is 

private property and its use must be cleared 
with Southern Pacific Railroad. 

11.7 Pump station and canal. This system was built in 
1986 to pump flood water from Great Salt Lake 
westard to the Great Salt Lake Desert, where it 
would increase evaporation. The plan was suc- 
cessful in that it helped lower the lake faster 

pre- Bonnevi I I I 
mar l 

.- 

paieoso 
+% ; 

Figure 16. Photo of older marl (unit9 marl) at Lakeside gravel 
pit. Ostracode samples are lettered (D = Ls, C = Ls, B = Cc, Ls, 
A = Ls, Cc). Seefigure 4 for explanation of abbreviations. 

than it would have on its own. Reduced precipi- 
tation and increased evaporation, starting in 
1987, further ensured the lake's decline to less 
destructive levels. Excellent exposures along the 
canal walls illustrate Holocene, Lake Bonneville, 
and pre-Bonneville deposits, as well as Miocene 
and Paleozoic strata and the faults affecting 
those older strata. 

13.9 Bear rivht on dirt road. 
14.1 Make acute right turn toward the north. BLM 

sign on the road reads: "Kelton 41 mi." 
15.1 Stop along road where quarry edge on left is cut 

by gully. 

STOP 4. Pilot Valley shoreline. 

This long (6.2 km) narrow quany, which was developed 
by the railroad in the early part of the 20th century to build 
the Lucin cutoff, beautifully displays a series of beach 
ridges that extend along the south flank of the Hogup 
Mountains (fig. 17). The beach gravels lie on loess and allu- 
vium in which a paleosol is developed (exposed in three 
places in the west half of the quarry) and are overlain by 
Bonneville marl, and therefore are early transgressive 
Bonneville features. They represent the earliest regionally 
correlatable beaches of Lake Bonneville, informally termed 
the Pilot Valley shoreline by Miller (1990). Here and else- 
where, the shoreline is marked by a set of two to four beaches 
that climb from about 4275 to 4295 ft in altitude, with maxi- 
mum development typically at 4285 ft. 

Here we examine some gully exposures on the back 
(lagoon) side of a barrier where the white marl lies on beach 
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Table 1. Amino acid ratios for ostracodes (Candona and Limnocythere) from deposits of various ages. 
Analyses and data provided by D a ~ e l l  Kauf;..n, Utah State University. 

Lab Lake Cycle 
No.* (age, ka) Locality  AS^^ ~ l u t  ~ l a t  1let 

Candona results: 
2030 post-Provo (12) Fielding 0.196 f 0.017 (2) 0.048 f 0.007 0.075 f 0.013 0.034 f 0.012 
2047 Bonneville (19) Black Rock 0.275 f 0.008 (10) 0.086 f 0.005 0.172 f 0.008 0.075 f 0.008 
2046 Bonneville (21) Little Valley 0.300 f 0.010 (10) 0.080 f 0.007 0.184 f 0.013 0.091 + 0.015 
2042 Bonneviue (-25) West Gully 0.299 f 0.011 (9) 0.082 f 0.009 0.194 f 0.023 0.095 f 0.014 
2096 Bonneville (?) Bear River 0.237 f 0.005 (5) 0.062 f 0.009 0.147 f 0.005 0.075 f 0.011 

2041 Cutler Dam West Gully 0.308 f 0.025 (2) 0.125 f - 0.361 f 0.037 0.114 f - 
(-40?-70?) 

2095 Cutler Dam Bear River 0.292 f 0.015 (6) 0.079 f 0.009 0.230 f 0.029 0.099 + 0.019 
(-40?-70?) 

2036 unit-2 marl (age ?) Lakeside 0.325 f 0.038 (4) 0.106 f 0.025 0.284 f 0.062 0.096 f 0.054 
2032 - (-70) Anna River, OR 0.304 f 0.013 (9) 0.124 f 0.017 0.223 f 0.036 0.096 f 0.014 

2043 Little Valley (-150) West Gully 0.481 f 0.030 (8) 0.175 f 0.015 0.424 + 0.033 0.184 f 0.039 
2037 Little Valley (- 150) Little Valley 0.417 f 0.010 (7) 0.194 f 0.013 0.478 + 0.021 0.233 f 0.041 
2056 - (- 150 ka) Anna River, OR 0.374 f 0.012 (9) 0.160 f 0.010 0.392 f 0.024 0.271 f 0.086 

Limrwcythere results: 
2103 Bonneville (-25) West Gully 0.242 f 0.006 (6) 0.043 f 0.002 0.127 f 0.002 0.024 f 0.002 

2101 Cutler Dam West Gully 0.223 f 0.012 (5) 0.066 f 0.005 0.192 f 0.013 0.026 f 0.003 
(-40?-70?) 

2148149 unit-2 marl (age ?) Lakeside 0.296 f 0.040 (10) 0.092 f 0.092 0.247 f 0.070 0.037 f 0.013 

2102 Little Valley (-150) West Gully 0.325 f 0.015 (5) 0.103 f 0.007 0.288 f 0.010 0.061 f 0.007 
2107/50 Little Valley (-150) Little Valley 0.359+_0.021(10) 0.139+-0.019 0.388f0.031 0.132f0.039 

*All samples were analyzed by Damell Kauhan at the Ammo Acld Geochronology Laboratory at Utah State Unlverslty; therefore, each lab number has the prefix UAL-, e g., 
UAL-2042. The samples were analyzed uslng a new reverse-phase HPLC procedure wh~ch 1s presented in Kauhan and Manley (m review) 

?DL rahos and standard dewations for aspartic acld (Asp), glutamic acld (Glu), and alanlne (Ala), the ratio value for lsoleuc~ne (Ile) 1s D-alloisoleuc~ne L-~soleucme (aIle/Ile). 
Numbers In parentheses ~nmcate number of separate subsamples prepared from each sample. Each subsample was composed of 0.1-0 2 mg of ostracodes (1040 md~wduals) 

gravel. The marl represents most of the Bonneville lake his- 
tory, as confirmed by stratigraphy and ostracode study (fig. 
17). The marl is about 6 ft (2 m) thick, and overlies gravel and 
coarse oolitic sand of the bamer complex (fig. 17). Ostra- 
codes from the marl permit correlations with other marl sec- 
tions in the Bonneville basin. An abrupt contact overlain by 
sandy marl probably represents the Bonneville flood contact 
(based on its field appearance and the ostracode faunas). 

Internal unconformities within the barrier-beach gravels 
may owe to overlapping beach development here. Figure 
18 shows two well-developed beach ridges; stop 4 is in the 
lower one, which clearly predates the white marl. Strati- 
graphic relationships for the upper beach ridge are unclear 
(that is, exposures do not indlcate whether the marl overlies 
it or underlies it), so it could be either a Pilot Valley, or 
Gilbert beach. 

These gravel beaches are the earliest widely developed 
beaches recognized for Lake Bonneville, and have been 

tracked across the northern Bonneville basin from Pilot 
Valley to the Rozel Hills (fig. 19). If they can be identified 
in other parts of the basin, they can serve as an important 
leveling marker because they formed so early in Lake 
Bonneville's history that little isostatic deflection should 
have taken place before their development. 

Reset mileage to zero and continue on gravel road to the 
northwest. 

0.9 Climb to crest of uppermost gravel beach of the 
Pilot Valley shoreline in this location; altitude is 
between 4285 and 4290 ft. 

8.1 Cross Provo shoreline, expressed as two bamer 
beaches. 

9.3 Cross tombolos below the Bonneville shoreline. 
The Bonneville is visible to the east and west of 
the tombolo. Tremendous Bonneville and Provo 
spits are visible to the north along the skyline. 
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Area of Stop 4 shown on aerial photograph taken 
1969. Small white arrows point to major gravel 

ear gravel pit climbs northwestward from lower to 
Area represented by photo is appro.timately 3.8 km 

Figure 17. Photo of marl section at stop 4 (Pilot Valley shoreline). 
LM = laminaterl (transgressive) m r l ;  DWM = deep-water marl; 
BF = Bonneville~ood becl; PM = Prom m r l  Ostracorle s(tmnp1es code sequence, is overlain by gravel of a lwmer indim 
are nutnhererl (5 = Ca, Lc, 4 = Lc, Cc, Cd, Calc, 3 = LC, Cc, 2 = 
Cc, Lc, Ls, 1 = Cc, LC, Ls). Seefifiure 4 for explanation of al?lnevi- cating that the beach is regressive. The beach is interpreted 

ations. as a local segment of the Gilbert shoreline because it has an 
appropriate elevation (4271 ft) and relative age (post-Bonne- 
ville). Gravel beneath the white marl at the Fingerpoint 

These form the upper part of a feature called the 
Fingerpoint, which we will cross after STOP 5. 
Bear right at intersection. 
Turn right on road to the Fingerpoint and Kelton. 
Cross Provo shoreline. 
Park on right side of road after dropping clown 
off the Gilbert beach. Walk southeast to the 
breach in the bamer beach. 

stop is transgressive in age and approximately the same age 
as the Pilot Valley shoreline. 

The white marl at this stop is somewhat different in 
appearance from the marl at other locations because it was 
deposited in a site that had considerable wave energy. 
Consequently the section overall is relatively sandy, and 
there are clean sand beds interspersed with the marl (figs. 
20 and 21). We interpret the sand beds as turbiclites, possibly 
generated by slumps off the large spits of the Fingerpoint at 

STOP 5. Stratigraphy at the Gilbert shoreline (at the higher elevations. Nevertheless, the ostracode sequence is 

Fingerpoint). easily correlated with that of other Bonneville sections (fig. 4). 
Data on the total carbonate, carl~onate mineralogy, and 

The exposure at stop 5 is a good contrast to the sequence sand content of a short core collected at the outcrop are 
at the Pilot Valley shoreline stop (stop 4). At stop 5, the presented in fig. 21. Note the abrupt increase in aragonite 
white marl, which consists of a typical lithologic and ostra- above the Bonneville Flood contact. Also note that the 
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Figure 19. Map showing known localitie,~ of the Pilot Valley shore- , 
line in NW Utah. 

aragonite curve peaks after the total carbonate curve peaks. 
Similar trends have been noted in other white marl cores, 
including those described by Spencer et al., (1984) from the , 

Great Salt Lake, who interpreted the rise in aragonite as 

*. COVI 

having been caused by the increase in MgCa ratio--Ca 
Figure 20. Photo of m ~ r l  section at stcrl, 5 (the Fingerpoint). DWM 

was quickly used up in the precipitation of carl~onates as 
= deer)-wciter mcirl; BF = Ronneoil/efloor/ bed; PM = Prooo I M ~ - / .  

the lake to lower and lower levels at the end Of The is unt/c>r[nin hy tran.~grc,ssioe Bo,lneril/e grace/, 
the Bonneville regression. and ooerluin by regressice graoel of the Cilhert skorelinc~. 

Reset mileage to zero. We will clrive to Utah Route 30 
and then to Tremonton for the end of Day 1. Continue 
northeast on gravel road. 

Crest of the Fingerpoint. Continue north toward 
Kelton. The Fingerpoint is a 9.5-mile long feature 
extending south from the Hogup Mountains as a 
series of platforms and beach ridges that repre- 
sent every major shoreline of Lake Bonneville 
and many more local shorelines (fig. 22). Looking 
upslope along the Fingerpoint, several huge 
gravel prominences mark spits and V-shaped 
barrier beaches that can be found by driving in 
that direction. Downslope, the Fingerpoint ex- 
tends southward to end in several recurved 
beaches, the lowest of which is the sand and 
gravel beach that formed during 1986-1987. 
Although some bedrock control for this enor- 
mous feature probably existed, the Fingerpoint 
is composed entirely of gravel in surf. 'we expo- 
sures. This is one of the more impressive exam- 
ples of enormous volumes of gravel transported 
by Lake Bonneville and its predecessors. 

posed of beachrock composed of cemented 
angular clasts of the Oquirrh Formation. Tails of 
lacustrine and eolian oolitic sand extent1 south- 
ward from the island. 

16.6 Climb across a Gilbert l~nmer  \,each and across 
a large double tombolo connecting the mainland 
(Hogup Mountains) to am island (Crocodile 
Mountain). 

23.2 The basalt-capped butte on the left is T&le 
Mountain. The I~asalt is prol)aldy Pliocene (Miller 
et al., 1995). 

24.2 Bear right (east) at the intersection. 
26.8 Continue straight through crossroatls. Kelton 

cemetery is on the right. 
26.9 Townsite of Kelton. Bear left. Kelton was a major 

railroad depot on the original transcontinental 
railroad across the Great Salt Lake I~asin before 
the Lucin cutoffwas built in 1904. 

27.1 Continue straight at road junction. Follow signs to 
State Rte. 30. 

1.0 Bear rivht at fork in road. 30.1 Route 30. Turn right to Curlew Junction, turn right 
3.1 Dolphin Island to the east is surrounded by at Curlew Junction, and follow Rte. 30 to 1-84 

mud flats. The high part of this island is com- (16 miles). Follow 1-84 east to Tremonton. 
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Figure 21. Lab data for a core through the marl section at stop 5. 
BF marks the base of the Bonneville flood bed in the core. 
Ostracode samples are numbered (11 = LC, C. sp., 10 = Ca?, LC, 9 
= Ca, Cc, LC, Cyl, 8 = Ca, LC, Cyl, 7 = Ca, Cc, LC, 6 = LC, Ca?, 5 
= C ~ , L C , ~ = L C , C C , C ~ , L ~ , ~ = L C , C . ~ ~ . , ~ = L C , C C , L ~ , I  = 
Cc, Ls). Seefigure 4 for explanation of abbreviations. 

DAY 2 

Travel west from Tremonton on 1-84. We will cross sev- 
eral basins and ranges on the freeway, and then return east- 
ward at lower altitudes nearer to Great Salt Lake. 

Mile 37. Exposures of Lake Bonneville gravel in the 
large quany pits on the north side of the freeway display 
the bewildering complexity of the beach gravels, including 
strongly cemented beds, and a variety of foresets and back- 
sets. This gravel is probably mostly of Stansbury age. 

Mile 34. Cross Provo shoreline as we climb the Blue 
Springs Hills. A barn is on the Provo platform on the north 
side of the freeway. 

Mile 26. Cross Provo shoreline as we descend into Blue 
Creek Valley. 

Mile 22. Cross Provo shoreline where it forms an exten- 
sive platform of sand and gravel in central Blue Creek 
Valley. Exposures near here, where Blue Creek gullied 
across the Provo barrier, display outstanding examples of 
rhythmically bedded near-shore sands, old alluvial units 
and paleosols, and a thick section of older (Little Valley lake 
cycle) marl. 

Mile 18.3. Cross Bonneville shoreline. 
Mile 17. Rattlesnake Pass. Black basalt K-Ar dated at 

13.0 f 0.3 Ma (unpublished USGS data) is exposed in the 

roadcuts. Ahead about 1.5 miles, another roadcut exposes 
the same basalt flows. There, loess deposits lying on the 
basalt apparently are those that yielded middle Pleistocene 
rodent fossils (C.A Repenning, oral communication., 1989). 
The loess contains several strongly developed calcic soil 
horizons. Normal faults at the west side of the roadcut dis- 
place basalt down to the west, and also cut a different 
(younger?) loess with less soil development. 

Mile 16. A fault is well exposed on the north side of the 
freeway in the road cut. The fault places Miocene basalt 
against the late Paleozoic Oquirrh Formation. 

Mile 13. Cross Bonneville shoreline. 
Mile 9. Cross Provo shoreline as we descend into 

Curlew Valley 
Mile 5. Take exit and turn left (west) across the freeway. 

Set mileage to zero on overpass. 

0.5 Turn left on small gravel road and through metal 
gate. (Permission required at Rose Ranch). 

0.8 Proceed through corral. 
0.9 Stop next to cut bank of gully on right. Walk 

about 100 ft  west to a place to descend the bank 
to the gully floor, and east along the base of the 
wall to study the Lake Bonneville section. 

STOP 6. Rose Ranch Section. 

Exposures directly downstream from Rose Ranch Reser- 
voir expose a complete Bonneville stratigraphic section at 
an elevation (4505 ft; 1373 m) close to the Stansbury shore- 
line. We will examine a section exposed near the north 
abutment of the dam where the base of the Bonneville sec- 
tion is not exposed. The base of the section can be seen by 
walking south across the dam to the south bank of Deep 
Creek, where a strongly developed calcic horizon, developed 
in loess, is exposed beneath the Bonneville sequence. 

Ripple-laminated to massive fine sand at the base of the 
Bonneville section (fig. 23) is overlain by about 0.75 m of 
brown, blocky mud with oxidized root holes, probably 
deposited in deltaic or marsh environments in the estuary 
of Deep Creek as Lake Bonneville began to rise at the end 
of the Stansbury oscillation about 20 ka. The blocky mud is 
overlain by 1.4-0.75 m of laminated sandy marl, then 
2.8-1.4 m of pink massive marl. A finely bedded sandy marl 
unit about 12 cm thick in the upper third of the massive 
marl may represent deposition during a fluctuation during 
the transgressive phase higher than the Stansbury shoreline 
(such as U1, fig. 5). An abrupt contact at the top of the mas- 
sive marl is marked by pebbles and sand and overlain by 
white marl about 1.2 m thick. The modem soil is developed 
in this unit. We interpret the abrupt contact as the 
Bonneville flood contact based on its abruptness and on the 
appearance of the ostracode Cytherissa lamtr is  in the marl 
above it (fig. 4). 
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Figure 22. Map and aerial photographs of the Fingerpoint, showing roads and shwelines. Aerial photographs taken June 22, 1953. Map 
from US. Geological Survey 1 :100,000-scale Newfoundland Mountains quadrangle, 1988. Contours in meters, interval 20 meters. 
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. . Mile 7. Snowville exit. Exit the freeway and set mileage 

Figure 23. Plzoto of Rose Ranch marl section at stop 6. BBM = 
broum, blocky mud; LM = laminated (transgressive) murl; DWM 
= deep-water marl; BF(?) = possible Bonnevilleflood bed; PM(?) 
= possible Provo marl. Numbered ostracode samples (8 = Cc, Lc, 
Ce?, 7 = Cyl, Ccla, Cc, Lc, 6 = Lc, Ca, Cyl, 5 = Lc, Lsa, Ccla, Ls, 
4 = Ca, Lc, Cc, 3B = Ca, Lc, Cc, Ce?, 3A = Ca, Lc, Cc, Ce?, 2 = 
Ls, Cc, 1 = Cr, Ls). See figure 4 for explanation of abbreviations. 

Here, and elsewhere in Curlew Valley, much of the marl 
section is preserved and locally exposed in gullies (Miller 
and Langrock, 1997a), an unusual occurrence in the 
Bonneville basin. A combination of factors probably led to 
this situation: (1) Deep Creek fed fine clastic material to the 
lake that led to fairly thick marl accumulations. (2) The low- 
gradient valley was not extensively eroded following lake 
withdrawal. (3) Deep Creek deeply entrenched the marl 
plains, and did not deposit appreciable sediment on the 
marl. 

Return to vehicles and retrace route to 1-84; enter free- 
way headed &. 

to zero at stop sign. Turn right (south) on paved road, then 
immediate right onto gravel road. Continue on main gravel 
road. 

6.3 Proceed south past road to left. 
9.6 View of Cedar Hill, a shield volcano about 1.2 

million years old, on the west (Miller and 
Langrock, 1997%). On the east is Johnson Hill, 
etched by a prominent Provo shoreline. Johnson 
Hill lies between Curlew Valley and Sage Valley, 
a small internally-drained valley. Sage Valley 
drained abruptly, creating a small sand blanket 
projecting into Curlew Valley. Erosion caused 
by the rapid draining, apparently during the 
rapid regression from the Provo shoreline, trun- 
cated several shorelines. 

13.2 Park on the bamer beach and look at the quany 
on the west side of the road. 

STOP 7. Stansbury shoreline and Quaternary 
volcanoes. 

Barrier beach deposits form a prominent shoreline here 
and mark the upper Stansbury shorezone. A benchmark on 
the east side of the road on the beach crest is 4497 ft (1370 
m). Structure within the barrier beach can be examined in 
the quany walls on the west side of the road. 

From at least 1.2 million years to 440,000 years ago basalt 
erupted intermittently to form the three shields along Cur- 
lew Valley just west of us, from Cedar Hill on the north to 
Locomotive Springs well to the south (fig. 24) (Miller and 
Langrock, 199%). In addition, basaltic ash (the Hansel Valley 
ash) was erupted from an uncertain location west of Hansel 
Valley and probably in Curlew Valley, on the basis of chem- 
ical similarity with Curlew basalts and the location of the 
ejecta blanket (Miller et al., 1995). K-Ar ages for the shields 
are 1.16 f 0.08, 0.72 f 0.15, and 0.44 + 0.10 Ma from north 
to south (Miller et al., 1995). The two northern shields 
retain summit collapse features, and individual flows can be 
traced down the flanks. The southern shield is small and 
may have been eroded more by waves of pluvial lakes; it 
shows only a flat summit that may once have been a crater. 
The Quaternary shield volcanoes of eastern Curlew Valley 
are similar in mineralogy and geochemistry but decrease 
systematically in age southward toward the Great Salt Lake, 
suggesting a progressive movement of an eruptive center 
with time, at a rate of about 2.1 cmlyear. The recurrence of 
eruptions in this system is not well determined, but the vol- 
canoes seem to have formed every 300,000 to 400,000 years. 
If the Hansel Valley ash is considered to be a minor event, 
the next large eruption is possible at any time (Miller et al., 
1995) and may be located in Great Salt Lake. Such an erup- 
tion could severely impact the Wasatch Front population. 
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placements (Robison and McCalpin, 1987). The earthquake 
caused severe damage in local towns and ranches, and it 
even caused damage in cities along the Wasatch Front. The 
evidence for repeat faulting at this location makes it clear 
that a threat for hture earthquakes is real, but the pattern 
of recurrence is complex and not easily converted as a pre- 
dictive tool. The recurrence interval appears to be several 
thousands of years. 

Significant subsidence was noted by two types of studies 
following the 1934 earthquake. Adams (1938) compared by 
triangulation the nearby shoreline of Great Salt Lake in 
November 1934 to the shorelines surveyed by Captain 
Stansbury in 1850. Despite the lake being 6 feet lower in 

- 1934 than in 1850, the shorelines overlapped. Adams con- 
cluded that about 4 feet of general subsidence of southern 
Hansel Valley took place between 1850 and 1934, with sub- 
sidence locally as great as 6 feet. Complications caused by 
causeways and dikes constructed after 1850 were not 
accounted for, but Adams showed that soundings and shore- 
lines indicated little subsidence farther south in the lake. 
Adams (1938) also described the results of re-leveling the 
railroad grade across the mouth of Hansel Valley. Compar- 
ing 1911 and 1934 surveys, ground subsidence was 1.2 feet 
in lower Hansel Valley and could be identified to the west 
for 10 miles into Curlew Valley at diminished magnitude. 
These data suggest that only about one quarter of the 84-year 
subsidence record was produced during the Hansel Valley 
earthquake of 1934. A 1953 railroad levelling showed re- 
gional upl@ of this same area west from the Hansel Valley 
fault (Bucknam, 1979). 

Another potentially profitable approach for examining 
the neotectonic record would be to carefully level lake- 
shore features, such as the Gilbert spits, beaches, and abra- 
sion platforms. Such a study could identify long-term subsi- 
dence and uplift relative to regionally established eleva- 
tions for these features. A reconnaissance analysis of topo- 
graphic data suggests that the west side of this fault is 
upthrown; elevations for the Gilbert spit and the 4240-ft 
shoreline to the east of the fault are consistent with regional 
values. Significant subsidence to the south, identified by 
comparing Great Salt Lake shorelines, may be a related but 
different manifestation of local tectonics. Careful study of 
shorelines since aerial photographs and satellite surveys 
began could address this problem over a time-span of sev- 
eral decades. 

The Gilbert spit begins at about this location and extends 
to the east about two krn. Wave energy from the southwest 
canied gravel northeast during the Gilbert lake's highstand 
to create this spit. As we drive east along the spit note the 
rapid drops of the surface to lower altitudes as we approach 
its terminus; these lower-altitude spits formed during 
regression from the Gilbert highstand or as other lake rises 
built onto the Gilbert spit. The 4240-ft shoreline is con- 

structed along the front of the Gilbert spit in many places, 
and forms much of the end of the spit. 

Reset mileage to zero and continue east. 

2.4 Bear left at intersection. Elevation of the spit sur- 
face is 4242 ft here. 

3.6 Stop along main road next to obscure road on 
right in greasewood plain. Take care not to drive 
in the greasewood; it destroys tires! Walk about 
1 mile along this obscure road and continue into 
Hansel Valley Wash as road ends. The first half 
mile of the wash has been modified by bulldoz- 
er, but eventually the wash turns to its original 
northeasterly orientation. Proceed up this origi- 
nal wash several hundred feet until the marl 
section is about 3 m thick as exposed in walls on 
the east side of the gully. 

STOP 9. Hansel Valley Wash. 

This marl section is notable for several features, includ- 
ing: (1) its lateral continuity for several km along Hansel 
Valley, (2) presence of the Hansel Valley ash near the base, 
and (3) soft-sediment disruption of the marl, possibly 
induced by seismicity. 

The Bonneville section at this stop is fairly complete 
because it was deposited on a low gradient valley floor at a 
relatively low elevation (4330 ft; 1320 m). Here we can 
observe the sequence of facies changes in the marl that can 
be see at many similar sections around the basin. Coarse- 
grained deposits at the base of the section are interpreted 
as marking the initial transgression of Lake Bonneville (fig. 
25). The coarse sand grades upward into blocky mud that 
contains oxidized root holes; we interpret this unit as hav- 
ing been deposited in a marsh or lagoon environment at the 
margin of the transgressing lake. Overlying the transgres- 
sive deposits is a sequence of laminated marl 3.2 ft (0.98 m) 
thick (early-transgressive and Stansbury), which grades up- 
ward into more massive, greenish gray to pink marl about 4 
ft (1.3 m) thick (deep-water marl). The upper contact of the 
massive marl is abrupt and the overlying bed of ripple-lam- 
inated sand and sandy marl is about 0.4 ft  (12 cm) thick (the 
Bonneville flood bed). Its upper contact is gradational into 
another massive marl (Provo marl), which coarsens upward 
and is disrupted in its upper part by modem soil develop- 
ment. Ostracodes and diatoms (fig. 25) support the inter- 
pretation of this sequence as a cycle, representing the trans- 
gression, deep water, and regression of Lake Bonneville. 

One thing to speculate on at this section is the origin of 
the ripple-laminated beds in the Bonneville flood bed (the 
12 cm thick bed between the two massive marls). Our 
interpretation is that during and immediately after the 
Bonneville flood, when lake level dropped catastrophically 
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Figure 25. Photo of Hansel Valley Wash marl section (stop 9). T = 
transgressive mud and sand; LM = laminated (transgressive) 
marl; DWM = deep-water marl; BF = Bonnevilleflood bed; PM 
= Provo marl. Lettered ostracode and diatom samples. Ostracode 
samples: W = Cyl, Ce, Ca, Lc, Lsa, V = Ce, Cc, Ca, Lc, U = Cc, 
Ce, Ca, LcLsa, T = Lc, Cc, Ca, Ce, S = Lc, Ls, Ca, Cc, R = Lc, 
C a ? , Q = L c , C a , C c , P = C a , L c , O = C a , L c , N = C a , L c , M =  
Lc, Ca, L =  Lc, Csp. ,  K = Lc, Cc, Ca, C d , J =  Lc, Cc, Ca, Cd, I 
= L c , C c , H = L c , C c , L s , G = C c , L s , F = C c , L s , E = L s , C c ,  
D = Ls, C sp., C = Ls, B = Ls, A = no ostracodes. See figure 4 
for explanation of abbreviations. Diatoms from Hansel Valley 
Wash section identifier1 by Platt Bradbury, May 27, 1992: W = 
Cyclotella ocellata (cold open water), V = Synedra acus fresh 
open water), S. ulna, Cyclotella ocellata, C. caspia??, Fragilaria 
brevistriata, l? leptostauron, C-G = Fragilaria brevistriata (shal- 
low, moderately saline water), l? construens v. subsalina, Epithe- 
mia, Mastogloia, Navicula, Amphora, Surirella, Pinnularia, others. 

by about 100 m, vast areas of fine-grained lake-bottom sedi- 
ments would have been stranded above lake level between 
the Bonneville and Provo shorelines. That sediment would 
have begun washing into the lake immediately after the 
flood (accounting for the thick marl and clastic deposits 
directly below the Provo shoreline throughout the basin, 
which we refer to as the Provo "dump as per Don Currey), 
and provided a source for slumps and landslides that would 
have created turbidity currents on the lake bottom. In 
Hansel Valley, slumping of fine-grained sediments both 
above and below lake level might have been enhanced by 
earthquake activity. 

Two cm above the base of the laminated marl is a thin 
(1 cm) bed of brown basaltic ash, which we have named the 
Hansel Valley ash (Miller et al., 1995) (formerly referred to 
as the "Thiokol ash" by Oviatt and Nash, 1989). We have 
found the Hansel Valley ash at many localities in northern 
Utah, including in the Burmester core at the south end of 
Great Salt Lake (Oviatt and Thompson, unpublished). At all 
known localities where the Hansel Valley ash has been 
found, including sediment cores from Great Salt Lake 
(Spencer et al., 1984), the ash bed is within a few centime- 
ters of the base of the Bonneville section. A radiocarbon 
age of 26.5 ka for a core sample collected near the ash 
(Thompson et al., 1990) is the best available age for the 
eruption. Exposures in West Gully in Hansel Valley suggest 
that Lake Bonneville was close to an elevation of 4380 ft 
(1335 m) at the time the Hansel Valley ash was erupted. 
Despite extensive field efforts, we have not yet identified 
the source vent of the ash, but its chemistry is similar to 
that of basalts in the Curlew Valley area (Miller et al., 1995). 

Note the common disrupted beds containing small faults 
and folds below and including the Hansel Valley ash. These 
features may have been caused by nearby small seismic 
events or larger distant events. Upstream several km, con- 
voluted beds and hummocky cross-stratification are com- 
mon in the section beneath the deep-water beds that lie 
below the flood bed. Robison and McCalpin (1987) sug- 
gested that these features indicate several local earth- 
quakes, some of which displaced parts of the marl section 
in a tributary gully to Hansel Wash (referred to as West 
Gully). 

Return to gravel road, set milage to zero, and turn south. 

0.9 Continue straight. 
5.8 Pass shortcut on left. 
6.5 Turn left on gravel road toward mud flat. 
11.2 Double Gilbert barrier beach. Quarry pit on the 

right is in one of the beaches. 
11.3 Continue straight. Route following the old rail- 

road grade is to the right. 
15.0 The Provo shoreline is expressed as wave-cut 

notches on both sides of the road. 



OVIA'IT AND MILLER: NEW EXPLORATIONS ALONG N. SHORES OF LAKE BONNEVILLE 369 

16.4 Cross double Provo bamer beach. As in most 
places where the Provo shoreline is well exposed, 
it consists of two beaches about 10 ft different in 
altitude. Gilbert (1890) noted the double charac- 
ter of erosional segments of the Provo shoreline, 
but offered no explanation. Currey (Currey and 
Burr, 1988) has noted three or four steps in 
depositional Provo-shoreline segments at a num- 
ber of locations around the basin, and suggests 
that landsliding and scour in the overflow thres- 
hold at Red Rock Pass, Idaho, complicated by 
ongoing isostatic rebound, controlled lake level 
throughout the basin during the development of 
the Provo shoreline. This hypothesis could be 
further tested by basin-wide mapping, careful 
geomorphic study, and surveying of the Provo 
shoreline. 

The best available ages for the Provo shore- 
line suggest that it began forming after the 
Bonneville flood (14.5 ka), and that the lake 
overflowed at this level for 500 to 1000 years 
(Oviatt et al., 1992; Light and Kaufman, 1996). 
Overflow ceased and lake level began to drop 
rapidly between 14 and 13.5 ka. 

18.4 Cross Bonneville banier beach. 
21.8 Intersection with paved road; continue straight 

on the paved road. Golden Spike National Monu- 
ment, errected to commemorate the historic 
meeting of the transcontinental (Union and 
Central Pacific railroads), is to the right. We are 
driving along an unconformity cut into Miocene 
tuff during Pliocene time. Alluvial sediment on 
the tuff but beneath the Bonneville sediment 
yielded Pliocene fossils and volcanic ash (Nelson 
and Miller, 1990). 

23.3 Transgressive-phase spits of Lake Bonneville are 
well exposed to the south, at the north end of 
the Promontory Mountains. 

26.5 Junction; continue straight. 
28.5 Junction with State Highway 83. Turn right 

toward Brigham City. 
34.6 Stop on the right side of the road near exposures 

of red and brown sandy sediment of the marshes 
of Public Shooting Grounds. 

STOP 10. Gilbert shoreline stratigraphy and chronology 
(Public Shooting Grounds). 

At this stop we will briefly examine some exposures in 
roadcuts of sediments associated with the regression of 
Lake Bonneville and the transgression to the Gilbert shore- 
line. The road elevation is about 4230 ft (1289 m), for refer- 
ence. The platform roughly at eye level throughout the 

channel sands interbedded 

Holocene hlghstand 
beach sand 

bnneviiie regressive mud 

Figure 26. Generalized stratigraphy of road-cut exposures at the 
Public Shooting Grounds (stop 10). Mod$ed from Currey (1990, 
fig. 15). Heavy lanes represent unconformities. Radiocarbon ages of 
10.9, 11.0, 11.6, and 12.0 have been obtained on samples of gas- 
tropods and organic-rich sediments from the channel sands and 
coastal marsh deposits, which were deposited prim to and during 
the Gilbert transgression (Currey, 1990). 

marshes is a wave-cut surface left by the regression of the 
Gilbert lake. It is cut into a -2-meter-thick deposit of 
lacustrine sand deposited by the Gilbert lake. 

The general stratigraphic sequence in this area (fig. 26) 
has been described by Currey (1990). Reddish silty sedi- 
ments at the base of the section are interpreted as late 
regressive-phase deposits of Lake Bonneville. These are 
overlain by gray, organic-rich mud and channel sands con- 
taining abundant molluscs, which have been dated at 
11.9-10.9 ka (Miller et al., 1980; Currey, 1990). The organ- 
ic-rich mud was probably deposited in a marsh environ- 
ment, as suggested by the mollusk and ostracode faunas. 
Sand, interpreted as having been deposited during the 
transgression to the Gilbert shoreline (20 ft [6 m] above this 
site), overlies the marsh mud. The Gilbert shoreline was 
produced between 10.9 and 10.3 ka (Currey, 1990; Benson 
et al., 1992). All Holocene highstands of Great Salt Lake 
were lower than the Gilbert shoreline. 

Reset mileage to zero and proceed east on Highway 83. 

2.0 The Stansbury, Provo, and Bonneville shorelines 
are prominently displayed to the northeast on 
Little Mountain. 

3.5 Putrid hot springs are common near the road as 
we drive along the base of Little Mountain. East 
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of Little Mountain. flats ~roduced during the Bills, B.G., and May, G.M., 1987, Lake Bonneville: Constraints on litho- " 
Gilbert regression merge with a broad, low- 
relief delta plain of the Bear River. East of the 
town of Corinne, the road drops to the modem 
flood plain of the Bear River. Bear River proba- 
bly delivered the largest water and sediment 
influx to Lake Bonneville. 

13.8 Turn left to enter 1-15 southbound. Bonneville 
and Provo shorelines are visible to the east on 
the face of the Wellsville Mountains. A Gilbert- 
type delta graded to the Provo shoreline can be 
seen at the mouth of Box Elder Creek above 
Brigham City. Extensive quarries mark the 
delta. 

Mile 358. On the east are good views of fault scarps cut- 
ting Holocene alluvial fans at the base of the Wasatch 
Mountains. This segment of the fault has undergone repeated 
Holocene rupture, but the youngest identified event is 
3600 f 500 years ago (Machette et al., 1991). 

Mile 345. To the south is a view of the massive delta of 
the Weber River. It is composed mostly of silt and fine 
sand. The delta surface is about at the Provo shoreline. 

Mile 340. Views to the west are of Great Salt Lake, 
Fremont Island, and Antelope Island. Hill Air Force Base 
lies on a delta surface to the east. 
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PART 1-ROAD LOG 

Ben Everitt and Andrew E. Godfrey 

The following road log describes the Fremont River and 
the northern piedmont of the Henry Mountains. The field 
trip is designed to bring together summaries of current 
research from a variety of sources and place them in a his- 
torical and geologic context. Two broad subject areas of the 
geomorphology of the northern Henry Mountains region 
are presented in the road log and associated papers. One 
subject covers the history of the gravel deposits along the 
Fremont River and northward from Mount Ellen. The sec- 
ond includes some of the erosion processes of the Mancos 
Shale in the Upper Blue Hills Badlands. 

Three papers describe erosion processes on the Mancos 
Shale. Dick, et.al., hypothesize that network geometry of 
small drainages exerts a significant control on a hydro- 
graph's shape when flow is produced by high-intensity 
storms that are short relative to the rise time of the hydro- 
graph. This is because tributary flows are short-lived and 
contribute to the trunk channel peaks that are preserved in 
the outflow hydrograph. For similar-sized but longer-dura- 
tion storms they found that the hydrograph rises slowly, 
with smaller peaks that are not clearly preserved in the out- 
flow hydrograph. Godfrey's paper on wind erosion showed 
that sudden gusts in southwest winds can produce short- 
lived pressure drops on the lee sides of southeast-trending 
ridges. The resulting pressure difference between the soil 
atmosphere and the air above can lift the surface crust to be 
blown away Resulting landforms include hollows and notches 
near the top of the ridges, and northeast facing cliffs, some 
with shallow, closed depressions in front. Godfiey's 30-year 

study of soil creep showed an average rate of 2.7 cm/yr on 
slopes averaging 35 degrees. Slope aspect did not appear to 
affect rates, but the upper meter or two moved at a signifi- 
cantly slower rate than lower portions of a slope. Winters 
with two or more consecutive days of at least 6 mm precipi- 
tation showed episodes of accelerated creep or shallow 
slumping. 

Two paper discuss gravel deposits. Repka, et.al., dated 
terraces dong the Fremont River using cosmogenic meth- 
ods. They found age estimates of 60,102, and 151 ka for the 
three most extensive terraces. This led then to the conclu- 
sion that the terraces were formed when there was a strong 
glacial source in the headwaters, and were abandoned when 
the sediment source shut off. In contrast, Godfrey's map- 
ping of shoestring gravel deposits between Mount Ellen 
and the Fremont River suggests that random stream cap- 
tures, rather than climate fluctuations, produced the vari- 
ous bench levels. 

Everitt's observations, contained in the road log, show that 
alluvial fill in the Fremont-Dirty Devil river valley thins 
downstream from 80 feet below river level near Torrey, to 
50 feet near Caineville, then thickens again to more than 
100 feet at Hanksville. The thick alluvial fills, terraces, and 
buried canyons of the Fremont River system contain a 
record of the complex response of the river to the waxing 
and waning of Pleistocene glaciers in its headwaters, the 
changing precipitation regimes in its arid lower reaches, and 
the inconstant base level of the Colorado River to which it 
is tributary. 

Observations by Everitt of the vegetation along the 
Fremont River flood plain show that the pioneer-dominated 
plant community has changed in relation to the introduction 
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of new species, and the evolution of the channel and its 
flood plain. 

Day 1 

Grass Valley summit to Hanksville 

The trip proceeds south from Salina via Interstate 70, 
U.S. Highway 89, and Utah State Highway 24 (U-24). The 
route passes along the transition between the Basin-and- 
Range and Colorado Plateau structural provinces, crossing 
the Sevier and Paunsagunt Faults, two large down-to-the- 
west normal faults of Neogene age. The detailed log begins 
at Grass Valley summit, the divide between the Fremont 
River and the Sevier River. For additional information on 
the geology along the route, see Oaks, 1988. 

Utah State Highway 24 
Milepost 42- Summit at elevation 8385 feet; pass be- 

tween Parker Mountain, to the south, and 
the Fish Lake Plateau to the north. This is 
the drainage divide between the Sevier 
River, tributary to the Great Basin, and 
the Fremont River, tributary to the Colo- 
rado. To the north at 9:00 on the summit 
of Fish Lake Plateau is the south end of 
the graben that contains Fish Lake. At 
300 feet, it is one of the deepest natural 
lakes in Utah, and a source of the Fremont 
River. The north end of the lake is partly 
dammed by glacial moraine, suggesting 
that it could have been the source of Plei- 
stocene glacial outburst floods on the 
Fremont. 

In the near distance, the Fremont Valley 
cuts between two lava-capped plateaus, 
with summits near 11,000 feet: Thousand 
Lake Mountain to the left and Boulder 
Mountain to the right. The two northern 
peaks of the Henry Mountains are visible 
to the east in the far distance; Mt. Ellen 
to the left and Mt. Pennell to the right. 
The Henry Mountains were the last 
mountain system to be placed on the 
map of the United States. They were first 
described by G.K. Gilbert in his seminal 
work on geomorphology and igneous 
intrusions (Gilbert, 1877). Hunt, et.al. 
(1953) conducted the first detailed map- 
ping of the Henry Mountains between 
1935 and 1939 (Hunt, 1977). 

Milepost 47- Road cut exposes bouldery lahar in the 
volcanics. The source of the volcanics, as 
well as some on Thousand Lake and 

Milepost 48- 

Milepost 50- 

Milepost 51 - 

Mile 0.8- 

Mile 2.1- 
Mile 2.7- 

Mile 3.9- 

Mile 5.0- 

Mile 6.0- 

Boulder Mountains, is in the Marysvale 
calderas 35 miles to the west, showing 
that at least the earliest eruptions, dated 
at 23 million years (Mattox, 1991), predate 
offset on the Paunsagunt and Thousand 
Lakes Faults. 
Begin descent into Rabbit Valley. East- 
ward across the valley is the west face of 
Thousand Lake Mountain, the escarpment 
of the Thousand Lake Fault, considered 
to be the western margin of the Colorado 
Plateau. Note the horizontal lava cap and 
the patches of the more resistant Triassic 
and Jurassic sandstones peeking through 
landslide-mantled slopes. 
U-24 crosses a peculiar crescent-shaped 
valley. A large spring which emerges 
from the volcanic rock on the western 
margin feeds one of several fish-farming 
operations of the upper Fremont River. 
Entering the town of Loa. Loa was 
named after the Hawaiian mountain, 
whose gently sloping flanks bear some 
resemblance to the volcanic slopes to the 
west and north. At the south end of 
town, leave U-24 and continue south on 
Main Street. Set odometer to zero. 
End of pavement. Continue on graded 
county road. 
Road forks, TURN LEFT. 
Outcrop of welded Osiris Tuff whose joint 
blocks weather into large monoliths. 
Regain pavement and cross the Fremont 
River. The river here leaves the valley, 
and continues south in a canyon cut into 
the north-eastward dipping volcanics. 
G.K. Gilbert recorded this feature in his 
field notes of July 12, 1875, and puzzled 
over whether the course was antecedent 
or superposed (Hunt, 1988, p. 34). 
The road ascends the alluvial slope east 
of the river. Wayne Wonderland airport 
to the left. To the right is a small knoll 
underlain by horizontally bedded sand 
and gravel mapped as Pleistocene Fre- 
mont River terrace deposits by Smith, et. 
al. (1963). The sediment is similar to 
Tertiary gravel interbedded with the vol- 
canic~ elsewhere in Rabbit Valley, and 
the hill is likely a remnant of Tertiary 
basin fill. 
Junction with U-24; TURN RIGHT and 
continue southeast toward Bicknell. 
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Figure 1.  Map offield-trip route in area of Capitol Reef National Park and the Henry Mountains, with stops shown. 

Milepost 59 on U-24-At 3:00 across the valley to the west 
is the mouth of the canyon by which the 
Fremont River returns to the valley. As 
the road turns eastward, the cliffs ahead 
expose horizontally bedded Triassic Win- 
gate Sandstone. At the mouth of Sand 
Creek is a tilted block of Navajo Sand- 
stone (Ss) within the Thousand Lake Fault 
zone. 

Milepost 60- To the right, the Beard Oil Tanner #1-27 
in 1990 penetrated the Camel-Entrada 
Formation (Fm) at a depth of 730 feet 
beneath interbedded alluvium and vol- 
canic~. Offset of the Chinle Fm across 
this part of the Thousand Lake Fault is 
2,500 feet. Faulting began in the early 
Miocene and continued through at least 
the Pliocene. There is no clear evidence 
for late Pleistocene or Holocene offset 
(Everitt, 1995). Enter Bicknell. 

Mikpost 62- To the south at 2:00, the Fremont River 
meanders through a broad marshy valley 
called the Bicknell Bottoms. The low grad- 
ient suggests ponding by either structural 

deformation or backwater from down- 
stream glacial dams. Springs emerging 
from the toe of the volcanic slopes across 
the valley provide a year-round base flow 
of about 100 cfs. 

Milepost 63- Cross the Thousand Lake Fault and enter 
what G.K. Gilbert called the "Red Gate" 
(Hunt, 1988). The lower Triassic Moen- 
kopi Formation is exposed at river level 
north of the river, forming red cliffs 
capped by the resistant Shinarump Mem- 
ber of the Chinle Fm (fig. 2). Notice how 
much larger the Fremont River is here 
than upstream from the Bicknell 
Bottoms. 

Milepost 66- Mt. Ellen in the distance at 1:OO. The first 
well-defined gravel-capped river terraces 
are on the right. 

Milepost 67.5- Bridge over Fremont River. Drilling for a 
proposed dam in 1992 showed 35 feet of 
alluvial valley fill beneath the floodplain, 
with an inner buried canyon an additional 
45' deep buried beneath the west valley 
margin (fig. 3). 
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Figure 2. Stratigraphic columns for Fish Lake Plateau and the Circle Cliffs-Henry Mountains area. 
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PROFILE OF FREMONT RIVER VALLEY AT TORREY DAM SITE 

WCALSCALENFOET 
E- = 6 x  

E 

s = 
From SHB-AGRA, 1992, F lg.5A 

Figure 3. Profile of Fremont River valley at Torrey dam site. 

Continue through Torrey, and TURN Mile 1 . 6  
RIGHT on 300 East, the first road past 
the post office. Set odometer to zero. Mile 1.7- 

Mile 1.0- Descend into the Fremont valley through 
a cut in the Moenkopi Fm. 

Mile 1." Abandoned Garkane hydropower station Mile 2.7- 
and penstock is west across the valley Mile 3.7- 
behind the quarry. Ahead to the south, 
the narrows flanked by bedrock was 
studied as a potential dam site in 1987. 
The modem valley here is of latest Plei- 
stocene or Holocene age (fig. 4). The Plei- 
stocene valley lies to the south of the 
modem valley beneath the gravel terrace 
(Qat of Billingsley and others, 1987). Mile 4.7- 

Pleistocene valley fill exposed in road cut 
to the right. 
Bedrock exposed to the left of the road 
separates the Holocene valley on the left 
from the Pleistocene valley ahead. 
TURN LEFT on County Road 3262. 
Road parallels the SE-trending Teasdale 
anticline, believed to be a Lararnide (late 
Cretaceous to Eocene) structure. Moen- 
kopi Fm crops out on the left. The ridge 
of fractured Navajo Ss on the right, now 
called the "Cockscomb," is Gilbert's 
"White Crag" (Hunt, 1988, p. 37). 
Road forks, BEAR RIGHT. 



378 

Mile 5.7- 

Mile 6.4- 

Mile 7.7- 

Mile 10.2- 

Milepost 74- 

Milepost 75- 

Milepost 82- 

Milepost 85- 
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TURN LEFT on U-12. The lumpy, boul- 
dery terrain is Flint and Denny's (1958) 
Carcass Creek Drift. 
The sloping surface is the glacial outwash 
fan of Fish Creek, graded to the Pleisto- 
cene Fremont River about 100 feet higher 
than the present river (Flint and Denny, 
1958). Carcass Creek Drift, of possible 
Bull Lake age, is exposed beneath the 
outwash along the river. At this location, 
therefore, a glacier once dammed the 
Fremont River and pushed it northward. 
Bridge over Fremont River. The basal 
Sinbad Limestone Member of the Moen- 
kopi Fm exposed in riverbed just down- 
stream. 
Return to U-24 at milepost 70. TURN 
RIGHT toward Capitol Reef National 
Park. 
Capitol Reef National Park boundary. 
The trip through the Park provides a tra- 
verse through the Mesozoic stratigraphic 
section (fig. 2). 
SE-trending high angle fault and basalt 
dike parallels the highway to the left. 
Highway returns to the Fremont River. 
TURN RIGHT to Park headquarters at 
Fruita. 

STOP 1: Capitol Reef National Park 
Visitor Center. The relief model shows 
the interesting topographic features devel- 
oped on the Water-pocket Fold, including 
superposed stream courses entrenched 
in sandstone canyons. 
Entering the narrows of the Wingate Fm. 
The locally mild climate created by the 
narrow canyon favored development of 
fruit orchards, which are now operated 
by the Park as a reserve of classic vari- 
eties. 
Navajo Ss at river level. Basalt boulders 
on two terrace levels. In 1960, the Utah 
Department of Transportation (UDOT) 
drilled three borings for Utah Highway 
24 structure D235 over the Fremont 
River near Fruita (UDOT files). Bedrock 
was encountered at a maximum depth of 
15 feet, 10 feet below river level. Because 
these borings do not provide a complete 
traverse across the valley, the maximum 
thickness of fill may be greater than 15 
feet. 

Near Milepost 86. Navajo Ss penecontemporaneous defor- 
mation. The canyon meander cutoff on 
the right, and waterfall on the left were 
constructed by the Utah Department of 
Transportation during highway construc- 
tion in the 1950's. Two terrace levels are 
capped by basalt boulder gravels. 

Near Milepost 87 and thereafter: Proceeding up-section 
through Camel  Fm, Entrada Ss, thin 
green Curtis Shale and the thinly bedded 
chocolate Summerville Fm, overlain un- 
conformably in places by Pleistocene 
terrace gravel. 

Milepost 90- Salt Wash Sandstone Member of the 
Morrison Fm is overlain by the distinc- 
tive purple claystone of the Brushy Basin 
member. Two river terrace levels are pre- 
sent. 

Milepost93- Highway enters strike valley in the 
Tununk Shale Member of the Mancos 
Fm. Eastward dip increases toward the 
Caineville monocline. Turnoff to the 
USGS gaging station "Fremont River 
near Caineville" on the left. 

Milepost 94- The dark gray Tununk directly overlies 
the green-gray shale of the Brushy Basin 
Member of the Morrison Fm. The usually 
intervening Dakota Ss is absent (fig. 2). 

Milepost 95- U-24 bridge over the Fremont River and 
the Caineville Diversion where the Caine- 
ville Imgation Company takes its water. 
In 1980, investigation for an earthfill dam 
in the narrows just upstream showed the 
thickness of the alluvial valley fill to be 
50 feet (Palmer-Wilding, 1981). 

Milepost 98- Highway bears right through the Caine- 
d l e  Reef, a hogback of Ferron Ss Member 
of the Mancos Fm folded upward on the 
steep western limb of the Henry Moun- 
tains structural basin. Return to the Fre- 
mont River valley at Caineville. A review 
of drillers' logs of water wells in the town 
of Caineville show bedrock at a maxi- 
mum depth of 60 feet below terrace 
level, or about 45 to 50 feet below river 
level (Everitt, 1984). 

Milepost 100- The Fremont River valley passes be- 
tween the escarpments of North and 
South Caineville Mesas, the "Blue Gate" 
of G.K. Gilbert (1877). At the axis of the 
Henry Mountains structural basin are 
about 2,000 feet of horizontally bedded 
Blue Gate Shale Member of the Mancos 
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TORREY (GARKANE) DAM SITE GEOLOGIC SKETCH 
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Figure 4. Torrey (Garkane) dam site geologic sketch. 

Fm, capped by the Emery Sandstone 
Member. 

Milepost 101- Luna Mesa store; the butte ahead on the 
left is capped by Fremont River gravel, Mib 106.1- 
Howard's (1970) terrace 3a. 

Milepost 104- To the left are asymmetrical ridges in the 
Blue Gate Shale, some with vertical faces 
on the northeast side. In 1876, G.K. 
Gilbert observed these, and postulated 
an aeolian origin (Hunt, 1988, p. 214). 

Milepost 105-, Ascend the dip slope of the Ferron 
Sandstone with outcrops of white and tan 
sandstone interbedded with coal. This 
marginally economic coal zone was open- 

pit mined briefly in the 1980's at the 
Factory Butte coal mine about 15 miles 
along strike to the north. 
Road junction. TURN RIGHT (south) 
on dirt road which climbs to the top of 
Howard's (1970) terrace 3a. Proceed 0.6 
mile to overlook just past TV relay. 

STOP 2: Overlook of the Fremont River 
valley, terrace levels, and the badlands 
around the Caineville mesas (Howard, 
Anderson, Godfrey). Drilling and seismic 
refraction traverses for a proposed dam 
on the Fremont River downstream from 
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BLUE VALLEY DAM SITE 
PROFILE 2, DRILL HOLES AND SHOT POINTS 

Figure 5. Geologic profile of Blue Valley dam site, with drill holes and shot points. 
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Caineville (Everitt, 1983) showed a thick- 
ness of 99 feet of alluvial fill beneath the 
flood plain (fig. 5). The site is in a can- 
yon cut into the Ferron Sandstone Mem- 
ber of the Mancos Formation. The canyon 
rim is capped by gravel mapped as ter- 
race levels 4a and 4b by Howard (1970). 
The extensive surface of terrace 4a con- 
ceals beneath it, to both the north and 
south of the modem canyon, filled can- 
yons similar in width to the modem can- 
yon, although not as deep. 

Return 0.2 mile to test pits exposing 
soil profile of terrace 3a. 

4450-- -- 
4400-- -- ---- ----- ____.___ 
4350-- TUNUNK SHME 

Return to Highway 24 and TURN 
LEFT (west) toward Caineville. 

TUNUNK 
SHKE 

_--- --- 

0.3 miles west of Milepost 105-East side of hill. Turn off 
on track to right, 0.2 mile to old high- 
way, 0.5 mile to badlands. Or, as an alter- 
nate, turn off highway at mile 105.1 to 
the fluted wind towers at the dirt bike 
jamboree area. 

N T.0.-150 TNUS BLOCKS S 

STOP 3: Mancos Shale badlands and sites 
of wind erosion and soil creep (Godfrey); 
badlands modeling (Howard); and runoff 
monitoring (Anderson). 

Milepost 108- The ghost town of Giles, abandoned in 
1907, is across the river to the right. To 
the left between here and milepost 109 
are the remains of an abandoned irriga- 
tion ditch with dead cottonwood trees 
along it. The trace of the canal is marked 
by pink silt from the Fremont River, 
which contrasts with the gray, residual 
soil of the Tununk. 

Milepost 109- Blue Valley is a strike valley in the 
Tununk shale. 

Milepost 110- Dakota Sandstone with interbedded coal 
ahead on the left. The basal Mancos con- 
sists of an oyster shell reef (Gryphaea) 
from 2 to 5 feet thick. (Possible stop, 
highway borrow pit on left.) 

TURN RIGHT 0.2 mile past milepost 
111 and proceed 0.1 mile on dirt track to 
abandoned well. 

STOP 4: Fremont River flood plain and 
location of 1983 traverse of Fremont River 
flood plain and its vegetation (Everitt). 

Milepost 111.5- Variegated shale of the Brushy Basin 
Member is at river level, capped by the 
Dakota Ss. Note the tilted slump block of 
Brushy Basin on the left. 

~~t~~~ to U-24 and proceed east Milepost 113- Extensive river terraces on the Brushy 

toward Hanksville. Basin are capped by Fremont River gravel. 

Milepost 106.2- Highway descends the dugway through As the road goes over the rise, Howard's 
the Ferron Sandstone hogback and returns (1970) terrace 4b is on the right. 
to the river valley. The Tununk Shale Milepost 114- Outcrops of Salt Wash Ss Member of the 
now at river level. Momson Fm are at river level ahead. 
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Milepost 115- Summerville Fm on the left, capped by 
the massive basal gypsum of the Monison. 
Note the interbedded gypsum, with gyp- 
sum-filled fractures at various angles. The 
Fremont River on the right is aggrading 
above the Hanksville diversion dam, 
which has provided grade control since 
at least 1947. 

Milepost 116- Fremont River bridge, entering Hanks- 
ville. In 1965, four borings were drilled 
here (shucture F116, UDOT files). The 
deepest encountered bedrock beneath 
valley alluvium to a depth of 27 feet, 20 
feet below river level. Because the bridge 
is near the south margin of the valley, 
this should be regarded as a minimum 
thickness of alluvial fill. A review of water 
wells in the town of Hanksville suggests 
a maximum of more than 100 feet of allu- 
vial fill. 

The highway is on a surface that is 
believed to have been the Fremont River 
flood plain at the time of settlement in 
the 1870's. During a series of floods be- 
ginning in the 1890's, the river cut the 
present channel 15 to 20 feet below the 
old flood plain (Hunt and others, 1953), 
and since about 1940 has been recon- 
structing a new floodplain at this lower 
level. North across the river at 9:00 is a 
little anticline in the Entrada Fm. The 
pinching out of beds at the top of the 
anticline indicates active folding during 
deposition. 

END OF DAY 1 

Day 2 

Henry Mountains Piedmont near Hanksville 

Begin at Hanksville and proceed southeast on U-95 
from milepost 0. 

Milepost 1- The rolling, sandy country is underlain 
by the Entrada Fm. The Entrada forms 
sandstone pillars surrounded by moats. 

Milepost 2.5- Highway bends left around a pediment 
remnant (Godfi-ey, 1969), an ancient chan- 
nel of Bull Creek. The light gray gravel is 
diorite porphyry derived from the Henry 
Mountains. At 2:00 are the Henry Moun- 
tains. Mt. Ellen is the sharp peak on the 
right and Bull Mountain is the lower 

Mile 3.5- 

Milepost 4- 

Milepost 8- 

Milepost 10- 
Mile 12.8- 

Milepost 13- 

Milepost 16- 

sharp peak to its left. Modem Bull Creek 
flows northward from the basin between 
the two. 

Three types of surfaces can be identi- 
fied: (1) gravel-capped pediments, (2) 
alluvial fans, and (3) stripped benches on 
the resistant sandstones. The pediments 
and alluvial fans here slope north and 
east away from the mountains, whereas 
the stripped benches are west-facing dip- 
slopes on resistant sandstone units. The 
entire area between the mountain front 
and the Fremont River is referred to as 
the "piedmont." A pediment is a primarily 
erosional segment of the piedmont where 
bedrock is beveled by running water, so 
that bedding is truncated. An alluvial fan 
is a depositional segment of the pied- 
mont (Godfrey, 1969, p.3). 
The valley of Dry Valley Creek is a for- 
mer course of Bull Creek into which Bull 
Creek was artificially diverted in the 
1950's to keep it from flooding Hanks- 
ville. 
On the left are four gravel-capped pedi- 
ments radiating from the northern Henry 
Mountains. 
To the east at 10:OO is Sorrel1 Butte, a 
pediment remnant capped by Bull Creek 
gravel, one of the oldest and highest 
remaining levels of the Henry Mountains 
pediments. It is flanked by radiating sec- 
ondary pediments. 
Sawmill Basin road on the right. 
Highway crosses Granite Wash which 
heads on the eastern slope of Bull Moun- 
tain. Coppice dunes (sand mounds of 
Everitt, 1980) are occupied by Brigham 
tea (Ephedra torreyana). Exposures in 
cross-section show that these are not 
traveling dunes, but layered accumula- 
tions of drift sand accreting with the 
growth of individual bushes. 
Bull Mountain is at 3:00 (southwest). 
Hunt, et.al. (1953) classified it as a by- 
smalith-a laccolith (a floored, domed, 
igneous intrusion) with a faulted distal 
end. Note the sedimentary beds turned 
up around the base at the distal end, and 
the pattern of radating fins on the summit. 
Garfield County line. To the west at 4:00 
is a good view of Bull Mountain. In the 
foreground is a hogback of Summerville 
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Fm capped by the Salt Wash Sandstone Mile 2.4- 
Member of the Momson Fm. Beyond, at 
the base of Bull Mountain, is horizontally Mile 2.7- 
bedded Salt Wash Ss. 

Milepost 17- Bridge over Poison Spring Wash. The Mile 3.2- 
road cuts through a pediment with a cap 
of porphyry gravel channeled into the 
underlying Entrada Fm. 

Milepost 21- Mt. Pennell is at 2:30; Mt. Hillers at 2:OO. 
The Little Roches (Mts Holmes and 
Ellsworth) are in the distance at LOO. 

Milepost 23- Highway descends to the valley of North 
Wash. Henry Mountains gravel caps pedi- Mile 5- 
ments on the Navajo Sandstone. 

Milepost 26- Junction of Highway 276 to Bullfrog. 
Continue east on Highway 95 into the 
canyon of North Wash. 

Mile 29.5- Contact of the Navajo Ss where with the 
underlying Kayenta Fm. Mile 5.8- 

STOP 5: Alcoves formed at the Kayenta- 
Navajo contact by groundwater sapping 
(Howard). 

Return northward on U-95, to just 
north of the Ga&eld/Wayne county line. Mile 6.5- 

Mile 15.7- TURN RIGHT on graded road toward 
Burr Point, 11 miles. 

STOP 6: Burr Point, and overlook of the 
Dirty Devil River Canyon. Review of 
Triassic stratigraphy, terrace formation, 
abandoned and filled canyons, and ripar- 
ian vegetation (Howard, Everitt). 

Milepost IO- Gravel pit on the right (east). 

STOP 7: Gravel Pit with an exposure of a 
soil with a well developed gypsiferous 
carbonate horizon. 

Proceed north 0.2 mile on U-95 and 
turn left (southwest) on the Saw Mill 
Basin road. Set odometer to 0. Mt. Ellen 
is straight ahead. Bull Mountain is at 
11:OO. At the base of Bull Mountain are 
flat-lying sedimentary strata of the Salt 
Wash Member of the Morrison Fm. Just 
in front of and to the left of Mt. Ellen 
Peak is Horseshoe Basin, which is 
thought to be the source of some of the 
landslide debris around the north slopes 
of the range and the north side of Bull 
Mountain. At 1:00 is Table Mountain, 
one of the radiating laccoliths of the 
Ellen group. 

Road climbs onto gravel-capped pedi- 
ment surface. 
Road forks: BEAR LEFT toward Granite 
Ranch. 
View SSW toward the mouth of Bull 
Creek Canyon along a broken pediment 
surface, the Cottrell level of Godfrey 
(1969), to the few remnants of higher, 
older surfaces to the left. To the right is 
the head of a drainage in the process of 
eroding headward into the Cottrell pedi- 
ment and slowly beheading it. 
Road rises onto a higher sublevel within 
the Cottrell group of pediments. At 2:OO 
is a remnant of a higher ancient pedi- 
ment at the Sorrel1 Butte level. This rem- 
nant is flanked by an apron of secondary 
pediments cut on the Mancos shale. 
Road forks. Take the jeep track to the 
RIGHT and continue up the pediment 
surface. To the left across the draw is the 
apron of landslide debris at the foot of 
Bull Mountain, which appears to be 
graded to Horseshoe Basin. 
The toe of the landslide with a group of 
large porphyry boulders with tafoni (cav- 
ernous weathering). 

STOP 8: Pediment overview and review 
of erosion and deposition process (God- 
frey). To the north is visible the general 
westward dip of the beds on the east 
limb of the Henry Mountains Basin and 
in the distance, the San Rafael Swell and 
the Book Cliffs. To the northeast is the 
canyon of the Dirty Devil River. If the 
day is clear, the LaSal Mountains may be 
visible 90 miles to the east. 

Proceed westward across the pedi- 
ment surface. Note the contrast between 
the rounded boulders in the pediment 
gravel and the angular and irregular 
boulders of the landslide. 

Mile 7.0-  Cross a small drainage, which exposes 
the pediment gravel in cut banks. 

Mile 7.4- Rejoin the Sawmill Basin road and TURN 
RIGHT (north). The road descends from 
the Cottrell pediment onto the Fairview 
pediment. The modem channel of Bull 
Creek is to the left. 

Mile 8.0- Proceed downstream along the Fairview 
pediment, which lies in a valley eroded 
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Mile 9.0- 

Mile 10.0- 

Mile 11.2- 

Mile 11.6- 

Mile 1 2 . 6  

Mile 13.0- 

Mile 15.3- 

Mile 16.0- 

Mile 16.5-- 

Mile 17.0- 

into the Cottrell pediment. Remnants of 
the Cottrell pediment are on both sides 
of the lower, younger pediment. Expo- 
sures show 15 to 20 feet of gravel overly- 
ing Mancos Shale. 
To the right are badlands eroded in the 
Brushy Basin Member, with remnant caps 
of pediment gravel. Fairview Ranch is 
straight ahead. 
Road junction and Fairview Ranch. Con- 
tinue north toward Hanksville. 
Proceed north on the Fairview pediment 
with outcrops of Brushy Basin Member 
poking through here and there. 
Adams Butte to the northwest at 10:OO is 
a remnant of Brushy Basin shale. Post- 
pediment slope retreat has formed a 
moat around the base of the butte. 
Cattle guard-we are now at the distal 
end of the local branch of the Fairview 
pediment. Distally thinner gravel forces 
groundwater to the surface here, leaving 
an efflorescence of thenardite: anhydrous 
sodium sulfate. A slightly higher, oIder 
branch of the Fairview pediment is at 
2:oo. 
Road rises on the dip slope of the Salt 
Wash Ss. The pink sandy soil is derived 
from the Entrada Fm. Drift sand forms 
coppice dunes occupied by Brigharn tea. 
Road descends to the flood plain of Bull 
Creek. The gray, silty alluvium is derived 
largely from the Mancos Shale. The near- 
by arroyo with the young cottonwoods 
growing in the bottom is the active Dry 
Valley distributary of Bull Creek. In the 
distance to the northwest, old cotton- 
woods mark the course of the abandoned, 
pre-1950 Hanksville distribukny. Although 
short, discontinuous sections of arroyo 
were present as early as 1850, the pres- 
ent continuously deep arroyo did not 
appear until after 1910 (Everitt, 1979). 
Bridge over the Dry Valley branch of 
Bull Creek. 
At 11:00 are bluffs formed by the 
Summerville Fm and capped by the 
basal gypsum of the Salt Wash Member 
of the Momson. 
The greenish-gray marine shale is the 
Curtis Fm, which immediately underlies 
the Summerville. 

Mile 18.6- 

Mile 22.2-- 

Milepost 11 8- 

Mile 11 9.5- 

Milepost 120- 

Milepost 122- 

Milepost 123- 

END OF L O G  

At 1O:OO the Curtis unconformably over- 
lies the Entrada, which is gently folded. 
Hanksville, and the junction of U-24 at 
milepost 117. 

Continue north on U-24. 
Fremont River terraces here are capped 
with gravel mostly derived from Henry 
Mountains porphyry, transported north- 
ward by ancestral Bull Creek. 
Highway crosses the Dirty Devil River 
just downstream from the confluence of 
the two main branches. The Fremont 
River enters from the left (south) and 
Muddy Creek enters from the right (west). 
In 1973, five borings were drilled to 
investigate the bridge foundation (struc- 
ture C656, UDOT files). The bridge 
abuts the north side of the valley. The 
thickness of alluvial fill increases south- 
ward from the north side of the valley to 
a maximum of 53 feet (50 feet below river 
level) at the south end of the bridge. 
Because the borings do not span the entire 
valley, this thickness should be regarded 
as a minimum. 
Road climbs to Airport Bench. Left at 
9:00 are Factory Butte and the Caineville 
mesas, with the high plateaus in the dis- 
tance. 
Castles of Entrada Ss on the left with 
basal moats formed by wind scour. 
Scenic turnout, optional stop. San Rafael 
Swell, distant left, is the steep east face 
of an asymmetrical anticline of Laramide 
age. The light-colored rock forming the 
principal hogback is the resistant Navajo 
Ss. View of Henry Mountains to the 
south and the high plateaus to the west. 

-The route continues northward along the 
foot of the San Rafael Swell via U-24 to 
Interstate 70 and U.S. Highway 6, return- 
ing to Salt Lake City and the Basin-and- 
Range Province via Soldier Summit. For 
descriptions of geologic features, see 
Oaks, 1988; Laine, et.al., 1991, and 
Rigby, 1976. For general historic infor- 
mation, see Midland Trail Association, 
1916; and Van Cott, 1990. 



Wind Erosion of Mancos Shale Badlands-Part 2 

ANDREW E. GODFREY 

INTRODUCTION 

When G.K. Gilbert crossed the Mancos Shale badlands 
homeward bound on election day, 1876, he wrote in his 
notebook (Hunt, 1988, p. 214): 

"There is a very curious phenomena (sic) of bad- 
lands across the river. At a score of places I can see 
them vertical on the NE side and sloping on the 
opposite. The prevailing wind must be from the 
side that has the slope. Can that in some way 
account for the phenomenon?" 

Recent research by Godfrey (1997a) has determined that 
the phenomenon observed by Gilbert is caused by wind 
erosion. However, it is caused by vacuuming rather than by 
the tractional forces so well known in sand deserts. 

The badlands are underlain by the Blue Gate Member 
of the Mancos Shale. Paralithic soils developed on this 
shale have a gypsum-cemented crust averaging 1.2 cm 
thick overlying randomly oriented silt- to sand-sized shale 
chips. 

This area averages about 13 cm of precipitation a year. 

THE PROCESS 

Wind erosion of Mancos Shale badlands occurs only on 
the lee sides of ridges, not the windward side nor along 
flats when the soil curst is undisturbed. Preceding the pas- 
sage of cold fronts, this area receives gusty southwest 
winds. There is an average of over ten such fronts a year, 
mainly during the months of March, April, and October. 

Above the tops of the badland ridges the wind can ex- 
plosively accelerate from about 7 ms-1 up to 22 ms-l. This 
rapid acceleration of the wind causes a barometric-pressure 
drop that lasts one second or less. This pressure drop 
occurs on the upper portion of the lee slopes. The pressure 

drop can be up to 1.27 mm Hg, but averages 0.76 mm Hg. 
This drop can be attributed to two factors: the Bernoulli 
effect and the expansion of a turbulent zone on the upper 
lee side of ridges that can be shown by tests with streamers 
and dust. 

During the short-lived interval of local air-pressure 
decrease, the soil atmosphere below the crust remains at 
ambient levels. This pressure difference can produce a lift- 
ing force of as much as 1.7 x 10-2N, nearly twice the unit 
force of gravity on the crust, which averages 0.88 x 10-2N 
and ranges from 0.62 to 1.5 x 10-2N. 

RESULTING FEATURES 

This vacuuming process produces distinct erosional fea- 
tures on the lee sides of badland ridges. The smallest fea- 
ture is the cavity left by the removal of a crustal polygon 
(fig. 6). Removal of the cemented crust exposes the under- 
lying shale chips to be blown away later. 

Continuation of the process forms micro-cirque features 
near the crests on the lee sides of ridges. Some have flat 
floors, in others the normal slope of about 40 degrees 
extends up to the vertical cliff (fig. 7). In the largest of these 
features, the downwind-facing cliff can attain a height of 
nearly 10 m. 

A second feature that can be produced by the vacuum- 
ing process is a closed depression. These depressions are 
up to 1 m deep and 10 m in diameter (fig. 8). Some are at 
the bases of downwind-facing cliffs, others are near the 
crests of ridges. The floors of these depressions are smooth 
and flat, which suggests that they are being partially filled 
by sediment washed from surrounding slopes. These closed 
depressions are not formed by solution as there are no solu- 
ble rock types for several thousand feet stratigraphically 
beneath this area. 
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Figure 6.  emo oval of individual polygons of crust. The underlying Figure 7. One of the micro-cirques along a ridge crest. The sotcth- 
soil of shale chips is exposed. west winds blow from right to left. Cliff is about 1 m high. 

Figure 8. Closed depression downwind of a cliff that has been In-enched by heaclwarrl erosion of a micro-circltre. Wind clirection is 
toward the camera. Note person for scale. 



Long-term Measurements of Soil Creep Rates 
on Mancos Shale Badland Slopes-Part 3 

ANDREW E. GODFREY 

INTRODUCTION Data from one of the seasonally measured sites (see fig. 

Outcrops of Cretaceous Mancos Shale form a broad belt 
across the Colorado Plateau of southeastern Utah and south- 
western Colorado. They are a major source of salinity and 
sediment to the Colorado River (Schumm and Gregory, 
1986). Howard (1994a, b) used simulation models to argue 
that sediment production was limited by detachment rather 
than by transport. 

This report summarizes a 30-year study conducted to 
determine the rate of downslope movement of surficial soil 
developed on the Mancos Shale near Caineville, Utah 
(Godfiey, 199%). Other segments of the investigation, cov- 
ering about a decade, studied the effects of aspect, slope 
position, seasonality, and depth of soil movement. 

PROCEDURES 

Seven sites were established. One was maintained for 30 
years, and measured sporadically. Three were maintained 
for a decade and were measured mostly in June and Novem- 
ber. Three others were maintained for almost seven years 
and were only measured at the beginning and end of the 
seven-year period. 

Each site consisted of between 16 and 24 nails, 9 cm 
long, inserted vertically into the soil between benchmarks 
placed along the contour of the slope. Spacing of the nails 
was either 0.3 or 1.5 m. Benchmarks consisted of rods 1 m 
long driven vertically about two-thirds of a meter into the 
soil. 

Measurements were made along the slope from a point 
hrectly below a string stretched between two benchmarks 
and the point where the nail met the soil surface. Average 
downslope distances and their standard deviations were 
then calculated for each measurement time at each site. 
These average distances were then plotted, and the linear 
regression computed to determine the average soil-move- 
ment rates. 

RESULTS 

The 30-year study showed an average downslope rate of 
2.7 cmlyr on slopes averaging 35 degrees. 

9) indicate several episodes of more rapid downslope move- 
ment. These steps occurred during the winters of 1985 and 
1988, whereas smaller steps occurred during the winters of 
1983 and 1991. Correlation of these episodes with precipi- 
tation records from the Hanksville weather station, 20 Ian 
to the east, indicates that the larger steps occurred during 
winters when there were two or more consecutive days of 
at least 6 mm of precipitation. The smaller steps occurred 
when the two consecutive days had between 2.5 and 6 mm 
of precipitation for the day with the lesser precipitation. 

A Student's T test comparing movement rates on north- 
and south-facing slopes showed no significant difference in 
the populations at the 95 percent confidence level. The 
comparison was made for the period of five years before the 
north-facing site was disturbed. 

DOWNSLOPE NAIL MOVEMENT 
IN MANCOS SHALE CRUST 
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Figure 9. Graph from one of the study sites near Caineville, Utah. 
It shows the average downslope distances of 20 nails at the times 
of measurement and the standard deviations of those distances. 
Regression lines through both were used to determine their rates. 
Note that the standard deviation of the set of nails increases over 
time, which indicates increasing distances between higher and 
lower nails on the slope. 
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Slope position appears to be an important factor control- 
ling movement rates, as indicated by the sites measured 
only at the beginning and end of a seven-year period. The 
site between 1 and 2 m below the ridge crest moved at an 
average rate of 0.7 cm/y~: At the same time, sites 5 and 10 rn 
below the ridge crest moved at an average rate of 4.1 and 
4.5 cmJyr. A Student's T test between the upper and middle 
sites indicated there were two separate populations at the 
99 percent confidence level. 

Figure 9 shows that the spread of the nails, as measured 
by the standard deviation, increases with time. For all the 
sites the rate of increase of the standard deviation is 

between 35 and 46 percent of the average downslope dis- 
tances the nails had moved at any given time. This spread 
of the nails indicates that downslope movement of the soil 
surface occurs as independent slices up to a few meters 
wide, with each slice moving independently. The relatively 
large spread in the distances the nails move helps explain 
why there is no significant difference in the rate of move- 
ment between north- and south-facing slopes. 

The nails rotated in a downslope direction as they moved 
downslope. This indicates that a shallow surface layer of the 
soil is involved and that lower layers of the soil either are 
stable or move quite slowly. 



Vegetation and Geomorphology on 
the Fremont River-Part 4 

BEN EVERITT 

INTRODUCTION 

Dynamic sand-bed rivers such as the Fremont River of 
southern Utah provide a fruitful area for the study of the 
relationships among the variables of climate, hydrology, geo- 
morphology and riparian vegetation. The changing survivor- 
ship of different pioneer species is recorded on flood bars 
of different ages. 

PHYSIOGRAPHY 

During the last century the Fremont River passed through 
an episode of arroyo cutting. Between 1896 and 1916 a 
series of floods gutted the valley, forming a wide braided 
channel which has destroyed most traces of the former nar- 
row sinuous one (Wooley, 1946; Hunt, et.al., 1953; G r 4  1983; 
Webb, 1985). The present river is a product of the gradual 
shrinlang of the channel and construction of a flood plain 
inset within the 1896 arroyo, mostly since 1940 (Everitt, 
1995). 

The valley floor and floodplain can be subdivided into 
physiographic units for the purposes of describing topogra- 
phy and vegetation. In figure 10, I have used the classifica- 
tion of Osterkamp and Hupp (1984, fig. 1). The channel bed 
(CB) carries the low flow, when there is any, and is wet 
most of the time. Depositional bars (DB) are ephemeral fea- 
tures in or adjacent to the channel bed, formed of newly 
deposited sediment, and unvegetated except by sparse 
annuals and seedlings. The Fremont presently has an active 
channel shelf (AS) which is a composite of many flood- 
deposited treads separated by steps and rising 0.9-1.2 
meters above low water. The boundary between the chan- 
nel shelf and the more horizontal surface of the activeflood 
plain (FP) is a matter of judgement. The floodplain surface 
undulates betweenflood bars (FB) and swales (FS), with a 
relief of 0.3-0.6 meter. Behind the active flood plain are 
remnants of terrace (T), the flood plain abandoned in 1896. 
The terrace is about 3 meters above the active flood plain 
and separated from it by an erosional scarp. The substrate 
is hable fine sand with minor silt, with clay locally in the 
swales. 

The relative area occupied by the various physiographic 
subdivisions of the flood plain has changed as the modem 
valley has evolved. The active flood plain with its bars and 
swales provides a variety of habitats for vegetation. It is 
mostly younger than about 1940 (Graf, 1983); the oldest 
woody plant found so far (tamarisk) dates from the 1950's 
(Everitt, 1995). The habitat available for colonization is 
evolving as the river evolves. The present flood plain is un- 
doubtedly quite different from the braided channel of 1940, 
with respect to elevation, time subject to inundation, pro- 
pensity to scour, stage versus velocity, and elevation above 
normal water table. 

Graf (1983) presented a model of the Fremont River as 
one which alternates between two states: a process-domi- 
nated state, in which channel morphology is principally a 
function of discharge; and a form-dominated state, in which 
the geometry of channel and flood plain present more iner- 
tia, and exert feedback to the flow. The Fremont is evolving 
toward the form-dominated state. Floods have been smaller 
in recent years, due to either climatic effects or morpholog- 
ic feedback, or a combination of the two. The channel is 
shrinking in width and meandering only slowly, continuing 
to provide new ground for colonization. 

VEGETATION DESCRIPTION 

The vegetation of the middle Fremont, as recorded in 
1982 at the mile-post 111 traverse (fig. lo), is typical of the 
river between Caineville and Hanksville. Colonization by 
reed mats and seedlings of coyote willow and tamarisk 
begins on the active shelf (AS in fig. 10). Cottonwood prob- 
ably appears here as well during favorable years. A row of 
cottonwood saplings to five meters in height occupies the 
proximal flood bar (FB) with some Russian olive, tamarisk, 
coyote willow, and rabbitbrush, with ground cover ranging 
from 30 to 50%. The cottonwood saplings belong to a single 
cohort which is dated to the early 1970's, and is probably a 
response to the late spring flood of 1973 (Everitt, 1995). 
The distal flood bar is occupied by tamarisk and rabbit- 
brush, with ground cover estimated at 60%. In the inter- 
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Horizontal distance, meters 

Figure 10. Pace and hand-level traverse of Fremont River Valley, running S 16 Wf iom milepost 111, State Highway 24. The physio- 
graphic subdivisions of the valley floor are labeled with binomial initials: CB, channel bed; DB, depositional bar; AS, active channel 
shelf; FE: active flood plain; FB, flood bar; FS,floodplain swale; ?: terrace-abandonedfloodplain fiom Even'tt, 1995, Figure 4). 

vening swales (FS) are rabbitbrush, tamarisk, four-wing CONCLUSION 
saltbush, and ~ i r r e ~  seepweed to a lower density (10 to 
20%). The dense fringe of tamarisk at the toe of the terrace 
is a widespread feature of the central Fremont, and indi- 
cates that tamarisk was the primary perennial pioneer species 
at the time the active channel margin began to retreat from 
the foot of the terrace. 

The terrace (T) is occupied by four-wing saltbush and 
greasewood, with some old cottonwoods, many dead or 
dying. The absence of tamarisk shows that the terrace pre- 
dates the introduction of tamarisk into the Fremont 
drainage. 

The simple pioneer-dominated plant community of the 
Fremont River flood plain records a changing mix of species 
in response to changing habitat and the introduction of new 
species. Recorded in the transect at milepost 111 is the 
introduction of tamarisk (probably about 1940) and its sub- 
sequent decline; the resurgence of cottonwood in the 1970's, 
and a continuing gradual increase in Russian olive (Everitt, 
1995). 



Gravel Deposits North of Mount Ellen, 
Henry Mountains, Utah-Part 5 

ANDREW E. GODFREY 

INTRODUCTION a divide during a flood, can lead to the capture of the head- 

The piedmont north and northeast of Mount Ellen, north- 
ernmost of the Henry Mountains, is marked by fan-shaped 
gravel deposits of three streams. These deposits are the 
gravel-capped pediments of Gilbert (1880, p. 120-129), and 
Hunt, et.al. (1953, p. 18S195). From east to west the streams 
are Bull, Birch, and Nazer Creeks. A program of detailed 
mapping was undertaken to determine the history, mode of 
deposition, and controlling factors of these gravel deposits 
(Godfrey, 1969). This report presents a brief overview of the 
findings related to Bull Creek. 

FINDINGS 

A band of hummocky, boulder-strewn deposits separates 
Mt. Ellen's slopes from smooth-surfaced gravel deposits 
farther out. This band, containing boulders that range up to 
house size, is considered to be deposits of an Early Plei- 
stocene debris avalanche (Godfrey, 1980). 

Mapping of the smooth-surfaced gravel deposits showed 
they are a composite of discrete linear deposits extending 
from the mountain front to the Fremont-Dirty Devil river 
system. Figure 11 shows the directions of several paleo- 
courses of Bull Creek. Additional, minor routes are not 
shown. For Bull Creek there were at least 13 distinct gravel 
deposits representing different stream courses. 

This investigation indicated that, in the piedmont north 
of the Henry Mountains, the development of a gravel bench 
is a repetitive process. It begins with gully erosion of some 
older piedmont landform. However, the critical factor is the 
gradient of streams tributary to main streams originating in 
the mountains. Unlike the more common case, where tribu- 
taries have steeper gradients than the main stem, tributary 
desert washes not draining igneous rocks have flatter gradi- 
ents. These washes are eroding and transporting only fine- 
grained erosion products of sedimentary units exposed on 
the piedmont rather than the coarse products of the igneous 
mountain mass. This difference in gradients results in each 
tributary being at a lower elevation than the adjacent main 
stem at any point upstream from the junction. 

Erosion of drainage divides, random lateral migration of 
mountain streams across their flood plains, and overflow of 

waters of a main stem stream by a nearby desert wash. With 
the diversion of the gravel-transporting stream, the valley 
of the desert wash changes from a locus of erosion to one of 
deposition. This change results in the steepening of the 
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Figure 11. Sequential changes of ancestral Bull Creek interpreted 
from gravel deposits on the Cottrell and Fairview Benches. Higher 
numbers are younger deposits. Hatchers represent escarpments, 
stiples are on the dip slope of the Summerville Escarpment, hori- 
zontal rulings represent higher-standing gravel deposits, and 
black areas represent sandstone hills at or just above the level of 
the gravels. In general, the sequence shows a progressive head- 
ward capture of the main stream. 
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wash's gradient so the wash can transport the coarse gravel. 
Accompanying this steepening of gradient is a regrading of 
the point of capture into a smooth profile. 

During burial of the former desert wash's valley, its floor 
can be smoothed by lateral planation. However, the linear 
nature of the mapped gravels indicates that this lateral pla- 
nation is restricted to the already existing valley. There is 
little widening by the gravel-carrying streams, perhaps due 
to the steepness of the slopes in this area. Braided streams 
have distributed gravels over flood plains whose limits have 
been predetermined by the width of the pre-existing valley 

CONCLUSIONS 

Detailed mapping of Bull Creek's gravel benches north 
of Mount Ellen showed that the apparent fan-shaped, gravel- 
capped pediments are a composite of several linear deposits, 
each representing an identifiable stream course at progres- 
sively lower levels. They fit Robert Oak's classification of a 
"shoestring" pediment (Oaks, personal communication). This 

leys cut by desert washes. Lateral planation can occur with- 
in a valley, but widens it only slightly in areas of steep slopes. 

The processes that form these gravel benches are not 
climatically controlled. There is not one set of conditions 
that causes erosion and another set that favors deposition. 
Both erosion and deposition can occur simultaneously. 
Desert washes with lower gradients erode valleys in the 
piedmont that are at lower elevations upstream from their 
confluences than the aggradational, higher-gradient, gravel- 
bearing main streams flowing out of the mountains (Rich, 
1935). Capture occurs randomly when the main stream 
migrates to the edge of its valley where its interfluve has 
been eroded away. 

Relative relief between gravel benches is not necessarily 
an indicator of the time between the deposition of the 
benches. Instead, distance between capture point and 
downstream confluence, and the resistance of the rocks that 
a desert wash erodes through, are significant controls of 
relief. 

- - 

is because the gravels were deposited in pre-existing val- 



Monitoring flash floods in the Upper Blue Hills 
Badlands, Southern Utah-Part 6 

GREGORY S. DICK 
ROBERT S. ANDERSON 
DANIEL E. SAMPSON 

Department of Earth Sciences and Institute of Tectonics, 
University of Ca2$ornia, Santa Cruz, Cal$ornia 95064 

Why study badlands, or flash floods, 
or flash floods in badlands? 

Badlands are intriguing for their unique and often deso- 
late appearance and apparently rapid rates of change. These 
barren landscapes develop through intense fluvial dissec- 
tion that produces steep hillslopes and high local relief 
(Bryan and Yair, 1982; Howard, 1994), and are most often 
found on easily eroded, "soft" bedrock (e.g., shales) in arid 
to semi-arid environments. Spot hillslope erosion rates in 
badlands on the order of mm/yr are among the highest 
measured in any landscape (Schumm, 1956; Schumm, 1964; 
Campbell, 1982). The short time scales during which bad- 
lands develop and their manageable spatial scales (e.g., 
area, relief) provide us with a geomorphic microcosm in 
which to study fluvially controlled landform evolution. 

Because hillslopes erode quickly, maintenance of the 
rugged topography in the Upper Blue Hills (Blue Hills) 
requires high channel incision rates. The typical assump- 
tion is that the regolith and bedrock common in badlands 
are easily erodable, coupled with nearly impermeable 
regolith, leading to high runoff/rainfall ratios. High runoff 
appears to be needed to cause high rates of incision. While 
these shales are visibly quite friable, much existing work 
challenges the notion that badlands surfaces are simply 
impermeable "parking lots" (Schumm and Lusby, 1963; 
Lusby, 1979; Yair et al., 1980; Bryan et al., 1984). The heavi- 
ly cracked and piped regolith in badlands is often highly 
permeable, with maximum potential infiltration rates on par 
with maximum rainfall intensities (-50-100 mm/hr). Yair et 
al., (1980) , comparing experimental infiltration rates to rain- 
fall records, conclude that surface flow in the Zin badlands 
of Israel is exceedingly rare under the present climate, and is 
produced only during extreme rainfall events. Apparently, 
only a few rainfall events produce surface flow in these 
landscapes under present climate conditions. 

The combination of rapid channel erosion with appar- 
ently rare flow events poses an interesting problem: when 

and how are these channels eroded? Are rare, large-magni- 
tude rainfall events the only way, or can less frequent 
events accomplish much geomorphic work? To decipher 
this, we need documentation of the frequency and erosive 
power of flows in these channels, but little flow information 
is available for such small catchments. In fact, there are few 
measurements of flash floods in general, as they are rare 
and difficult to gauge accurately. However, the limited 
observations suggest they are quite different from that of 
perennial flows. They are typically highly turbulent, and 
carry extremely high suspended sediment loads relative to 
perennial flows of similar size (Reid and Frostick, 1987). 
Typical flash floods initiate with the passage of a small, 
steep-faced bore front, immediately followed by some flow 
recession. Thereafter, the hydrograph gradually rises to peak 
depth. The time to peak discharge is short, and decreases 
with increasing drainage area as the hydrograph front steep- 
ens downstream. Recession is typically rapid. Excellent dis- 
cussions of flash floods are available (Hassan, 1990; Leo- 
pold and Miller, 1956; Reid and Frostick, 1987; Renard and 
Keppel, 1966; and Schick, 1988). 

To learn how often erosive flows occur in the Blue Hills, 
we began actively (and accurately) monitoring channel flow 
and rainfall in the Upper Blue Hills in early summer 1994. 
Our aim is to address the following questions: (1) what is 
the hydraulic nature of the ephemeral flows in these chan- 
nels, and what produces the observed characteristics?; and 
(2) what controls the frequency and magnitude of geomor- 
phically significant flow events? 

The Blue Hills Flash-Flood-Monitoring Project 

The Upper Blue Hills badlands 

The Upper Blue Hills badlands extend from the Henry 
Mountains to the south (Mt. Ellen, at 3510 m, is the highest 
peak in the Henry Mountains), to North Caineville Mesa and 
Factory Butte, just to the north and northeast. Channels 
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drain to the Fremont River, a tributary to the Colorado 
fiver. The blue-gray marine shales in the Blue Hills belong 
to the Blue Gate Member of the Cretaceous Mancos Shale, 
which floors roughly one-sixth of the upper Colorado River 
basin. The climate is arid: Hanksville, -25 km east, receives 
an average of 12f  4 cm annual rainfall (period 1947-1992). 
Local convective thunderstorms occur during the summer, 
when the warm continental interior draws monsoonal 
winds off the Gulf of California. Frontal storms deliver low- 
intensity rainfall (and some snow in winter) during the 
remainder of the year. 

The Blue Hills provide a stunning visual example of the 
intimate linkage between hillslopes and channels in fluvial 
landscapes. Drainage densities in the instrumented basin 
are high, exceeding 60 lan/hn2. Channels along the instru- 
mented reach have slopes >0.01, with frequent knickpoints 
up to -1 m in relief in bedrock and alluvium, and alternate 
between short bedrock reaches and reaches covered with a 
thin (<0.5 m) alluvial mantle. The erosion of the channels 
is accomplished through: (1) direct, subaerial (perhaps salt 
expansion) weathering of the bedrock channel floor, with 
weathering products transported in flows; (2) disaggrega- 
tion of the rock by water (drop a piece of the Mancos Fm in 
your water bottle!); (3) headward propagation of knickpoints 
throughout the badlands; and (4) some direct "plucking" of 
blocks and rock fragments from the bed which are likely 
later weathered or disassociated by water. The hills are 
evolving through a combination of diffusive rain-splash ero- 
sion along the ridge lines (note convexity and "smooth" 
look) where slope is gentle, and shallow (-few cm's) land- 
sliding on steeper hillslopes. The transition to landslide- 
dominated erosion is quite visible on the hillslopes, and 
typically occurs at slope angles of 35'40". Hillslopes are 
rarely steeper than this, except where actively undercut by 
channel meanders. Steep hillslopes are maintained by inci- 
sion of the adjacent channels. Such landslides transport a 
substantial quantity of material to the channels, where it is 
later transported by channeled flows and thereby helps 
generate the high sediment concentrations in flows from 
the Blue Hills. Erosion by overland flow (i.e., sheetflow) 
appears to be minimal, although there is evidence of regolith 
stripping by small mudflows in the rills. 

The Blue Hills are evolving through headward channel 
incision likely initiated by rapid post-glacial incision of the 

nuclide dating of the large remnant along the western edge 
of the monitored basin yields ages of -18 kyr (unpubl. 
data, J.L. Repka). This age ties debris-flow deposition on 
this surface to the last glacial maximum. If this date records 
the approximate time of abandonment, the current relief of 
the monitored catchment implies average post-pluvial chan- 
nel erosion rates up to -2 mm/yr. This scenario of badland 
development through post-pluvial incision of a trunk stream 
is similar for badland development elsewhere in western 
North America (e.g., Bryan et d . ,  1987). 

Hydrograph measurement technique 

Because flash flows are turbulent, sediment-laden, rare, 
and rapidly varying, and because we needed a gauging tech- 
nique that could operate without frequent maintenance, we 
developed an acoustic depth monitoring system, dubbed 
the EchoRanger. The acoustic sensors, which are based on 
Polaroid autofocus camera electronics, are hung below PVC 
supports, and "look down on the channel floor. The sen- 
sors are connected and controlled by a Campbell Scientific 
CRlO datalogger located in watertight control boxes adja- 
cent to the channel. These sensors obtain distance mea- 
surements to a reflector by measuring the travel time of an 
emitted pulse of sound, and can obtain distances as fre- 
quently as 8 Hz;. Here, we operated them at 1 Hz. The 
recorded distance between the sensor and a reflective sur- 
face (either water or channel bottom) is converted to a flow 
depth, from field calibrations, after correcting for tempera- 
ture. 

We deployed four stations (A-D), each with two acoustic 
transducers, along the same channel, and one recording, 
tipping-bucket rain gauge at station B (fig. 12). Gauged 
basin sizes are from 0.88 km2 to 1.03 krn2 (fig. 12). Rainfall 
was totaled at 1 minute intervals, and ambient temperature 
was recorded whenever depth readings were saved. 

Recorded hydrographs 

From summer 1994 to summer 1996, we have evidence 
for 11 flows in the monitored catchment. Seven of these 
events were relatively small (peaks <0.15 m3/s); only four 
flows exceeded 0.5 m3/s. We focus here on the two hydro- 
graphs discussed in Dick et al., (1997). 

Fremont River (Howard, 1970). This incision is recorded by 
Event A: September 20,1994 

the terraces now visible along the Fremont. The isolated, 
relatively smooth surfaces that cap the badlands here are On September 20, 1994, we witnessed a rainfall event 
inferred to be paleovalleys mantled with debris-flow mater- that produced a small flow. The rain gauge recorded 4.8 
ial from the adjacent buttes; the debris-flows are perhaps mm during a period of 8 min, with intensities ranging from 
most active during pluvial (glacial) episodes. These surfaces 15 to 76 mmhr. Rills on hillslopes contained visible runoff 
appear to grade to a Fremont River terrace, although corre- within several minutes after rainfall began, especially fol- 
lating these remnant surfaces is tricky. Cosmogenic radio- lowing the highest rainfall intensity. The heavily cracked 
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Distance upstream from 
arbitrary point (m) 

Figure 12. A. LZrainugc~ rnr,twork (md loc.ation c!f gauging stafions 
k>cation. B. Sc}~cmcltic qf c~cor~atic-sensor1 instal/cttion. C. Profilr of 
rnain chutlnel dtrotcg1-z tnonitoretl urcJa, witla total ilruii~agv (rrtvi 
(AD) ccl?ore each stc~tion, and hori-iso~ztal rlistu~zcr (x) ancl at-<,rage 
slope (s) betweer1 each .stcztiort. 

regolith did not seal (luring the rainfall, ancl we (lid not 
obsel-ve concentrated surf,lcc flour on undisturl~cd regolith. 
Depth of regolith wetting was up to a few centimeters. 
Surfitce failt~res -5 em deep occurring (luring the stornz 
revealed a dly l~edrock sul-faee. 

ktre mc>asllred flow depth and surfiace velocity tnantlally 
at station B (fig. 13). Flow began -5 min into the rainfhll 
event, ancl gracliidly increased to several centimeters depth 
by rainfall cornpietion. Two bores of several centimeters 
height passed -9 ancl -16 nlin after rainfall began. Surface 
velocity rneasrtlrnrents ranged from 0.7 m / s  (tiepdr = 2.5 cm) 
to 1.9 nr/s (depth = 7.0 ern). Stancling waves were obscn~ed 
at deptlrs 2 2.5 em, evidence of near criticd (Fr = -1) flow 
conditions (Krrigllton, 1984). Flo>w Reynolds numbers \wre 
< 41 000, l\/lc;liuretl surface velocities yielded n values 
from 0.012 (cieptll = 7.5 cm) to 0.022 (cfepth = 2.5 ern). 

The \tation A acoustic system recorded flow al)ove the 
-8 cni threshold (fig. 13). Depth at the remaining stations 
was bclow the recorditig thre5holds (<I0 en]). Tile hydrct- 
graph is complex: tl~crc% were nunieroils rapid cl~anges in 
dcptlr that were large relative to tlre total depth. Tlie aver- 
age translation velocity of the rapid rise of flow level (a at A, 
a' at B, fig. 13) was -1.8 m/s. The estimated rurlofl coeffi- 
cient (total rurioff/total rainfill) was -0.01. 

0 2 ?! r 8 I= 3 r 8 P‘ 9 2 8 m 

Time (hr:min) 

Figure 1 3  Eoent A lzyetograph (l7arsl and hydrographs fir stutintzs 
A r~nd B. Black line is 3 s I-tinning in.erctgcC cfd ~~u~ciaz~rerf e c e q  1 s, 
grcly lirte slzotc;s 1 s data. Scatter iiz the 1 s cklta is iildicatioe cf 
rnerhsinre~tzarzt error Dasht~d line is recorrling threshold (-8 crrtj. 
Ifc~nrl-hell rneasureinents crt stutiort B were ma& at tivies shown. 
UP collectorl titit-ittg any t~otc~hle changes in-flow, and the h!ydro- 
gr(1p17 I?L>~U.PPIE gcltiging points die1 not cleport sigrtificclotly (21 
c~t t )  front the line connecting the points. Accprage translation r eloe- 
it!/ for ru.(lpi(E rise irt.flotc; leoel, lrbekel (1-a : tocis 1.8 rn/s orer 0.5 
krrl recrch betwern statiorls A ilrd B. Note serrrrtl distinct j10w 
pc~aks of strition A h!yclrogrczplz, anel rq9it-l rl~ptlz changes at a mt~rl b 
lhal are ktrge relttttve to fotrd clepth. 

On September 29430, 1994, a rtlinfall event lasting 30 
lnin and totaling 5.3 inn1 produced the deepest recorded 
flow (fig. 14). Rainfall intensities were low (<30 mm/hr). 
Ilowwer, 3.0 rilln of rain had gallen during the preceding 
12 hr. 'Three \tations recorded the resultirrg hydrograptr 
(fig. 14). 

At cacli station, depth increi~sed rapidly, lisirrg fro111 below 
the recording threshold to -15-20 cm in <-5 min (fig. 
14). This initial front advancecf with an average velocity of 
2.0 in/s from station A to B and 1.5 nr/s from station £3 to D, 
and retiairled a height of -20 cm. The rise time to the initial 
flow peak (a-a", fig. 14) shortened fi-on1 -5 inin at stittion rZ 
to -3 min at statioir I). Tlie initial peak was followed 1)y 
reeessiort of several centimeters, and later by two primary 
flo\v peaks (b and c, fig. 14) presumably associated with 
~ndivlclual riunfiill maxima \vithln the stoml. Features iden- 
tifiable in each hydrograph (:I, b, and c, fig. 14) traveled 
with velocities of 1.2 to 2.2 ni/s, lncreasing with flow depth. 
The time lag between the start of flow recording and peak 
flow was -15 min at each station. Rrtnoff coeficient5 were 
2 -0.08. 

C:ontrols on hydrograph shape and total runoff 

Events A and B had differerit hydrograph ch;tracttbristics. 
VVc suggest that dlis Inay reflect differences in rairlfall deliv- 
ery. In the event A hydrograpll, producecl 1)y an intense 
tl-rtmderstol~n (fig. 13), large depth clrmges (relative to total 
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Time (hr:min) 
Figure 14. Eoent B Izyotogrrrph (top graph) and hytlrogra))l~~fi>r stations A, B, and I). I h h e d  lines as in Figfire 3. Lnrge scatter in sta- 
tion D dutn arises frofrtj~lse tri,gg~>?.ir&g c?f'se?zsor by splash. Mote recltrcecl l i s ~  tinw to initial hyclrogrczph peak (a-rt'-a? (I?&$ ot ct+lirzg o f  
b-b '-b" by prak c-c '-eft during hydrogrr~plz trarzslation clownchannel Ei~rrt~~res a, 11, urzd c ure selcc.tec1 tuhere Irydrogrczplt c~mmcrtzrre is 
high. Aceragr eeli~cittj (~tzis) ofhyclrogrc1~~kfec1t1~rc:s. (1-(6' = 2 0, h-h ' = 1.9, r-c' = 2.2, u '-u" = 1.5, h'-I?" = 1.2, cmrl c.'-c" = 1.8. 
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depth) are fi-eqrtcnt and occasionally rapid (a and h, fig. 13). 
Similar rapict depth fluctrtation, ottscncd in othtlr flab 
floods were srlgge5trd to I)e eitlter "~rronrr.nttlrn w,i\e\" 
(I,eol~old .~utl Clillc~t; 1956), or tm cxprrs,ion of tlic c'lranricl- 
network rh,tpcl (th,g., Renarc1 aixd Kc~pel,  1966). \VC conz- 
pare the e\ent A lrydrogl-al~h to the gmphied nchirork width 
hnction, wliiclr ic the srtm of ~ l l ~ ~ n ~ ~ c l  scg~xrcrit\ a\ liirrc>tion 
of distarrce al>ovc. a point iri the clrarr~it~l tretitork (fig. 15; 
w e  Mesa ant% Mifflin, 1986, aild Dick et d., 1997, for 
details). The e\tknt iZ hydrograph ,tnd the nehvorh width 
li~nction are hnilar (fig. 15). whic.11 suggest5 that t l ~ t %  Il>duo- 
graph shape cbonld rrflt>ot tlre rleh5ork geornt.tr>. Thc onl)~ 
other rccordrd l~yctrograph proclitceil 1,) a higlx-irrtcnsity 
\torn1 also look, \inrilar to the \\~itltl~ fttnction, dapitt dif- 
fercnccs in tllc liyctograph (Dick, 1995). [n contra\t, t l ~ .  
cvcnt B 11~drogniplr is rnuclr sn~oother; lack< olniot~, f k -  
tr~res reflecti~ig nehvork shape, ,tnil is broad11 \irnilar ill 
shape to thc rainft~ll h?etograplx. We, hypothesi~e hydl-o- 
graph \Iiapc 1s corltrollecl by the ~rehvork geonlc.t.r) \\rht.ir 
flow is produced Ity lligh-interrsity stoix~s that arc short rel- 
ative to tlre l-is;c time of the hydrogr,+ph (e.g., exelit A). Irr 
\uch case,, ovcrlanc'l and shallow \ulrsurf;tcr~ flow protlucc 
rapicl rtinofF: tri1)irtary floxvs art. short-li\ed, arid coirtril>r~te 
pe'tks to the trr~rtk channel that arc presenrcd in tlic out- 
flow hydrogr'iph. For stonns of similar s i ~ e  b t ~ t  1ongc.r di~ra- 
tion (i.e., ei.t.nt B), tl-ib1ita1-y lzydrogr,iphs rise more slowly, 
with smaller peaks, that are not clearly presel-vecl irr  tltc ortt- 
flour hydrograpll. \;ZTc~ continuc to collect data Irerr to test 
tt.it.se hypotheses. 

A critical ft~ctor in runoff generation here is ar~tec~c~cler-rt 
moisture. The ditrerc~nce in the hvo flow ebcnts we dc\crilre 

here i \  a goocl rnotlcl 'I'he ctcnt\ h,ttl c.orlipnr,il)lc tot,ll 
rairrlhll (4 8 nlrn in c.\c.nt '1 ,nlci 5 3 rxttri rtl cx\cnt Lij, lwt, 
eo~ttit~rir~ttiit~wlv. t l r t b  \torr~r w~ th  lo\\ cr ~~rtrlrr\rt\ i)rorJiic*cc?: 

flow with niaxllnum cfiscllarrc ,urd total cric~rg~ cc.\pt>rlctltttr i' 
an ortlcr of mnqnitutic grct,iter than ccc i i t  '2, ~>iodllerd 111 a 
more iritCnic \torn1 ( r i p  to 76 rnn1,411 i 7'hv oi~t\t,rnti~ttg thf-  

ft-re~tct' I)c~hvct~~i tht> ti40 r~ c~lts is t1rc , i r l ~ r ~ c ~ c ~ r j t ~ r r t  mtrr\lutch 
conclition. .wherc.as rir)  r airr m tht "r c h  \ 1,rtor tcr cc t>rll 

A, 3.0 rlrtli fell internlrttc'rrtly clurrrig tlrc li? hr ~~lcccct~ng 
<,vent 13. 'Thc redriceti potcnt1'11 rcgolrrh ~nti;ltr,itrtlll r,rie 
,illomc~l signlfie,irlt nrriofy y>~otl~xctto~i (28% tot,~l rar~ii,ill \ \ 
-1% i r ~  r>\c.r~t ,I) In fhct, of33 iar~ifail chvcbrlt\ cc.\c.c*c\tltn< O 3 
rnnr totd I-tuntall rt-corcled ill 1994 ,rrltl 1995, onlc tltriacb 
protfuc.ed flo\xs \\ttl-r rrl~rxtrr-luni dr\r.l-rLi~gc\ > O ; i  l r t3 , \  

These threc. r'~ilrf'il1 ('\cwt\, d l t t~~~ ig l i  110f rc~tn,trl.i,tt,l(~ 111 

tc>t,tl rarnf:,lll (1.2, 5.3, ,r~rd f9 ii nrni), \ttsrc ptc~r~r~tleti 111 > $ 3  O 
rim ra~nficlll during thc prtwotrs 24 hl 'f'ht, f-rbrkr,tlilirrq 20 
rainC111 e\c'lit-i trccur-rc~l \vllc*ri r,i~nfafl -+I ,ii 5 I h n i n i  tlt~nliq 
tlre prc~ct~tllrig 24 hr, ,tnd protlncetl IrttIv o r  no /lo\-+ 

IJor antec,eclent n~olrtr inB to hr ~rtiportaxlk, storrrlh iillrst 

ocerlr with111 iome trrrrc,, T,, . ,tftrr .i pr t q  i o ~ l s  \\tJttlllg CI ~ n t  
(fig. 16). Thr\ titnc. svalc rcbflcct\ ho11 clrltc.l\l\ ~nfrlrrdtroti 
e,ipac.rty i\ r-~~c~overr~tl tltrtrt~gl~ clry~tig. \I l t r t  Ir dttpchr~tk rrpoll 
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regolith properties and weather (e.g., temperature, wind). expenditure suggests that event B was geomorphically sig- 
We estimate zi, to be roughly 24 hr in the Upper Blue nificant (Costa and O'Connor, 1995). The total rainfall for 
Hills. Because of this recovery time, we must know the full event B has a return period of -1 yr.. However, geomor- 
probability distribution of spacing between rain events to phically important event B-type channel flows may occur at 
estimate flow frequency. The average time between storms a quite different frequency dependent on storm-sequenc- 
(e.g., Schumm and Lusby, 1963) is not sufficient, because ing rather than rainfall recurrence interval. 
storms are not evenly spaced. For instance, the total energy 
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ABSTRACT 

In many parts of the world, sequences of terraces that flank river drainages mark periods of stasis in the 
downcutting history of the river. Absolute dating of these terraces, in addition to yielding long-term incision 
rates, can clarify the role of climate in controlling river-drainage evolution and can establish the rates of pedo- 
genic processes. Surface exposure dating using cosmogenic 1°Be and 2 6 ~ 1  would seem to be an ideal way to 
date such surfaces. However, the surfaces are composed of individual clasts, each with its own complex history 
of exposure and burial. Because the exposure age of a clast may be different than the exposure age of the sur- 
face, the stochastic nature of nuclide production in the clasts, both during their exhumation and transport to 
fluvial terraces as well as during post-depositional stirring, can result in neighboring clasts containing grossly 
different nuclide concentrations. We describe here a strategy for dealing with the problem of the stochastic 
nature of inheritance. First we study samples amalgamated from individual clasts in order to average the 
widely different exposure histories of each. Second, we measure samples from depth profiles to estimate the 
actual level of inheritance and to check for the possible importance of stirring. 

The results of applying this technique to terraces along the Fremont River in southern Utah demonstrate 
that single clast ages are indeed more widely scattered than those of amalgamated samples and that samples 
amalgamated from 30 clasts represent the mean concentration quite well. Depth profiles consisting of several 
amalgamated samples show an exponential decline in concentration attributable to post-depositional nuclide 
production, and argue strongly against relative displacements of the clasts on these horizontal surfaces subse- 
quent to deposition. Using the production rates of Nishiizumi et al., (1996) as adjusted for geographic latitude 
and for reassessment of the deglaciation age (Clark et al., 1995), our technique yields 1°Be age estimates of 
60f 9,102f 16 and 151+24 ka for the three most extensive terraces, corresponding to isotope stages 4,5d and 
6. Isotope stage 2 appears to be represented here by either a small group of isolated narrow surfaces or by the 
current flood plain of the Fremont River. These dates support a conceptual model in which the terraces 
formed when there was a strong glacial source of sediment within the headwaters, and were abandoned when 
the sediment source shut oE The mean inheritance is remarkably constant from terrace to terrace. Failure to 
correct for inheritance would yield dates several tens of thousands of years too old. Inheritance likely reflects 
primarily the mean exhumation rates in the headwaters, of order 30 m/Ma. 

The channels of the Blue Hills badlands have as their history of the baselevel forcing that was experienced by the 
base level the channel of the Fremont River (fig. 17). The adjacent badlands, we set out to establish the ages of these 
numerous extensive terraces of the Fremont River attest to Fremont terraces. While these surfaces were mapped in 
the lowering of this boundary condition through time. To be- detail by Howard (1970) in his thesis work, no absolute ages 
gin to assess the history of this downcutting, and hence the exist. As the headwaters of the Fremont have experienced 
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Figure 17. (a) Detailed topography adjacent to the Fremont 
River as it passes eastward through the gap between North and 
South Caineville Mesas. The sampled terraces are depicted. Note 
the isolated scraps of FRI and FR4 sulfates, and the extensive 
preservation of FR2 and FR3 su$aces. (b) Valley-parallel longi- 
tudinal section of the terraces (diamonds) in the study area (A-A' 
from the inset map in Figure 17a), showing elevations relative to 
the modern Fremont River floodplain (triangles). Sampled sites 
are shown as open circles. 
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occasional glaciation (Flint and Denny, 1956), the sedi- 
ment- and water-discharge histories from the headwaters 
should have seen large swings that result in downstream 
propagation of waves of aggradation followed by incision 
and abandonment of outwash terraces (e.g., Bull, 1991). 
The glacial deposits in the headwaters are not well dated. 
In addition, correlation to other glacial sequences within 
the western U.S., such as those in Wind River system 
(Howard, 1986), implicitly assumes the synchroneity of the 
responses to regional climate change. Absolute dates of 
these, and of other sequences of glacial outwash terraces in 
the western U.S., would allow testing of the conceptual 
model for the formation of such terraces, and would allow 
assessment of the degree to which these isolated alpine 
glacial systems responded in phase with one another and 
with continental ice sheets through the late Pleistocene 
glacial ages. 

We have employed 1°Be and 26Al, cosmogenic radionu- 
clides produced in situ (see, for instance, Bierman, 1994; 
Cerling and Craig, 1994; Finkel and Suter, 1993; Lal, 1991; 
Nishiizumi et al., 1993) to date the most extensive of the 
surfaces exposed along the Fremont River as it passes be- 
tween the Caineville Mesas (fig. 17). Cosmogenic radio- 
nuclides are produced by the energetic impacts of sec- 
ondary particles produced by cosmic rays with near-surface 
materials, lOBe largely from impacts with oxygen, and 26M 
largely from impacts with silicon. Quartz is an ideal target 
mineral because it contains two of the primary target ele- 
ments and because its resistance to weathering allows it to 
retain the cosmogenic radionuclides. The half-lives of 1°Be 
(1.5 Ma) and 2 6 ~ 1  (0.7 Ma) make them appropriate candi- 
dates for dating surfaces throughout the Quaternary. 

There is a down side, however. Because cosmogenic radio- 
nuclides are produced whenever a rock is within roughly 2 
meters of the earth's surface, the cosmogenic radionuclide 
clock starts to tick well before a clast is embedded within 
its present deposit. It will have inherited radionuclides both 
during exhumation from a hillslope within the headwaters, 
and as it travels through the fluvial system, stopping here 
and there in the flood plain. Each clast will have its own 
individual history, reflecting the particular route it took to 
get to the final terrace site. All clasts will arrive with at least 
a few ticks on the cosmogenic clock. The trick is to see 
through this inheritance to extract the age of the surface. We 
have outlined a technique designed to do just thls (Anderson 
et al., 1996): We show here our latest results, applied to the 
Fremont River terraces. 

One possibility would be to analyze many clasts from 
the surface and to take the clast with the lowest concentra- 
tion of radionuclides as having been emplaced with mini- 
mal inheritance. Its concentration could then be inverted 
for the time since emplacement on the surface, and know- 

ing the production rate and the decay constant, one could 
back out the age of the surface. (Crudely, ignoring decay, 
the effective age is T=N/P,, where N is the measured con- 
centration of cosmogenic radionuclides, and Po is the sur- 
face production rate). Unfortunately, cosmogenic radionu- 
clide analysis is both expensive and time consuming, mak- 
ing it difficult to analyze a sufficient number of individual 
clasts to map out the distribution of inheritance. Our initial 
experiments with single clasts demonstrate that the con- 
centrations and hence effective ages are indeed widely 
spread (Repka et al., in press). 

Our technique is based upon the following conceptual 
model of the geomorphic system (fig. 18): The depositional 
system was that of a braided outwash plain, and the deposit 
at the site we ultimately sample accumulated rapidly over 
time scales that are very short (probably 100s of years at the 
most) compared to the age of the terrace. Inheritance varies 
randomly from clast to clast because the exhumation rate 
within the basin is nonuniform, and because the transit 
times and burial depths during transit within the fluvial 
system vary. Abandonment of the terrace occurred as the 
river incised into the weak Mancos shale bedrock, presum- 
ably when sediment supply in the headwaters declined as 
the glacial system collapsed. Subsequent to abandonment, 
the surface of the terrace slowly agraded with eolian dust to 
produce a loess blanket 10-20 cm thick. A desert pavement 
developed in which a monolayer of clasts remained atop 
the dust mantle (Wells et al., 1995). A soil developed in 
which gypsum and carbonate cements dominate, but actual 
turbation of the subsurface clasts was minimal. The distrib- 
ution of lithologies of the clasts on the surface evolved as 
those most susceptible to weathering disintegrated. Locally 
derived sandstones and shales disintegrated rapidly, while 
quartzites derived from the middle Mesozoic outcrops 2030 
km upstream prove to be the most resistant (~i l l ingsl~ et a]., 
1987). 

Given this picture, which is developed from field observa- 
tions of the Fremont terrace sequence, we can assume that 
the terrace deposit was rapidly emplaced and the depth 
history of any individual clast within the deposit can be 
well constrained, both by its present depth and the thick- 
ness of the eolian silt. We collect a series of samples from 
several discrete depths within the terrace gravel deposit, 
each sample consisting of several dozen quartzite clasts. 
Back in the lab we construct an amalgamated sample from 
each horizon, taking mass aliquots from each clast so that 
no single large clast dominates the signal at a particular 
horizon. If we have taken enough clasts, the cosmogenic 
radionuclide concentration of this sample therefore approx- 
imates the mean concentration of clasts at that depth. At 
the time of deposition the profile of mean concentration 
versus depth should be uniform and reflect the mean cos- 



R E P U ,  E'I' AL.. DA'I'INC; 'I'llE FKE1.IONT RIVER TERRACES-PART 7 40 1 

surface sample 

achievement of 
secular equilibrium I 

Hillslope I Fluvial Transport Residence on Terrace ' ' 
Exhumation System time of 

sampling 
Time 

Figure IS .  History of ththr. cosrnogenic r-itdiorrzlclid~ c*on(.entri~tiorr ($(I  I~!~~)ot/tefical clnst, following it,u trclnsport hbtory in hillslope crrlrl 
jlt~riol systerrzs, czntl in its sicbsequcnt resiclence (it its prtlseizt .site. f'rorltictioi~ rat(' is dictated 1x4 deptla D~rreatlz the local stllfr~ce, Z ,  

which f i ~ l l s  oflc.s~~onentially with rkptlt (see inset). Exhzrrrtutiort on hill,slopr results irt irfonotonic incsreu.se in concerttrution. Pt-odttctbn 
lzistory iis stochastic within tlzc flurial s!ystc2n~, when cl elrat frnlwls hctuven poitlt brrrs and tlzeit is Irrtried to cli#ei-ing depths Ecolt~tioiz of 
coircentration onjnat  terrace site is sllotcn for tzco jros,ri/rl~ /nrrm'cil ~lepth.~',  on^ or1 st~t$ice, other in s~rh.surfuce. O l~e  scerral-iofbr surfice 
(,last is tirut it remains on the silt sz~rJ'uc,e, in wl~ich case i f  altcr~ys espc~riunc~s the sui$rce prodiu.tion rate, Po, and attains sampled con- 
centration of N,. The st~l)sulf[~ce clnst witl~in unrlerlyi~~g gi-ctce1.s istipplvcl) will rtnrlergo ct lower production rc~tc., eltit1 is s~~rtzpled wit11 
corzc~iztrcition N,,. Qasts on terra(.~s rriuch okE~r thclrt nu('l1'1l~ 11nlf /ires cittaitt scc*t~lnr c~yuilihri~~rn, ci th labelerl concentrations. 
Artuilgcrttin~tc~cl sutnples consisting of nurncrota clrish crlloi~~ liuck-cnlcrtlatioti of' ferr-rice age, z. unrl of the intJan inlzeritc,d raOio~z~~clir~e 
c~n~'e?rtration, N,,,. 

nlogertic radionuclide inheritance of the clasts within the 
geornorphic delivery system. Because the prodrlctiorr ratc 
falls off exponentially with depth beneath the stlrfice, and 
because the clasts have not movetl relative to one a~lotller 
in the subsudace, we expect that the post-dcpositional cos- 
mogenic radionltclide profile should look exponential. The 
surn of inherited cosniogenic radionuclides and post-dtlpo- 
sitior-ial cosmogenic radio~luclides should therefore produce 
an exponential profile that is si~nply shifteif or otT5et. 

'The results on the Frernont terraces support the validity 
of our technique (fig. 19). Where we have generated full 
cosrn~g~nic radionuclide profiles, these show the expected 
sbifted exponential forrn, from which we can extract 110th 
tlre inheritance (from t l~e  shift) and the age of t l~e  surfhce 
(from tlie expone~~tial). Tliis hroadly supports the series of 
assumption5 we have r-llade in the abovc conceptual rnodel 
of the origin ant1 evolution of these surfaces. The inheri- 
tance is large. Clasts arrive on the final ten-ace surfkce with 
cEective ages up to several tens of diousands of year\. This 

inlplies that, without taking inheritance into account, age 
estimate\ 1,asecl ttpon single clats would be far too old. Using 
the latest published prod~tction rates for l0Be (Nishiizumi 
et al., 1996), our technique yields estimates of the ages of 
the most prominent of the terraces to be 60k9 ka, 102t16 
ka md 151rt24 ka. which correspond to benthonic-plank- 
to11 isotope 5tagcs 4, 3cl anel early stage 6 (fig. 20). The 26A1 
resdtr yieltl similar age ~5tirnates. 

We note that at thi\ location there is no kvell expressecl 
terrace tl~at corresponds to isotope stage 2 (Last Glacial 
Maxirrrurn). 'I'hcxrc are hvo surfaces here that may represent 
isotope stage 2: One is a narrow, internlittent terrace 10 
rticters above tlte river (FR 1); our cosrnogenic radionuclide 
results frorcr thi5 surface are inconsistent wit11 those on other 
rt~rfacer (fig. 19). This difference rnay reflect poor access to 
the 5nbsilrface in our sarrlpling and/or a burial of the surt'ice 
t)y colh~vium fi-om a higher t e~~ace .  It is also possible that tlie 
rtage 2 glaciatio~l is represented here by the cursent flood 
plain (FRO), In either case, the minor, narrow exposures 
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