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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-fnendly 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 Garrison, Denny Geist, Jeff Geslin, Ron Greeley, 
Gus Gustason, Bill Hackett, Kimm Harty, 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 Peny, Andy Pulham, Dick Robison, 
Rube Ross, Rich Schweickert, Peter Sheehan, Norm Silberling, Dick Smith, Bany 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 
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INTRODUCTION This field trip is divided into three successive parts 

The purpose of this field trip is to examine the struc- 
tural style, metamorphism, and kinematic history of the 
Sevier orogenic wedge along a hinterland to foreland tran- 
sect (Fig. 1). The Sevier orogen (Armstrong, 1968a) is a 
retroarc fold and thrust belt that developed from Middle 
Jurassic to early Tertiary, and forms part of the much larg- 
er Cordilleran fold-thrust belt flanking the western mar- 
gin of North America. The Sevier orogen exhibits many 
classic components of continental contractional belts such 
as a variably metamorphosed and polydeformed hinter- 
land, foreland thrust system, and adjacent foreland basin, 
but mid-Tertiary to Recent extension has fragmented the 
orogen. Because of this fragmentation the orogen is 
unique in that footwalls of younger normal faults provide 
middle to upper crustal cross sections across various parts 
of the orogenic wedge. On this field trip we will view these 
unique cross sectional tracts from exposed structurally 
deep, partially melted levels of the hinterland to near sur- 
face levels of the Sevier foreland where we will observe 
the record of synorogenic foreland basin deposits. From 
these crustal cross sections, we will piece together the 
tectonic, metamorphic, and depositional architecture of 
the orogen. 

covering the western, central, and eastern regions of the 
Sevier orogenic wedge. Each area is discussed separately 
in detail in the accompanying mini papers by: Camilleri 
and McGrew (day 1) and Wells et al. (day 2) for the west- 
ern region; Yonkee (day 2) for the central region; and 
Yonkee et al. (day 3) for the eastern region. For simplicity 
we have combined references for all mini papers and have 
numbered figures sequentially. In this overview paper we 
summarize data from the mini papers, integrating new 
structural and geochronologic data from the hinterland 
and foreland, to set up the large-scale geologic framework 
for the trip, and to develop a general model for the devel- 
opment and subsequent collapse of the Sevier orogenic 
wedge. 

GEOLOGIC FRAMEWORK 

The field trip covers a -300 km west-to-east transect 
from the Sevier hinterland in northeastern Nevada to the 
foreland in north-central Utah (Fig. 2). This area lies east 
of accreted Paleozoic to early Mesozoic terranes that flank 
the western margin of North America and partly within the 
younger Basin and Range extensional province (Fig. 1). 
We divide the Sevier orogenic wedge into three principal 
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ARG = Albion-Raft River-Grouse Creek mountains 
P = Pequop Mountains 
PR = Pilot Range 
R-E = Ruby Mountains-East Humboldt Range 

ranges with Mesozoic SCR = Shell Creek Range 
metamorphic rocks SR = Snake Range 

TR = Toano Range 
W = Wood Hills 
WR = Wasatch Range 

E'igt~w 1. Sirriplifiecl mup rhotoing kocc~tiotts 1f the Seciar orogen, tnicl-Pi!ki>ozoic cine! yotclrger a c c r ~ f e d  t ~ r r u n ~ s ,  nrrd the bi>i~t~(f<zr-ies 
hetw~eri the ti'estern, centrcrl, ~ ~ t t t l  e<i~tern regioit~.  Posifii>?i of t?ir' slope-shelf margin i s  rnodifir~l clficr nfillcr el ul. (1991). The 
C:ordiU~prnrt hinge line (not shown) ?its ci~7/)roxintcjtt~l!/ nlorig t11c truce of the IVillrzrtl tlzn~st. 

parts: (1) a western region consisting of tlie variably meta- 
morphosed, polydeforlnetl llinterland part of tlie wedge; 
(2) a central region consisting tnostly of the areally exten- 
sive Willard thrust sheet; and (3) an eastern re&' rion con- 
sisting of tlie unmetarnorphosed, imbricated frontal part 
of the Scvier orogenic wedge 2nd associated forelatid basin 
(Fig. 2). Tlie boundary Itetw~cen the eastern a id  central 
regions lies along the lcading edge of the Fliillard thrust 
systein, aticl the boundary l-tttween the central and west- 

ern regions lies just east of a belt of northeast trending 
rnrtarnorphic terranes (Figs, 1 ;md 2). 

'I'he Sevirr orogen developed withiti a westward thick- 
ening sedi~nentaty wedge of Neopmterozoic, Paleozoic, and 
1,ower Mesozoic platform, sl~elf, and slope strat't dc&posited 
on Arclrenrr 'tnd Proterozoic ba\ernent. The Pdtiozoic dope- 
sllelf margin lies within tlrc western region a~ld  generally 
trends northward, but it nrakes a sharp east-west ltend in 
northwe\tern Utah and northeastern Nevada (Miller et al., 
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1991) (Fig. 1). Miller e t  al. (1991) infer that the bend in 
the shelf margin is a primary feature influenced by west- 
trending tectonic boundaries within Precambrian base- 
ment. In addition to slope and shelf strata, the western 
region also contains synorogenic detritus shed from the 
late Paleozoic Antler orogenic belt. The central region 
contains a shelf sequence that is transitional with the shelf 
sequence in the western region. The eastern region con- 
tains relatively thin Paleozoic to lower Mesozoic platform 
strata deposited on stable basement, as well as overlying 
late Mesozoic Sevier foreland basin deposits. The platform- 
shelf margin or "Cordilleran hinge line" has an overall 
northerly trend and lies along the leading edge of the 
Willard thrust system (Fig. 1). 

Regionally, the Sevier orogenic wedge is characterized 
by east- to southeast-verging folds and thrust faults, and by 
belts of localized tectonic thickening and regional meta- 
morphism. The eastern region contains a Late Cretaceous 
to early Tertiary, overall eastward younging sequence of top- 
to-the-east, thin-skinned thrusts, including the Crawford, 
Medicine Butte, Absaroka, and Hogsback thrusts ( h s t r o n g  
and Oriel, 1965; Armstrong, 1968; Royse et al., 1975; Dixon, 
1982; Lamerson, 1982; Wiltschko and Dorr, 1983; Allmen- 
dinger, 1992; Heller et al., 1986; Royse, 1993; Fig. 2), which 
we refer to as the eastern thrust system. These thrusts 
imbricate the platform and foreland basin deposits, and 
share a basal decollement in Cambrian shale (Coogan and 
Royse, 1990). The basal decollement of the eastern thrust 
system ramped down into basement rocks to the west, and 
slip along the Ogden thrust system imbricated and folded 
basement into a complex anticlinorium, referred to as the 
Wasatch anticlinorium (Schirmer, 1988; Yonkee, 1992; 
DeCelles, 1994), which flanks the western edge of the 
eastern thrust system and lies along the shelf-platform 
margin (Fig. 2). The central region overall has limited struc- 
tural relief and much of the shelf sequence is concealed 
by sediment filling Cenozoic extensional basins (Fig. 2). 
The prominent feature within the central region is the 
Willard thrust sheet that was transported more than 50 
km east to southeast during the Early to early Late Cre- 
taceous. Western parts of this thick sheet were also de- 
formed by the Late Jurassic Manning Canyon decollement 
(Allmendinger et al., 1984; Fig. 2). The structural geome- 
try of the western region is less well constrained than that 
of the other regions because of discontinuous exposures 
and overprinting by Cenozoic normal faults and shear 
zones. The western region contains an extensive belt of 
metasedimentary rocks and Precambrian basement that 
underwent Mesozoic polyphase deformation and Barrovian 
regional metamorphism (Fig. 2), with partial melting at 
deep levels. Significantly, the metamorphic rocks record 
tectonic burial of up to 30 km and represent a localized 
area of large-magnitude crustal thickening, which paral- 

lels the ancient shelf-slope margin. Thrust faults responsi- 
ble for tectonic burial in this region largely were excised 
by Late Cretaceous (?) and Tertiary normal faults and shear 
zones, and although there is ample evidence to infer thrust 
faulting, few thrust traces are exposed in this region (Fig. 2). 

Precambrian and Paleozoic structural and depositional 
features appear to have partly controlled the overall struc- 
tural geometry and kinematics of the Sevier orogenic 
wedge. Within the eastern region, shortening was roughly 
east-west, normal to the platform-shelf margin, and local- 
ized basement deformation and crustal thickening were 
concentrated near this margin (Yonkee, 1992). In the west- 
ern region, shortening directions are locally southeast- 
northwest, roughly normal to the bend in the slope-shelf 
margin, and localized basement deformation and crustal 
thickening were concentrated near the slope-shelf margin. 
Whereas inferred ancient tectonic boundaries in Archean- 
Proterozoic basement probably influenced Neoproterozoic 
to Early Mesozoic depositional patterns within the sedi- 
mentary wedge, they also probably focussed contraction1 
thickening and locally rotated shortening directions dur- 
ing the Sevier orogeny (e.g., Bryant and Nichols, 1988; 
Bradley and Bruhn, 1988; Miller et al., 1991; Yonkee, 
1992; Camilleri et al., 1992). 

TECTONIC AND METAMORPHIC 
CHARACTERISTICS OF  THE 
SEVIER OROGENIC WEDGE 

In this section we summarize the characteristics of the 
Sevier orogenic wedge in specific areas to be visited dur- 
ing the field trip. Collectively, these areas represent a 
regional transect from the western hinterland to eastern 
foreland. Data from these areas will later be integrated 
into a general interpretation of the spatial and temporal 
evolution of the orogenic wedge. 

Western Region 

Metamorphic terranes within the western region of the 
Sevier orogenic wedge record both Late Jurassic and Cre- 
taceous deformation and metamorphism. Jurassic deforma- 
tion produced minor thrusting, folding, and locally exten- 
sion (Allmendinger and Jordan, 1984; Miller and Allmen- 
dinger, 1991; Glick, 1987; Hudec, 1992; Miller and Hoisch, 
1992, 1995). Late Jurassic contractional deformation is well 
preserved in the Pilot and Toano-Goshute ranges, and 
deformation overlapped in time with emplacement of 
Late Jurassic granitoids and development of metamorphic 
aureoles (Fig. 2). Vast tracts of the western region also 
underwent Cretaceous, low- to high-grade Barrovian meta- 
morphism associated with large-magnitude crustal thick- 
ening (Fig. 2). On this trip we will focus on two areas that 
record Cretaceous metamorphism: the East Humboldt 
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Paleozoic-Early Mesozoic platform strata - - - - 
Principally unmetamorphosed Neomterozoic-Early Mesozoic 
shelf and slope strata with Tertiary 

area of Late Jurassic metamorphism 

C] area of "on" metamorphism 
(principally Cretaceous) 

ksl  Wean-Early Pmterozoic basement 

Roterozoic strata of the Uinta Mountain Gm 

& thrust fault 

$A. low-angle normal fault 

kilometers 

Figto-c 2. Sir~lplific(l tec,tonic rtznp of the Scric~r orogwz ill norfheast Neruda, r~or~ltrccsf Ufoh, ntzd sozrfhccest %I$iottzing ~hotcing locationz 
t,ffidl trip rorcte ctnd stops. Notr> flzat ult/totcg/t the E i~s f  tlu?ttl?oldt Hnt~ge, K u j  Kirer; Groz~sc C r e ~ k ,  arzcl All~ion ~nozc~~fuins contain 
exposurph of Archrprrn atzd Enrl!y I'roterozoir hnsettlort, they (rt-c tzot P ~ O U > ~ Z  on t l ~  112~p I ~ ~ C ( Z L L S V  they c~a too srnctll to ,nho~c at this ~calc>. 
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= Absaroka thrust 
F = Bash-Elba fault 
= Crawford thrust 

T = Hogsback thrust PT = Paris thrust 
IT = Independence thrust PF = Pequop fault 
MBT = Medicine Butte thrust WT = Willard thrust 
MCD = Manning Canyon decollement WLN = Whchell Lake nappe 

This m a p  1c.r1~~ i-ornpil~rl fi-itrn, cl'cltcr in  tlzc fillotcing sottrt.c,s. Uorlli~tg (1980), S~rtitl~ (19h'2), Lcl~t~c~rson (1982). Jortln~t (1983). 
A!/nlcnt!ing6~r ond Jorclnn (1,9841, Salt;ej- mrl f-k?rlg~c (1388). Afc~lcrf ir i l l~ (15187). 'i.J1ille~r of n l .  (1987). Glick 11987). ;Nr!/onf (1990). 
Cnmillrv-i r,f a!. (1 !392), Mi1l.r nnrl Hoisch (1 992, 1995). I)cC~l/rs,  (1 994i, <:u~ntllcri iit~il <~l~(irr~Oc~~-lnit~ 11 99;). and \ti>ll, ci nl (1 9901 
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Range-Wood Hills-Pequop Mountains region and the Raft 
River Mountains (stops 1-1 to 2-1, Fig. 2). Together, these 
traverses offer glimpses into the nature of ductile flow in 
the middle crust, the geometries of thrust faults, and the 
metamorphic architecture of the Sevier hinterland. 

The East Humboldt Range, Wood Hills, and Pequop 
Mountains expose a large area of regionally metamor- 
phosed strata that record at least two periods of Mesozoic 
top-to-the-southeast thrust faulting, and two subsequent 
phases of Late Cretaceous to mid-Tertiary normal faulting. 
The first phase of thrust faulting involved as much as 30 
km of crustal thickening and 70 km of shortening during 
emplacement of a southeast tapering thrust wedge of slope- 
shelf strata above an inferred fault called the "Windermere 
thrust" (Camilleri and Chamberlain, 1997). Thermal relax- 
ation during and or following emplacement of the thrust 
wedge resulted in Barrovian metamorphism and partial 
melting in deep levels within the footwall of the Winder- 
mere thrust. Thermal weakening of the footwall, coupled 
with the hanging wall load, induced predominantly ductile 
coaxial layer-parallel extension, development of bed-sub- 
parallel S and S-L (S1 and L1) tectonites, and consequent 
attenuation and collapse of the footwall during prograde 
metamorphism (Carnilleri, 1994a,b). Geochronologic data 
suggest that peak metamorphism was attained at -84 Ma 
and that emplacement of the thrust wedge preceded peak 
metamorphism probably between 153 Ma to 84 Ma (Camil- 
leri and Chamberlain, 1997). Following the development 
of S1, the Pequop Mountains-East Humboldt Range region 
underwent a second phase of modest crustal thickening 
and shortening. Between 84 Ma and 75 Ma, the footwall 
of the Windermere thrust at intermediate structural levels 
was overprinted by the Independence thrust and a series 
of back folds, and during peak metamorphism between 70 
Ma and 90 Ma, basement at deep structural levels under- 
went recumbent folding resulting in the formation of the 
Winchell Lake nappe (McGrew, 1992)(Fig. 2). 

The latter phase of contraction was closely followed by 
as much as 10 krn of crustal thinning along the west-root- 
ed Pequop normal fault, which initiated prior to 75 Ma, 
and marked a fundamental change from large-scale crustal 
thickening to crustal extension in the hinterland. Continued 
Late Cretaceous to early Tertiary (?) slip on the Pequop fault 
and mid-Tertiary slip on the west-rooted Mary's River nor- 
mal fault system accommodated collapse of the wedge 
above the Windermere thrust and exhumed the footwall 
of the thrust. The exhumed, metamorphosed footwall, along 
with parts of the unmetamorphosed Windermere hanging 
wall preserved above the low-angle normal faults, are ex- 
posed in the Pequop Mountains, Wood Hills, and East 
Humboldt Range. 

The Raft River, Grouse Creek, and Albion Mountains ex- 
pose a metamorphosed midcrustal section of shelf strata 

that lies unconformably above Archean basement. These 
rocks record alternating episodes of late Mesozoic to early 
Cenozoic contraction and extension. Archean to Pennsyl- 
vanian rocks within the mid-crustal section were tectoni- 
cally buried 12 to 18 km in excess of stratigraphic depths 
and metamorphosed sometime between late Jurassic and 
-90 Ma. A preserved duplication of the miogeoclinal sec- 
tion above the complex Basin-Elba fault zone (Quartzite 
allochthon of Miller, 1980, 1983; Fig. 2) in the northern 
Albion Mountains may represent the remnants of a once 
areally extensive thrust sheet responsible for much of the 
structural burial. 

Prior to 90 Ma, widespread bed-subparallel foliation 
developed within the footwall of the Basin-Elba fault 
zone, synchronous with prograde amphibolite-facies meta- 
morphism that may have peaked at about 100 Ma (Wells 
et al., 1990). Resulting S and S-L tectonites record domi- 
nantly coaxial flattening and top-to-the-north-northeast 
shearing, interpreted to record orogen-parallel extensional 
flow of a thrust footwall following crustal thickening. These 
fabrics are overprinted by top-to-the-west, low-angle normal 
faults that accommodated several kilometers of crustal 
thinning, including the -90 Ma Emigrant Spring fault, 
and Mahogany Peaks fault of probable latest Cretaceous 
age (Wells et al., 1990). Normal-sense slip on the Basin- 
Elba fault zone, which either reactivated or cut an earlier 
thrust fault, may also have occurred at -90 Ma (Hodges 
and Walker, 1992). This extension was followed by another 
period of contraction, bracketed between 90 Ma and early 
Tertiary, with development of recumbent folds that de- 
form the low-angle shear zones (Wells, 1997). Early Tertiary 
(-4537 Ma) extension is recorded by a major amphibo- 
lite facies top-to-the-west-northwest extensional shear zone 
along the western flanks of the Raft River, Grouse Creek, 
and Albion mountains (Saltzer and Hodges, 1988; Wells 
and Snee, 1993). At higher structural levels, the west-root- 
ed middle detachment fault (Compton et al., 1977), which 
juxtaposes middle greenschist facies Pennsylvanian and 
Permian rocks over upper greenschist to lower amphibo- 
lite facies older rocks, may represent a higher crustal level 
of this extensional system. These Late Mesozoic to early 
Cenozoic fabrics and faults are overprinted by two Mio- 
cene extensional systems of opposite sense of slip; a top- 
to-the-west system along the western flank of the Grouse 
Creek and southern Albion Mountains (Compton, 1983), 
and a top-to-the-east system within the eastern and cen- 
tral Raft River Mountains (Wells and Snee, 1993). 

Although mid-crustal Mesozoic structures recorded in 
the Raft River Mountains region cannot be directly corre- 
lated with those in the East Humboldt Range-Pequop 
Mountains region, both areas share similar tectonic histo- 
ries, including an episode of large-magnitude crustal thick- 
ening and Barrovian metamorphism that predates 90 Ma 
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in the north and 84 Ma in the south. Moreover, in both 
areas, crustal thickening culminated in layer-parallel exten- 
sion and attenuation of stratigraphic units in tectonically 
buried and thermally weakened thrust footwalls. The Raft 
River region also experienced a phase of normal-sense 
shearing at -90 Ma. Both regions subsequently experi- 
enced a second episode of Late Cretaceous modest crustal 
thickening that involved overturned to recumbent folding 
and sparse thrust faulting. Overall, the hinterland is char- 
acterized by an early large-magnitude crustal thickening 
event followed by late-stage episodes of contraction and 
extension that were synchronous with foreland shorten- 
ing. We view these late-stage alternating episodes of con- 
traction and extension in the hinterland as products of the 
complex interplay between positive buoyancy forces gen- 
erated by overthickening of the crust, which tend to pro- 
mote thinning of the crust, and compressional boundary 
stresses which promote thickening of crust (e.g., Platt, 1986; 
Dahlen and Suppe, 1988). Although protracted extension- 
al collapse of the hinterland began in the Late Cretaceous 
in both regions, major crustal thinning and exhumation of 
mid-crustal rocks were accomplished by episodic exten- 
sional phases in the Tertiary. 

Central Region - 
The central region of the wedge can be crudely divided 

into a western part with limited structural relief above a 
flat basal decollement, and an eastern part with greater 
structural relief associated with ramps near the leading 
edge of the Willard thrust system. On this trip we will focus 
on structural relations preserved in the Promontory Moun- 
tains in the western part and in the northern Wasatch 
Range in the eastern part (stops 2-2 to 2-6; Fig. 2). 

From north to south, respectively, the Promontory 
Mountains expose an oblique section from the upper levels 
to the base of the Willard thrust sheet. Upper levels consist 
of upper Paleozoic strata imbricated by the Late Jurassic 
Manning Canyon decollement and shortened by a system 
of large-scale upright to inclined folds. Middle levels con- 
tain a gently dipping sequence of competent quartzite and 
carbonate that display limited internal deformation. Lower 
levels exposed to the south contain incompetent mica-rich 
strata that were metamorphosed to greenschist facies and 
internally deformed during concentrated layer-parallel ex- 
tension and top-to-the-southeast simple shear, probably 
associated with Early Cretaceous slip on the Willard 
thrust. The footwall of the Willard thrust, which is exposed 
south of the Promontory Mountains on Antelope Island 
(Fig. 2), also displays Early Cretaceous low-grade meta- 
morphism and internal deformation, with layer-parallel 
extension and top-to-the-southeast simple shear in incom- 

petent strata and minor layer-parallel shortening within 
competent strata (Yonkee, 1992). Low-angle normal faults 
of uncertain age locally omit parts of the stratigraphic sec- 
tion in the Promontory Mountains and may record minor 
Late Cretaceous to early Tertiary extension and tectonic un- 
roofing. Listric normal faults, which locally reactivated older 
thrusts, bound asymmetric grabens that contain tilted 
Eocene to Oligocene strata in this area, probably record- 
ing collapse and extension of the orogenic wedge after 
cessation of thrusting (Constenius, 1996). 

The northern Wasatch Range exposes a wide range of 
structural levels in the eastern part of Willard thrust 
sheet. Here, the Willard thrust displays a ramp-flat geom- 
etry and has associated large-scale fault-bend and fault- 
propagation folds. The nature of internal deformation of 
the thrust sheet varies with structural level. Upper levels 
contain unmetamorphosed, competent carbonate and quart- 
zite that display limited layer-parallel shortening. Lower 
levels contain incompetent mica-rich strata that under- 
went greenschist-facies metamorphism and concentrated 
layer-parallel extension plus top-to-the-east simple shear 
prior to and synchronous with slip on the Willard thrust, 
producing intense thrust-parallel foliation (Yonkee, 1992). 
The basal fault zone consists of mylonite and very fine- 
grained cataclasite that are cut by multiple vein sets and - 
extended by minor, syntectonic normal faults. The veins 
and thrust-parallel foliation within the base of the Willard 
sheet probably record episodic high fluid pressures and 
rotation of the stress field adjacent to a weak fault zone. 
The footwall of the Willard thrust displays complex com- 
binations of layer-parallel extension, imbricate thrusting, 
and folding, which record spatially and temporally over- 
lapping extension and shortening. Internal deformation 
and metamorphism of the lower levels of the Willard 
sheet occurred from about 140 to 110 Ma (Yonkee, 1990). 
Large-scale top-to-the-east slip on the Willard thrust from 
120 to 90 Ma resulted in uplift and erosion of the sheet 
with deposition of synorogenic deposits in the foreland 
basin to the east (DeCelles, 1994). Subsequently, the 
Willard sheet was passively uplifted, rotated, and eroded 
during slip on underlying thrusts between 90 and 50 Ma 
(DeCelles, 1994). 

Eastern Region 

The eastern region contains the basement-cored Wasatch 
anticlinorium, a series of Late Cretaceous to early Tertiary 
faults of the eastern thrust system, and synorogenic de- 
posits that record the timing and erosional unroofing of 
thrust sheets. This part of the field trip will focus on the 
nature of basement deformation, thrust kinematics, and 
proximal foreland basin deposits exposed in north-central 
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Utah (stops 3-1 to 3-8; Fig. 2), providing a glimpse of the 
structural and depositional evolution of shallow crustal 
levels in the frontal part of the orogenic wedge. 

The Wasatch anticlinorium, which is cored by Precam- 
brian basement, developed synchronously with slip on the 
eastern frontal thrust system. The anticlinorium had a 
structurally complex and protracted history. Initial defor- 
mation of basement was accommodated by spaced shear 
zones that produced minor bulk subhorizontal shortening 
between 140 and 110 Ma (Yonkee, 1992). Major growth of 
the anticlinorium began by the early Late Cretaceous with 
slip along the roof and floor thrusts of the Ogden thrust 
system, which imbricated and rotated basement. Subsequent 
Late Cretaceous to early Tertiary slip on thrust faults under- 
lying the Ogden thrust system produced basement duplex- 
ing, continued growth of the anticlinorium, and folding of 
the Ogden thrust system. Slip on basement thrusts in the 
anticlinorium was largely transferred to the east into slip 
in the eastern thrust system, with the progressive growth 
of the Wasatch anticlinorium producing wedge taper that 
helped drive slip on frontal thrusts (Yonkee, 1992; DeCelles, 
1994; DeCelles and Mitra, 1995). 

The eastern thrust system in north-central Utah imbri- 
cated platform and foreland basin strata, and like the anti- 
clinorium, had a complex and protracted history. Initial 
deformation began wiih Early Cretaceous layer-parallel 
shortening, folding, and cleavage development associated 
with footwall deformation beneath the Willard thrust and 
transfer of slip to the east along detachments in Jurassic 
evaporites. Main thrusts of the eastern thrust system, 
which had basal decollements in Cambrian strata (Coogan 
and Royse, 1990; Coogan, 1992), developed from early 
Late Cretaceous to early Tertiary and locally merged into 
existing detachments in Jurassic strata. Thrusting progressed 
overall from west to east on the Crawford, Medicine Butte, 
Absaroka, and Hogsback thrusts, but some thrusts had 
multiple periods of movement. Development of the Uinta 
foreland uplift (Fig. 2) overlapped with the later stages of 
thrusting (Bryant and Nichols, 1988). Late Eocene to 
Oligocene collapse of the wedge was accommodated by 
listric normal faults that locally reactivated thrusts 
(Constenius, 1996). 

Jurassic to early Tertiary synorogenic deposits in the 
eastern region preserve an excellent record of thrust-relat- 
ed erosion and deposition. Middle Jurassic strata may 
record initial influx of clastic material from the west and 
deposition in the distal back-bulge zone of the foreland 
basin system (DeCelles and Currie, 1996), possibly relat- 
ed to contractional deformation in central Nevada (e.g., 
Oldow, 1984; Speed e t  al., 1988). A Late Jurassic-Early 
Cretaceous unconformity in this area may record regional 
uplift during passage of the forebulge, synchronous with 

deformation spreadmg into the hinterland in eastern Nevada 
and western Utah (DeCelles and Currie, 1996). Lower to 
lower Upper Cretaceous strata in this area record deposi- 
tion in the increasingly proximal foredeep part of the fore- 
land basin system, and by -90 Ma, the fiont of the oro- 
genic wedge had propagated into north-central Utah and 
coarse fan-delta and alluvial fan facies were deposited on 
top of the active frontal wedge (DeCelles, 1994). 

SPATIAL AND TEMPORAL DEVELOPMENT 
O F  THE SEVIER OROGENIC WEDGE 

Characteristics of deformation, metamorphism, and sedi- 
mentation are synthesized below to develop a highly gen- 
eralized model for development of the Sevier orogenic 
wedge. This model links events at various structural levels 
in the western, central, and eastern regions and provides a 
simplified conceptual framework for interpreting the dy- 
namic evolution of the wedge in terms of idealized stages 
from the Early Jurassic (stage 1) to Late Eocene-Oligo- 
cene (stage 6) (Figs. 3 and 4). However, we submit this 
model with the following caveat: the timing of thrust fault- 
ing in the central and eastern regions of the orogenic 
wedge is well constrained but the timing of major thrust 
faulting and tectonic burial in the western region is not. 
In this model, we infer that major thrust faulting and tec- 
tonic burial in the western region was protracted from the 
Late Jurassic to the early Late Cretaceous. 

Stage 1-Early Jurassic 

By the early Jurassic an overall westward thickening 
sedimentary wedge had been deposited. The wedge con- 
sisted of a platform section containing a thin ( < l o  km 
thick) sequence of Paleozoic to lower Mesozoic strata 
deposited on stable basement, a shelf section containing a 
thicker (10 to 15 km thick) sequence of Neoproterozoic to 
lower Mesozoic strata deposited on thinned basement, 
and a slope-shelf section farther west that also included 
synorogenic material shed from the late Paleozoic Antler 
orogenic belt. We infer primary ramps along the slope- 
shelf transition and along the shelf-platform transition, 
and refer to these ramps as the western and eastern tran- 
sition zones respectively (Fig. 3). In our model the initial 
geometry of the sedimentary wedge influenced later 
development of the orogenic wedge, with a basal decolle- 
ment forming near the basement-cover contact and locally 
cutting into basement along ramps at both transition 
zones. A western thrust system developed in the slope- 
shelf section, a central thrust system developed in the 
shelf section, and an eastern thrust system developed in 
the platform section, with concentrated tectonic thicken- 
ing and basement deformation along the two transition 
zones. 
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Stage 2-Late Jurassic 

Development of the Sevier orogenic wedge in the Late 
Jurassic included: (1) initial tectonic burial and metamor- 
phism in the western region beneath the leading edge of 
the western thrust system; and (2) early shortening and 
decollement faulting within the central region. Emplace- 
ment of thrust sheets at the leading edge of the western 
system, including the Windermere thrust and Quartzite 
allochthon, may have started at this time and produced 
initial tectonic thickening, with inception of footwall meta- 
morphism and layer-parallel extension. Granitic plutons 
were locally intruded into the western region, producing 
metamorphic aureoles and minor extension. Within the 
central region the Manning Canyon decollement formed, 
and smaller-displacement thrust faults, folds, and foliation 
produced minor internal deformation. Development of 
topographic relief and heat from plutons to the west may 
have initiated regional fluid flow through the central region. 
Although a foredeep may have developed from isostatic 
flexure near the leading edge of the western thrust system, 
no synorogenic sediments are preserved, possibly due to 
subsequent uplift and erosion (Royse, 1993). A forebulge 
and associated Late Jurassic-Early Cretaceous unconfor- 
mity developed in eastern Utah, and further east a back- 
bulge basin developed and accumulated clastic material 
derived in part from the western thrust system. 

Stage 3-Early Cretaceous 

The Sevier orogenic wedge evolved during the Early 
Cretaceous with: (1) inferred tectonic burial and meta- 
morphism in the western region; (2) major slip on the cen- 
tral thrust system and synorogenic sedimentation in an 
associated foredeep; (3) internal shortening of basement 
within the eastern transition zone; and (4) local layer-par- 
allel shortening in the eastern region. Continued emplace- 
ment of thrust sheets at the leading edge of the western 
thrust system, including possible footwall under-thrusting 
and basement duplexing, produced significant crustal thick- 
ening along the western transition zone, with up to 30 km 
of tectonic burial, prograde metamorphism, and footwall 
layer-parallel extension. This extension produced subhori- 
zontal foliation and low-angle shear zones, reflecting foot- 
wall collapse or adjustment of the orogenic wedge during 
periods of decreased horizontal stress. Although metamor- 
phism in the western region did not peak until the early 
Late Cretaceous, much of this area probably experienced 
elevated temperatures through the Early Cretaceous. 
Major slip on the central thrust system, which included 
the Willard thrust, transported the shelf section eastward 
above a regional basal flat and up a ramp at the leading edge 
of the system. Complex internal deformation included 
minor layer-parallel shortening within competent strata at 

upper levels, significant layer-parallel extension in incom- 
petent strata at lower levels, and development of syntec- 
tonic minor normal faults along the main thrust, reflecting 
complex stress and fluid pressure variations along a weak 
base of the wedge. In this model the central thrust system 
developed a deeper western crustal ramp, and growth of 
topography and taper along the western transition zone 
helped drive emplacement of the central thrust system 
above a weak basal decollement. Basement in the eastern 
transition zone was internally shortened by networks of 
shear zones, and slip may have initiated on basement 
thrusts. The eastern region underwent local layer-parallel 
shortening and initial decollement faulting in Jurassic 
evaporite beds within the footwall of the central thrust 
system. A regional foredeep depozone developed by iso- 
static flexure east of the leading edge of the central thrust 
system, and accumulated several kilometers of synoro- 
genic sediment (Jordan, 1981). 

Stage 4-ear ly  Late Cretaceous 

Dev$lopment of the Sevier orogenic wedge during the 
early Late Cretaceous included: (1) attainment of peak meta- 
morphic conditions and minor tectonic thickening in the 
western region; (2) passive transport and local uplift of the 
central thrust system; (3) imbricate faulting and growth of 
the basement-cored Wasatch anticlinorium along the east- 
ern transition zone; and (4) initial slip on the eastern thrust 
system with synorogenic sedimentation in an associated 
foredeep. Within the western region temperatures remained 
high with some areas experiencing peak metamorphism, 
and medium-displacement thrusts, including the Inde- 
pendence thrust, back folds, and basement-cored folds, 
such as the Winchell Lake nappe, minor thick- 
ening. Locally, shortening was punctuated by extension 
along normal-sense shear zones, including the Mahogany 
Peaks and Emigrant Springs shear zones. The alternating 
periods of shortening and extension accommodated ad- 
justments of the orogenic wedge in response to a fluxing 
stress regime in the middle crust. The main part of the 
central region was passively transported eastward above a 
regional basal flat, with local uplift and erosion farther 
east above the Wasatch anticlinorium. Propagation of the 
basal decollement into basement along the eastern transi- 
tion zone resulted in emplacement and folding of base- 
ment-cored thrust sheets to form the growing Wasatch 
anticlinorium, which marked a site of concentrated thick- 
ening and increased taper that helped drive emplacement 
of the eastern thrust system. The basal decollement prop- 
agated eastward into the base of the platform section, and 
slip on basement thrusts was mostly transferred into the 
developing eastern thrust system, which included the 
Crawford thrust and a decollement in Jurassic evaporites 
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Figure 3. Simplzjkd tectonic model for the evolution and subsequent collapse of the Sevier orogenic wedge. Note that it is unknown iflarge- 
magnitude crustal thickening in the western region was accommodated by a single or multiple thrust systems; for simplicity in this morlel 
we show a single thrust system (WTS). Active faults indicated by bold lines, inactive faults by gray lines, synorogenic sediments by dot pat- 
tern, and fixure from crustal thickeninglthinning by arrows. W-X = Archean to Lower Proterozoic basement rocks; Z = Neoproterozoic 
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sedimentary and metasedimentary rocks, Pz = Paleozoic sedimentary and metasedimentary rocks; Mz = Mesozoic sedimentary rocks and 
symogenic deposits; and Cz = post-thrusting Cenozoic deposits. WTS = western thrust system; MCD = Manning Canyon d e c o l h n t ,  
CTS = central t h w t  system; JD = d e c o l h n t  in Jurassic evaporites; and ETS = eastern thrust system. LPS = layer-parallel shortening; 
LPE = layer-parallel extension; met = metamorphism; BSZ = basement shear zones; NFS = wrmal fault system. 
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tceclge. 
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that linked into the incipient Medicine Butte and Absaroka 
thrusts (Coogan and Royse, 1990; Coogan, 1992). Synoro- 
genic deposits shed from the developing Wasatch anticli- 
norium and eastern thrust system accumulated proximally 
to growing thrusts and folds and within a foredeep to the 
east (DeCelles, 1994). 

Stage S l a t e  Late Cretaceous to early Eocene 

The Sevier orogenic wedge began to undergo significant 
changes during this stage, including: (1) initial tectonic 
unroofing in the western region; (2) passive thrust transport 
and local extension in the central region; (3) continued 
growth of the Wasatch anticlinorium; and (4) continued 
slip on the eastern thrust system with synorogenic wedge- 
top and foredeep sedimentation. The western region exper- 
ienced widespread tectonic unroofing and cooling, espe- 
cially in areas of previous tectonic thickening, with devel- 
opment of normal fault systems, including the Pequop and 
Basin-Elba faults. Evidence for deep synextensional basins 
is lacking, and relief may have been low or the entire area 
may have been elevated. Despite extension in the hinter- 
land, thrust faults continued to develop in the frontal part 
of the Sevier orogenic wedge. Relations between the west- 
ern projection of the basal decollement for the thrusts and 
the normal fault systems are uncertain. In this model, re- 
verse slip along the deeper western crustal ramp in the 
basal decollement resulted in relative upward transport of 
mid-crustal rocks and transfer of slip eastward, simultane- 
ous with upper crustal extension to reduce taper. Alter- 
natively, extension may reflect adjustments of the hinter- 
land to decreased horizontal stress, with listric normal 
faults rooting into a com~lex basal fault zone that included 
part of the ihrust decoilement (Constenius, 1996). The 
central regon was passively transported above a regional 
flat, synchronous with development of low-angle normal 
faults to the west. The Wasatch anticlinorium continued to 
grow by incorporating basement thrust slices along the 
eastern transition zone, resulting in concentrated thicken- 
ing that helped maintain taper. Slip from basement thrusts 
was largely transferred eastward into the eastern thrust 
system, in particular along the Absaroka and Hogsback 
thrusts, in an overall break-fonvard sequence. Minor fold- 

ing and break-backward reactivation of thrusts produced 
internal thickening that also helped maintain taper of the 
wedge. Spacing between thrusts was closer, shortening was 
greater, and taper was probably higher within the thinner 
platform section compared to the thicker shelf section to 
the west, which had a weaker base. Synorogenic sediments 
derived from the frontal thrust sheets, Wasatch anticlino- 
rium, and passively uplifted Willard thrust sheet were 
deposited proximally to growing thrust-tip folds on top of 
the wedge and in the foredeep depozone to the east. 

Stage &Late Eocene to Oligocene 

Thrusting within the Sevier orogenic wedge ceased and 
regional collapse of the frontal wedge began during Late 
Eocene (Constenius, 1996). Collapse involved development 
of listric normal faults, some of which reactivated earlier 
thrusts. In more eastern areas, asymmetric grabens and half 
grabens developed in the hanging walls of normal faults 
and accumulated thick clastic and volcaniclastic sequences. 
Low-angle normal shear zones in western areas uplifted 
and partially exhumed structurally deep metamorphic rocks. 
Widespread igneous activity also accompanied extension. 

Much of the orogen was then overprinted by a final 
episode of Miocene to Recent extension during develop- 
ment of the Basin and Range Province. During this phase 
a series of widely spaced, generally moderate- to high-angle 
normal faults developed, resulting in further fragmenta- 
tion of the orogen, as well as uplift of footwalls that expose 
partial crustal cross sections, providing us with a unique 
opportunity to view the architecture of the Sevier orogen. 

ACKNOWLEDGMENTS 

We thank Tim Lawton, Paul Link, Lon McCarley, and 
Wanda Taylor for constructive reviews of this manuscript. 
Camilleri acknowledges support of this project from the 
donors of the Petroleum Research Fund, administered by 
the American Chemical Society (ACS-PRF# 30860-GB2), 
and from an Austin Peay State University Tower Grant. 
Yonkee acknowledges support from National Science Foun- 
dation grant EAR-9219809. 



The Architecture of the Sevier Hinterland: A Crustal 
Transect through the Pequop Mountains, Wood Hills, 

and East Humboldt Range, Nevada 

PHYLLIS CAMILLERI 
Department of Geology and Geography, Austin Peay State University, Clarksville, Tennesee 

ALLEN MCGREW 
Department of Geology, University of Dayton, Dayton, Ohio 

INTRODUCTION 6E and 7). Although the Winchell Lake nappe may have 
accommodated a large amount of shortening, the Pequop 

The Pequop Mountains, Wood Hills, and East Humboldt 
Range region provides an exceptionally complete cross- Mountains-Wood Hills-East Humboldt Range terrain did 

section of the hinterland of the Mesozoic Sevier orogenic not significantly increase in depth of burial during this 

belt from the deep middle crust to upper crustal levels phase of deformation. The third phase of deformation 

(Fig. 5). From east to west these ranges expose miogeoclinal resulted in as much as 10 km of crustal thinning accom- 

strata representing progressively deeper structural levels modated by the Pequop normal fault (Fig. 6D). 
- -  - 

of the polydeformed Mesozoic crust; from unmetamor- 
phosed to greenschist facies rocks in the Pequop Mountains PRESENT DISTRIBUTION OF  

to -5.5-6.4 kb amphibolite facies rocks in the Wood Hills STRUCTURES AND METAMORPHISM 

and -8.6 kb partially melted upper amphibolite facies 
rocks in the East Humboldt Range (Fig. 5). These meta- 
morphic rocks lie structurally beneath, and were exhumed 
by, the west-rooted Cretaceous-Tertiary(?) Pequop normal 
fault and the Oligocene-Miocene Mary's River normal fault 
system (here taken in a broad sense to include the well- 
known Ruby Mountains-East Humboldt Range mylonitic 
shear zone and detachment fault as well as other normal 
faults in the area that we believe to be correlative [e.g., 
Snoke and Lush, 1984; Mueller and Snoke, 1993a,b]). 

On this part of the field trip we will examine evidence 
for three major phases of Mesozoic deformation in the 
hinterland that were roughly coeval with deformation in 
the Sevier foreland. Older episodes of deformation no 
doubt affected this area, but their imprint is obscure. The 
first two phases of deformation discussed here are con- 
tractional and the last is extensional. The major phase of 
tectonic burial in this region occurred during the first 
phase of deformation due to emplacement of a southeast- 
tapering thrust wedge as much as 30 km thick above an 
inferred sole fault, the Windermere thrust (Camilleri and 
Chamberlain, 1997; Fig. 6F). The second phase of defor- 
mation involved (1) overprinting of the Windermere thrust 
footwall by the top-to-the-southeast Independence thrust 
at shallow structural levels and (2) emplacement of a base- 
ment-cored fold-nappe (the Winchell Lake nappe; Lush et 
al., 1988; McGrew, 1992) at deep structural levels (Figs. 

Structural features produced during the three phases 
of Mesozoic deformation exist within the Pequop Moun- 
tains-Wood Hills-East Humboldt Range region (Fig. 8), 
although their present distribution in map-view is com- 
plex due to overprinting and exhumation by the Tertiary 
Mary's River fault system (see Fig. 6 A, B, and C). The 
vast tract of Barrovian style, regionally metamorphosed 
miogeoclinal rocks that lie beneath the Pequop and Mary's 
River low-angle normal faults are remnants of the meta- 
morphosed to unmetamorphosed footwall of the Winder- 
mere thrust (Figs. 5 and 8). Metamorphic grade and pres- 
sure in the footwall increase toward the northwest (Fig. 5). 

A remnant of the Pequop fault is exposed in the Pequop 
Mountains, and low-angle normal faults of the Mary's River 
fault system are present in the Wood Hills and East Hum- 
boldt Range (Fig. 8). These fault systems have been dis- 
sected by younger, Miocene to Holocene normal faults 
(Fig. 8). The Mary's River faults overlie a related top-to- 
the-WNW, normal-sense mylonitic shear zone with a 
WNW-trending stretching lineation (Snoke and Lush, 1984; 
Snoke and others, 1990). The mylonitic fabrics overprint 
Mesozoic fabrics and structures throughout the East Hum- 
boldt Range and locally in the northern part of the Wood 
Hills (McGrew, 1992; Camilleri 1994b; Fig. 5). The hanging 
walls of the low-angle normal faults contain unmeta- 
morphosed Paleozoic strata, which are remnants of the 
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Unmetamorphosed strata structurally 
above or deposited on the footwall of 

Exhumed footwall of the Windermere thrust 

" Tertiary mylonite zone 

. . . . . . . 

. . . . . . . . . 

. . . . . . . . . 

Figure 5. Metamorphic map of the Pequop Mountains, Wood Hills, and East Humboldt Range region. Modijied after Camilleri and 
Chamberlain (1997). Barometric data shown in the Wood Hills are from Hodges et al. (1992) and in the East Humboldt Range from 
McGrew (1992) and Peters and McGrew (1994). SILL = sillimanite; Dl = diopside; TR = tremolite. 

Windermere thrust plate. In addition, hanging wall rocks 
of the Mary's River fault system also contain preextension 
Tertiary volcanic rocks and overlying synextensional sedi- 
mentary rocks (Humboldt Formation) (Fig 8; Mueller and 
Snoke,1993a, b). 

The Independence thrust and a series of NW-vergent 
back folds in its hanging wall are exposed in the Pequop 
Mountains and Wood Hills (Fig. 8). The back folds are 
cored by small displacement thrusts. Regionally, the folds 
have NE-SW trending axes. The fold geometry varies with 
metamorphic grade from predominantly kink folds in green- 
schist facies rocks in the Pequop Mountains to overturned 

and recumbent folds in upper amphibolite facies rocks in 
the Wood Hills (Fig. 7A). 

The Winchell Lake nappe is a recumbent fold with a 
WNW-trending axis exposed in the northern East Hum- 
boldt Range (Figs. 7B and 8). The nappe is cored by Archean 
and Proterozoic basement, which in turn is enveloped by 
a severely attenuated miogeoclinal section (Fig. 7B). An 
inferred premetamorphic fault separates basement rocks 
in the core from enveloping miogeoclinal strata. The nappe 
is bounded below by a premetamorphic fault that repeats 
the Paleozoic section at depth (Fig. 7B). Incomplete expo- 
sure of the nappe and intense overprinting by the Tertiary 
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extensional mylonitic shear zone make its original ver- cate that contraction in this region began during the late 
gence and geometry uncertain. Middle Jurassic (e.g., Miller and Allmendmger, 1991; Hudec, 

1992; Glick, 1987; Miller and Hoisch, 1992, 1995). Thus we 
STRUCTURAL EVOLUTION infer the thrust formed at some time in/after the Turassic 

In this section we illustrate the evolution of the Wind- 
ermere and Independence thrusts, and Pequop and Mary's 
River faults utilizing a northwest-southeast reconstruction 
along A-A' (Figs. 6 and 8) by Camilleri and Chamberlain 
(1997). The cross sections (Fig. 6A to 6D) show sequential 
evolution of the Pequop Mountains-Wood Hills-East Hum- 
boldt Range region from the present to a time just after 
cessation of slip along the Independence thrust. We infer 
that the Winchell Lake nappe formed at approximately 
the same time as the Independence thrust, although the 
nappe as well as back folds in the hanging wall of the 
Independence thrust are too small to show at the scale of 
the cross sections. Figure 6F  shows the sequence of meta- 
morphic facies and isograds in the footwall of the Winder- 
mere thrust just before development of the Independence 
thrust. 

Phase 1 

The Windermere thrust (Fig. 6F) represents the first 
major phase of contraction that produced most of the tec- 
tonic burial in the region. The Windermere thrust is an 
inferred fault based in part on barometric constraints that 
imply structural burial of the metamorphosed footwall to 
levels deeper than stratigraphic depths and in part on the 
repetition of miogeoclinal strata across the younger, low- 
angle normal faults (cf. Camilleri and Chamberlain, 1997). 
For example, the Mary's River fault in the northwestern 
part of the Wood Hills and southern Windermere Hills 
contains an unmetamorphosed Devonian to Permian sec- 
tion in its hanging wall, which lies directly above regional- 
ly metamorphosed Devonian to Permian strata in its foot- 
wall (cf. Figs 5 and 8). These relationships require that the 
Mary's River fault cut two Paleozoic sections that were 
duplicated by thrust faulting prior to normal faulting. 

Although inferred in the Wood Hills and Pequop Moun- 
tains, the Windermere thrust may be exposed in the north- 
e m  East Humboldt Range where at least three different 
premetamorphic faults duplicate the miogeoclinal section. 
In addition, an early phase of small-scale isoclinal folding 
in the East Humboldt Range may date from this period 
(McGrew, 1992). The premetamorphic faults and small- 
scale folds have been so thoroughly overprinted by Late 
Cretaceous and Tertiary metamorphism and deformation 
that it is difficult to precisely reconstruct their kinematics. 

Regional structural and thermochronologic data require 
that the Windermere thrust formed before 84 Ma (Carnilleri 
and Chamberlain, 1997). Exactly when the Windermere 
thrust formed is uncertain, but regional relationships indi- 

but before 84 Ma. During and/or following emplacement 
of the thrust wedge, the footwall of the Windermere thrust 
underwent Barrovian metamorphism and partial melting 
at deep levels in response to burial. Thermochronologic 
data indicate that peak metamorphism at shallow structur- 
al levels in the Pequop Mountains was attained at -84 Ma 
and at deep levels in the East Humboldt Range between 
70 and 90 Ma (J.E. Wright, pers. comm.). Thermal weak- 
ening of the footwall during metamorphism, coupled with 
the hanging wall load, induced bulk ductile coaxial flow 
resulting in attenuation or collapse of the footwall and 
production of bedding parallel or nearly parallel prograde 
S-L (S1 and L1) and S-tectonites (Camilleri, 1994a,b). 
Collapse of the footwall probably facilitated sinking of the 
hanging wall with a consequent reduction in surface topo- 

graphy. 
Due to subsequent extensional excisement, little is known 

about the structural geometry of the Windermere thrust 
plate. We do not know whether burial of the footwall was 
accomplished by a series of structurally overlying imbri- 
cate thrust sheets or by an intact crustal wedge above the 
Windermere thrust. However, the presence of multiple 
supracrustal thrust faults that cut Paleozoic and Triassic 
strata (e.g., Coats and Riva, 1983) to the north and west of 
the Pequop Mountains-Wood Hills-East Humboldt Range 
terrain suggests that a polyphase imbricate thrust wedge 
is more likely. 

Phase 2 

The second phase of deformation involved development 
of the Independence thrust and back folds in its hanging 
wall (Figs. 6E and 7A), both of which are bracketed between 
84 and 75 Ma (Camilleri and Chamberlain, 1997). The 
Winchell Lake fold-nappe (Fig. 7B) formed during region- 
al migmatization and sillimanite zone peak metamorphism 
between 70 and 90 Ma (McGrew, 1992), approximately 
the same time as the Independence thrust. All of these 
structures formed after a phase 1 kyanite zone metamorphic 
event that records the tectonic burial of this region. More- 
over, the nappe and Independence thrust deform the pro- 
grade metamorphic fabric (S1), and we suggest that all are 
manifestations of a single continuum of contractional defor- 
mation developed at different structural levels. However, 
extensional tectonism represented by the Pequop normal 
fault may also have begun before 75 Ma (Camilleri and 
Chamberlain, 1997), so timing constraints are still too broad 
to allow definitive correlation of the Winchell Lake fold- 
nappe with the contractional episode that produced the 
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Independence thrust rather than the later Cretaceous ex- 
tension. In either case, development of the Independence 
thrust and associated back folds marks a hndamental tran- 
sition from bulk coaxial stretching of the middle crust dur- 
ing phase 1 to horizontal contraction during phase 2. 

In support of the correlation between the Winchell Lake 
fold-nappe and the second phase of deformation that pro- 
duced the Independence thrust, we note the similarity in 
deformational style between the fold-nappe and the north- 
west-vergent recumbent back-folds in the highest grade 
part of the Wood Hills (cf. Figs 7A and 7B). However, this 
correlation is rendered uncertain by the lack of continu- 
ous exposure between the Wood Hills and the East Hum- 
boldt Range and by a few important differences between 
the Winchell Lake fold-nappe and the folds in the Wood 
Hills. (1) Archean basement is involved in the core of the 
Winchell Lake fold-nappe but is not observed in the 
Wood Hills (although basement involvement at depth is a 
definite possibility). (2) The Winchell Lake fold-nappe is 
structurally detached whereas the folds in the Wood Hills 
are not. (3) The Winchell Lake fold-nappe has a WNW- 
trending hinge line and closes toward the south whereas 
the Wood Hills folds trend toward the northeast with a 
vergence toward the northwest. Differences (1) and (2) may 
merely reflect variations in deformational style with in- 
creasing structural depth and metamorphic grade. The 
third difference may be explained at least in part by trans- 
position of the Winchell Lake fold-nappe in the Tertiary 
mylonitic shear zone that envelopes it. In support of this 
interpretation, we note that the hinge line of the fold- 
nappe is colinear with the Tertiary mylonitic stretching 
lineation that overprints it. We suggest that the nappe may 
originally have had a northeast trending hinge line similar 
to the folds in the Wood Hills, but that mylonitic shearing 
rotated it into ~arallelism with the Tertiary stretching lin- 
eation. 

Phase 3 

The Pequop normal fault marks a fundamental change 
from horizontal contraction to extension in the upper to 
middle crust of the Sevier hinterland in the Pequop Moun- 
tains-Wood Hills-East Humboldt Range region. Cross- 
cutting relationships indicate that the Pequop fault is 
younger than the Independence thrust, and that both the 
Independence thrust and Pequop fault postdate develop- 
ment of the 84 Ma (S1) metamorphic fabric (Camilleri and 
Chamberlain, 1997). In addition, the Pequop fault must 
be older than 4 1 3 9  Ma (Brooks et al., 1995) because vol- 
canic rocks of this age depositionally overlap both the 
hanging wall and the footwall of the Pequop fault in the 
Pequop Mountains (Fig. 8). Furthermore, thermochrono- 
logic data from metamorphic rocks in the footwall of the 

Windermere thrust in the Pequop Mountains and Wood 
Hills suggest that the rocks began cooling by -75 Ma 
(Thorman and Snee, 1988; Camilleri and Chamberlain, 
1997). We suggest that this early phase of cooling reflects 
partial exhumation of the metamorphic rocks by the Pequop 
fault. The implication is that the Pequop fault formed after 
84 Ma but before initial cooling at 75 Ma. The duration of 
slip on the Pequop fault is unknown; activity could have 
continued until 41 Ma. Moreover, 40Ar/3gAr cooling ages 
on mica in the Wood Hills and hornblende in the East 
Humboldt Range suggest a cooling event in Paleocene to 
Early Eocene time (McGrew and Snee, 1994; Thorman 
and Snee, 1988). Final exhumation and cooling of the meta- 
morphic rocks was accomplished by the Tertiary Mary's 
River fault system (Fig. 6 A, B, and C). 

DAY 1: ROAD LOG FROM WENDOVER 
TO THE NORTHERN EAST HUMBOLDT 

RANGE, NEVADA 

On day 1 of this field trip we will observe the meta- 
morphic fabrics in the footwall of the Windermere thrust 
and examine structures developed during the second 
phase of Mesozoic deformation. At stops 1-1 and 1-2 we 
will view the Independence thrust and Winchell Lake 
nappe, respectively. At stop 1-3 we will observe prograde 
metamorphic fabrics in the footwall of the Windermere 
thrust in the southern part of the Wood Hills and at stop 
1-4, in the northern part of the Wood Hills, we will observe 
these fabrics overprinted by an overturned back fold. Last, 
at stop 1-5 we will hike to and observe the Winchell Lake 
nappe. 

MILEAGE DESCRIPTION 

Incre- Cumu- 
mental lative 

0.0 0.0 Road log begins at westbound entrance to 
Interstate 80 at the west end of Wend- 
over. Proceed west on Interstate 80. 

2.9 2.9 Toano-Goshute Range and the Pilot Range 
are in the foreground (see Fig. 2). Both of 
these ranges record mainly Late Jurassic 
plutonism, regional-contact metamorph- 
ism, and minor contractional deformation 
(Glick, 1987; Miller and Hoisch, 1992; 
1995). 

2.7 5.6 The Pilot Range is to the right. Much of 
Pilot Range in view is composed of Lower 
Paleozoic strata that underwent regional- 
contact metamorphism and southeast ver- 
gent folding during the Late Jurassic 
(Miller and Hoisch, 1992; 1995) 
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c&~r (:rxl.lzilli.ri clnrl C:harr~hi.rlain (1997). 

11.8 17.4 Late Jurassic Silver Zone Pass phtton in 
the Toano Range is on your right. The 
Silver Zonc Pass pluton intrudes lower 
Paleozoic strata that contain syn- to pre- 
plutonic metatnorphic falrrics (Glick, 
1987; Miller arid Iloisch, 1992; 1995). 

5.1 22.5 STOP 1-1 (Fig. 2). 
Get off the freeway at the Shafter exit and 
park in gravel lot sortth of tllr fiecway. 
The Pecluop Mountains are to the west. 
Unlike the R a n o  ancl Pilot Ranges, the 
Pequop Mountains, Wood Hills, and East 
Humboldt Range record nlainly Creta- 
ceous metamorphism and cleformation. 

The Pcyuop Mountains expose the 
lowest grade part of tlre esh~tnied foot- 
wall of the Windermere thrust. Metanior- 

phic grade within the Pequop Mountains 
decreases up section from garnet zone 
1,owcr Ca~iibrian strata to unmetarnor- 
phosccl Mississippian and Pennsylvanian 
strata. Analysis of crystallographic pre- 
fcrred orientations of quartz c-axes in 
cluart~ite and textural analysis of poly- 
rnineralic metamorphic rocks in the Pe- 
quop Mountains indicate a donliriantly 
coaxial strain pat11 during nietamoq~his~~i 
(Ca~nillcri, 1994a,b). A U-Pb sphene age 
from Cambrian rneta-carbonate indicates 
a metamorpliic peak at, and mininiltni age 
of the meta~~iorpliic fabric of, -84 Ma 
(Camillcri and Chamberlain, 1997). The 
84 3ifa fabric is cut by the Late Cretaceous 
lndependence thrust. 
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To the south in the Pequop Mountains, 
at about 9:00, the trace of the Late Cre- 
taceous Independence thrust (Fig. 8) is 
visible. The trace of the thrust lies near 
the base of the tree-covered slopes. In 
this locality, hanging wall rocks are meta- 
morphosed (chlorite zone) Ordovician 
Pogonip Group and footwall rocks (barren 
slopes) are unmetamorphosed Mississip- 
pian Chainman Shale-Diamond Peak For- 
mation. 

Return to the freeway and proceed west 
to Wells. As we cross the Pequop Moun- 
tains we will drive down-section through 
Pennsylvanian to Devonian carbonate and 
siliciclastic rocks in the hanging wall of 
the Independence thrust (Fig. 8). 
Barren reddish brown slopes on both sides 
of the freeway are composed of Missis- 
sippian Chainman Shale-Diamond Peak 
Formation. 
Tree covered slopes at 9:00 comprise the 
Mississippian Tripon Pass Limestone. 
On both sides of the freeway gray, cliff- 
forming limestone of the Devonian Guil- 
mette Formation is exposed. 
Independence Valley and the Wood Hills 
are straight ahead. 
High peaks immediately to the south are 
composed of metamorphosed Devonian 
Guilmette Formation. 
Low-lying hills immediately to the south 
of the freeway are composed of Miocene 
Humboldt Formation (Thorman et al., 
1990), which lies in the hanging wall of a 
segment of the Mary's River fault system 
(Fig. 8). Bedding within these rocks, al- 
though not visible from this vantage point, 
dips around 25-35' east (Thorman, 1970). 
East-dipping Humboldt Formation is ex- 
posed in the roadcut on the south side of 
the freeway. 
Unmetamorphosed Permian strata are 
exposed immediately to the south. These 
Permian rocks form part of an unmeta- 
morphosed sequence of Devonian to Per- 
mian strata that are also part of the hang- 
ing wall of the Mary's River fault (Fig. 8). 
Devonian to Permian rocks are also ex- 
posed in the footwall of the Mary's River 
fault in this area but they are regionally 
metamorphosed (Fig. 8). The Mary's River 
fault in the northern Wood Hills is part of 
the Mary's River fault system (cf. Mueller 

and Snoke, 1993a), which is primarily 
responsible for exhumation of the struc- 
turally deep regionally metamorphosed 
Paleozoic strata in the East Humboldt 
Range and Wood Hills. An important 
aspect of the Mary's River fault here is 
that it duplicates Paleozoic strata. This 
relationship requires that the Paleozoic 
section was duplicated by thrust faulting 
prior to normal faulting. Furthermore, this 
is one piece of evidence requiring the 
inferred Windermere thrust. 

1.6 56.3 Take first Wells exit and proceed south 
on U.S. Highway 93. 

1.0 57.3 The hills immediately due east expose 
unmetamorphosed Devonian to Permian 
strata in the hanging wall of the Mary's 
River fault (Fig. 8). 

3.2 60.5 The metamorphic sequence of the Wood 
Hills is exposed to the east. 

3.9 64.4 STOP 1-2 (Fig. 8) 
Turn left onto dirt road at the gravel pit, 
cross over the cattle guard, and park. View 
of East Humboldt Range and southern 
Wood Hills. To the east, in the southern 
Wood Hills, kyanite zone Ordovician 
Pogonip Group strata are exposed. To the 
west, in the northern East Humboldt 
Range, partially melted, sillimanite zone 
Archean basement and Proterozoic to Mis- 
sissippian metasedimentary rocks are ex- 
posed. The sillimanite-in isograd is in- 
ferred to be concealed beneath the valley 
fill between the Wood Hills and northern 
East Humboldt Range (Fig. 5). From this 
vantage point we have an excellent view 
of the Late Cretaceous Winchell Lake 
nappe in the East Humboldt Range. 

From the gravel pit, proceed east on 
the dirt road that veers to the right. 

0.7 65.1 Dirt road bifurcates at the railroad tracks. 
Turn right and proceed south. 

1.6 66.7 Spruce Mountain is at LOO. The highest 
peak on Spruce Mountain is 10,076' and 
is composed of low-grade metamorphosed 
Ordovician Pogonip Group strata (Hope, 
1972). The low-lying ridge or prong of 
Spruce Mountain extending to the north 
is composed of unmetamorphosed Penn- 
sylvanian to Permian strata intruded by a 
Mesozoic or Tertiary hornblende diorite 
pluton (Hope,1972). 



Figurrz 8. Sirnrc.lll$erl geologic inap ofthe Pequop hfotir~t~ii~~s-~ood-W Hills-East Nurnholtlt Rii~tge region. Fatilt and rtrutigrapl.~ic contact., arc sholcn (bn~tE tohere concc.alerl by 
()t~att~n~tir-t/ and T~rticiry surlficiul rlt>Fc.llosit,s. ,Ifod$etl r~fter C(lrnillt7ri (ctnrl ClzcznzJ~erlait ( 1  99 7). 
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3.8 70.5 Dirt road bifurcates. Take road to the left 
toward Warm Springs. 

0.9 71.4 Cross railroad tracks. Immediately after 
crossing the tracks, the road we are travel- 
ing on splits into four dirt roads. Count- 
ing from the railroad tracks on your right 
take the third road (or second road from 
the tracks on your left). 

1.4 72.8 The Pequop Mountains are straight ahead. 
2.0 74.8 Turn left on dirt road that heads towards 

the southern Wood Hills. 
1.0 75.8 Looking to the north in the Wood Hills, 

we can see southeast dipping gray Devo- 
nian to Ordovician dolomite. These rocks 
constitute the lowest grade rocks in the 
Wood Hills as well as part of the upright 
limb of a NW-vergent overturned anti- 
cline, a back fold in the hanging wall of 
the Independence thrust (Figs. 7 and 9). 

0.8 76.6 On the left or east side of the canyon is 
the basal sandy (quartzose) dolostone of 
the Devonian Simonson Dolomite. Thin 
section examination of these rocks indi- 
cates that they are metamorphosed, al- 2.8 80.5 
though they lack a macroscopic meta- 
morphic fabric, and upon close inspection 
cross-bedding is visible. As we proceed 
up the canyon from north to south we 
will traverse down-section through Devo- 
nian to Ordovician dolostone. 

Degree of recrystallization of dolomite 
and of fabric development increases down- 
section such that Ordovician to Silurian 
dolomite is a fine-grained marble and 
contains a well-developed bedding-paral- 
lel cleavage or foliation. 

STOP 1-3 (Fig. 9). 
Park on dirt road. On this stop we will 
observe the prograde metamorphic S-L 
tectonite in Ordovician rocks. On the east 
side of the canyon, foliated and lineated 
Ordovician Lehman Formation, Eureka 
Quartzite, and Fish Haven Dolomite are 
exposed. From here we can see that folia- 
tion is approximately parallel to strati- 
graphic boundaries and we can observe a 
complete but plastically attenuated sec- 
tion of Eureka Quartzite. Here, the Eureka 
Quartzite is approximately 75' thick, 
whereas regionally the Eureka Quartzite 
is generally 200' thick or greater. 

Hike up the hillside to observe S1 fab- 
ric elements. At the base of the hill, fine- 
grained micaceous marble of the Lehman 
Formation is exposed. Foliation dips about 
30' to the southeast and pronounced 
stretching lineations trend approximately 
23' to the east-southeast. The overlying 
Eureka Quartzite has a well developed 
foliation, but lineation is less well pro- 
nounced. The Fish Haven Dolomite con- 
sists of dark gray dolostone with chert 
lenses and abundant tiny pelmatozoan 
fragments, and has a strong bedding-par- 
allel foliation. Stretching lineations are 
poorly developed and are generally only 
visible on chert lenses. Petrofabric analy- 
ses of quartz c-axes from the Eureka 
Quartzite in this and other localities in 
the Wood Hills suggests predominantly 
coaxial plane strain accompanied meta- 
morphism (Camilleri, 1994a,b). 

Return to vans. Proceed north on dirt 
road. 

STOP 1-4 (Fig. 9). 
Park on the side of the dirt road. At this 
stop we will hike up into the Dunderberg 
Shale [schist] in the core of the northwest- 
vergent overturned anticline (Fig. 9). We 
will observe the overprinting effects of 
the fold on S1. Bring lunch and water. 

Hike up the hillside to the saddle on 
the north-trending ridge on the east side 
of the canyon. In the saddle the Upper 
Cambrian Dunderberg Shale [schist] is 
exposed in the core of the anticline. On 
the southern slope of the saddle, the 
Cambrian Notch Peak Formation (calcite 
marble) is exposed on the upright limb of 
the anticline and on northern slope of the 
saddle the Notch Peak Formation is ex- 
posed again in the overturned limb of the 
anticline. 

The Dunderberg Shale contains por- 
phyroblastic garnet, staurolite/kyanite, and 
biotite. Kyanite in these rocks is a by- 
product of the breakdown of staurolite by 
a reaction such as quartz + muscovite + 
staurolite = biotite + garnet + kyanite. 
The general metamorphic mineral assem- 
blage is biotite-staurolite-kyanite-garnet- 
muscovite-quartz-plagioclase-a~~anite- 
rutile-ilmenite. Barometric analysis of this 
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assemblage yields a PT estimate of 5.5- 
6.4 kb, 540-590°C (Hodges et al., 1992), 
corresponding to burial depths of around 0.8 110.3 
18 to 24 km. These burial depths are a 
minimum of about 10 km in excess of 
.probable premetamorphic Mesozoic strati- 
graphic depths. 

Within the core of the fold, in this local- 
ity, the S-L (S1 and L1) tectonite in the 
Dunderberg Shale [schist] is largely over- 
printed by an L-tectonite fabric resulting 
from constrictional strain in the core of 
the anticline. Here, stretched biotite por- 
phyroblasts define the stretching linea- 
tion. In thin sections cut parallel to linea- 
tion, biotite contains symmetrical recrys- 
tallized tails, whereas in thin sections cut 
perpendicular to lineation, deformation 
and rotation of porphyroblasts and crenu- 
lation of Sl is evident. 

Hike to the outcrop of the Notch Peak 
Formation on the southern slope of the 
saddle. In this area, calcite marble con- 
tains a moderate to strong axial-planar 
grain-shape foliation (S2) that overprints 
Sl (compositional layering). Cleavage or 
foliation (SZ) related to the northwest- 
vergent folds is sparse and generally 
restricted to the vicinity of the fold axis. 

Eat Lunch. Proceed due west down the 
hill from the saddle. Intersect dirt road 
and return to the vans. Return, exactly the 
way we came, to the intersection of High- 
way 93 and the dirt road adjacent to the 
gravel pit. 

16.1 96.6 Arrive at intersection of the gravel road 
and U.S. 93. Turn right on US 93 and 
proceed north to Wells. 

8.1 104.7 Intersection of US 93 and Interstate 80. 1.8 112.1 
Proceed west on Interstate 80 approxi- - - 

mately 1 mile to the next Wells exit (Exit 
35 1). 

1.0 105.7 Exit the interstate at Exit 351 and turn 
left on Humboldt Avenue at the base of 0.9 113.0 
the exit ramp. Immediately after passing 
under the interstate, turn right on Angel 1.4 114.4 
Lake Highway. 

3.5 109.2 Roadcut on right exposes conglomerates 
of Tertiary lower Humboldt Formation. 0.4 114.8 

0.3 109.5 Massive exposures of Miocene (approxi- 
mately 13.8 Ma) rhyolite porphyry form a 
laccolithic mass intrudng the lower Hum- 

boldt Formation in the hill to the right 
(Snoke, 1992). 
Roadcut on the west side exposes a Ter- 
tiary detachment fault marked by a nearly 
horizontal zone of red gouge separating 
shallowly dipping, impure Cambrian- 
Ordovician marble below from steeply 
dipping yellow-weathering Miocene fan- 
glomerate above (Snoke and Lush, 1984; 
Snoke, 1992). This detachment fault is 
part of the Mary's River fault system. 
These exposures are on the west side of 
Clover Hill, which forms a dome of upper 
amphibolite facies quartzite, schist, and 
marble overlain by a sequence of thin 
fault slices, each placing younger and/or 
lower grade rocks down against older 
and/or higher grade rocks. The high grade 
rocks in the core of the Clover Hill dome 
correlate with the high grade rocks under- 
lying the high country of the East Hum- 
boldt Range visible to the west. 

The area between the west side of 
Clover Hill and the east flank of the East 
Humboldt Range consists mostly of com- 
plexly faulted Tertiary sedimentary and 
volcanic rocks of the Humboldt Forma- 
tion. The eastern flank of the East Hum- 
boldt Range is cut by a major, eastward- 
dipping normal fault that postdates the 
Mary's River fault system and thus pro- 
vides a remarkable natural cross-section 
through the metamorphic core complex. 
The forerange to the east of this fault 
consists of unmetamorphosed Upper Pale- 
ozoic sedimentary rocks whereas the high 
country is underlain by the high grade 
footwall of the East Humboldt Range 
metamorphic core complex. 
Roadcut exposures of lacustrine lime- 
stone with interbedded conglomerate of 
the lower Humboldt Formation. Large 
lens-like bodies of megabreccia are en- 
cased in the Humboldt Formation nearby. 
Road to Angel Creek campground to the 
left. Continue on Angel Lake Highway. 
On the right, extensive exposures of Per- 
mian sedimentary rocks begin (mostly 
Pequop Formation and Park City Group). 
Chimney Rock, one of the most promi- 
nent landmarks in the East Humboldt 
Range, is visible directly ahead. It con- 
sists largely of Archean orthogneiss, and 
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is a good example of the outcrop style of 
this important lithology. 

0.7 115.5 Trailhead to Winchell Lake on left. 
1.9 117.4 The road terminates in the Angel Lake 

parking area. Angel lake is an artificially 
enhanced cirque-lake directly beneath 
Grey's Peak (elev. 10,674 ft), the highest 
point in the northern part of the range. 

STOP 1-5 (Fig. 8: see also geologic map 
in Figure 8 in Snoke et al., this volume). 

At Stop 1-5 we will view the lower 
limb of the Winchell Lake fold-nappe, an 
inferred pre-metamorphic fault folded by 
the nappe, and the structurally deepest 
and highest grade (sillimanite zone) rocks 
in the region. We will be looking at some 
of the same units observed in the Wood 
Hills but the rocks here are migmatitic 
gneisses of higher grade than those of the 
Wood Hills. 

Angel Lake Cirque exposes both limbs 
of the Winchell Lake fold-nappe, although 
the trace of the hinge surface of this fold 
is not clearly displayed in this area because 
it lies within the middle of the massive 
Archean orthogneiss sequence. However, 
the Greys Peak fold, a map-scale parasitic 
fold on the upper limb of the Winchell 
Lake nappe, is visible on the east cliff face 
directly beneath Greys Peak. Within Angel 
Lake Cirque the Tertiary mylonitic shear 
zone and its associated WNW-trending 
stretching lineation overprint the Win- 
chell Lake nappe to varying degrees. 

We will follow a transect across the 
lower limb of the fold-nappe to the base 
of the Archean orthogneiss sequence. This 
hike will require a steep climb with an 
elevation gain >600 ft over a distance of 
less than 0.5 mi (0.8 km). From bottom to 
top, the characteristic stratigraphic se- 
quence that we will traverse on the lower 
limb of the fold-nappe is: (1) a quartzite 
and schist sequence of probable Early 
Cambrian to Late Precambrian age, (2) a 
thin sequence of calcite marble and calc- 
silicate gneiss that is probably Upper 
Cambrian and Ordovician in age, (3) a 
discontinuous, thin orthoquartzite layer 
(< 2 m thick) here inferred to correlate 
with the Ordovician Eureka Quartzite, 
(4) a sequence of dolomitic marbles pre- 

sumed to correlate with the Ordovician 
to Devonian dolomites of the miogeocli- 
nal sequence of the eastern Great Basin, 
(5) more calcite marbles which locally 
include isolated enclaves of intensely 
migmatized rusty-weathering graphitic 
schist of possible Mississippian age, (6) a 
sequence of severely migmatized quart- 
zitic and quartzo-feldspathic paragneiss 
inferred to be of Early Proterozoic age, 
and (7) a thick sequence of Archean-aged 
striped monzogranitic orthogneiss. The 
contact between the Paleozoic (?) meta- 
sedimentary sequence (units 1-5) and the 
Early Proterozoic (?) paragneiss (unit 6) 
is inferred to be a pre-folding, premeta- 
morphic fault. The contact between units 
(6) and (7) could be either tectonic or un- 
conformable. 

Throughout the transect you will notice 
sporadic small-scale-folds and stretching 
lineations superimposed on the nappe. 
Fold hinge lines and stretching lineations 
show an average trend of approximately 
So, 295O, and small-scale fold hinge planes 
are approximately parallel to foliation, 
with an average orientation of 15", 270". 
However, considerably more dispersion 
exists in the small-scale structural data at 
deep levels than in the well-developed 
mylonites near the crest of the range, and 
locally a NNE-trending lineation of uncer- 
tain age is developed. Three dimensional 
constraints indicate that the map-scale 
folds (i.e., the Greys Peak fold and the 
Winchell Lake fold-nappe itself) show the 
same WNW-oriented trends as the smaller 
scale structures. The WNW-trending 
lineations and mylonitic microstructures 
superimposed on the nappe are con- 
strained to be Tertiary in age because 
they also overprint a suite of 29-Ma biotite 
monzogranitic orthogneiss sheets (Wright 
and Snoke, 1993). In addition, some of 
the monzogranitic sheets are at least par- 
tially involved in small-scale folds. 

Although some of the minor folds with- 
in the nappe are documented to be Ter- 
tiary in age, a variety of constraints indi- 
cate that most minor folds actually formed 
before Tertiary time. Many monzogranitic 
bodies clearly cut folds, and at map-scale 
the Winchell Lake fold-nappe itself is cut 
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by 29-Ma monzogranitic sheets. Further- 
more, just east of Chimney rock the pre- 
metamorphic fault at the base of the fold- 
nappe is cut by a thick sill of 40-Ma 
hornblende biotite quartz dioritic ortho- 
gneiss. In Winchell Lake a few kilometers 
farther south, field relationships between 
the fold and synkinematic leucogranites 
indicate that it was emplaced during 
regional migmatization and sillimanite 
zone metamorphism between 70 to 90 
million years ago (McGrew, 1992). 

On our traverse we will stop at five 
localities, A through E, which can be 
located on the geologic map of Angel 
Lake cirque (Figure 8 of Snoke et al., this 
volume). 

Locality A. 
Hike around the south side of the lake to 
the gentle bedrock promontory labeled 
" ,, 
A on the geologic map (Fig. 8 of Snoke 
et al., this volume). These outcrops consist 
of coarse-grained severely migmatized 
quartzite, paragneiss, and schist here in- 
ferred to be Late Precambrian and Early 
Cambrian in age (correlating with the 
Prospect Mountain quartzite and perhaps 
also the upper part of the McCoy Creek 
Group). An outcrop of schist not far from 
this locality yielded an internally consis- 
tent PT estimate of 657", 4.5 kb, but this 
probably reflects relatively late stage equil- 
ibration because other localities in the 
East Humboldt Range yield PT estimates 
as high as 790°C, 8.7 kb (McGrew and 
Peters, unpublished data). Pelitic mineral 
assemblages are similar throughout the 
northern East Humboldt Range, although 
rare relict assemblages of kyanite + stauro- 
lite survive only on the upper limb of the 
Winchell Lake fold-nappe. In addition, 
late stage muscovite and chlorite become 
increasingly prominent in the well-devel- 
oped mylonitic rocks at relatively high 
structural levels. The most characteristic 
assemblage is biotite + sillimanite + gar- 
net + quartz + plagioclase + chlorite + 
muscovite + K feldspar + rutile + 
ilmenite. 

Locality B. 
Cross the small stream and proceed to 
point "B" on the map. Here we see more 

of the Cambrian-Late Proterozoic quart- 
zite and schist sequence, but here it in- 
cludes some sparse amphibolitic bodies 
and more marble than the previous out- 
crops. These outcrops expose interesting 
small-scale fold and fault relationships, 
including a minor thrust fault, which is 
unusual because most shear surfaces in 
the northern East Humboldt Range show 
normal-sense displacement formed dur- 
ing Tertiary extensional tectonism. Pro- 
ceed northward up the hill to point C. 

Locality C. 
At this locality we will observe quartzite 
and calcite and dolomite marble correla- 
tive with metamorphosed Cambrian to 
Devonian strata we observed at stops 1-3 
and 1-4 in the Wood Hills. Pause at a layer 
of white quartzite approximately I m thick 
which probably correlates with the Ordo- 
vician Eureka quartzite. In nearby moun- 
tain ranges where Paleozoic strata are un- 
metamorphosed, the Upper Cambrian to 
Middle Ordovician limestone sequence is 
at least 1 km thick. Assuming the correla- 
tion is correct, here it is possible to walk 
through the entire section in a vertical 
distance of just 25 m! Overlying the ortho- 
quartzite layer is a few meters of dolo- 
mitic marble that probably correlates with 
Upper Ordovician to Devonian dolomites 
exposed in nearby ranges. 

Marble and calc-silicate assemblages 
typically consist of calcite + diopside + 
quartz + dolomite + phlogopite + pla- 
gioclase + grossular + scapolite + K- 
feldspar & sphene & amphibole ? epi- 
dote. Peters and Wickham (1994) report 
that amphibole + grossular + epidote 
represent a secondary subassemblage 
that records infiltration of water-rich fluids 
under a metamorphic regime that pro- 
ceeded from high temperature (60O0- 
750°C) to lower temperature (< 525°C) 
conditions. The earlier, primary assem- 
blages probably equilibrated at 2 6 kb, 
550"-750°C with a relatively C02-rich 
fluid. Proceed westward, gaining eleva- 
tion gradually to point D. 

Locality D. 
At this locality we will observe a thin raft 
of distinctive rusty-weathering graphitic 
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migmatitic paragneiss, inferred to corre- 
late with the Mississippian Chainman 
Shale. These may be the youngest high 
grade metasedimentary rocks in the East 
Humboldt Range. Here, the rusty-weath- 
ering graphitic migmatitic paragneiss is 
completely encased in a mass of pegma- 
titic leucogranite, but on the upper limb 
of the fold-nappe this same rock type forms 
a continuous layer approximately 25 m 
thick that in general is only slightly rnigrna- 
titic. Remarkably, the transition between 
these two contrasting outcrop styles occurs 
over a distance of <2  km as this unit is 
traced from the upper limb of the fold- 
nappe (where it typically contains <25% 
leucogranite) into the hinge zone of the 
fold-nappe above Winchell Lake where it 
contains >60% leucogranite. These meter- 
scale leucogranitic bodies are clearly 
folded around the nose of the fold-nappe, 
but the fact that isopleths of leucogranite 
concentration cut the fold-nappe implies 
that nappe emplacement and leucogran- 
ite segregation occurred at the same time. 
Moreover, relict kyanite also disappears 
over this same interval, being completely 
replaced by sillimanite on the lower limb 
of the fold-nappe. Consequently, it is in- 
ferred that a 70-90 Ma U-Pb zircon age 
on these leucogranitic rocks (J.E. Wright, 
pers. comm.) probably constrains both the 
timing of fold-nappe emplacement and 
the timing of migmatization and silliman- 
ite zone metamorphism (McGrew, 1992). 
Proceed westward to point E. 

Locality E. 
In going from locality D to E we will tra- 
verse additional marbles overlying the 
graphitic schist unit and through the over- 
lying Early Proterozoic (?) paragneiss se- 
quence. Pause momentarily at the contact 
between the marble and the overlying 
paragneiss. By inference, this contact is a 
premetamorphic, pre-foldmg thrust(?) fault 

of unconstrained but probably large dis- 
placement. Could this be the Winder- 
mere or a related thrust? 

Continue across the Early Proterozoic 
paragneiss sequence to the exposures of 
the Archean orthogneiss at Point E. The 
Archean rocks occupy the core of the 
Winchell Lake fold-nappe and represent 
the only-known exposures of Archean 
basement in the state of Nevada. These 
rocks have a biotite monzogranitic com- 
position and are generally grey in color 
with a distinctive striped appearance due 
to segregation of biotite. In addition, they 
commonly contain large augen of potassi- 
um feldspar. U-Pb zircon dating of a sam- 
ple collected on the north side of the 
cirque yielded a minimum age of 2520 f 
110 Ma (Lush and others, 1988). Meter- 
scale amphibolite and garnet amphibolite 
boudins form a volumetrically small but 
distinctive and widespread component of 
both the Archean orthogneiss and the in- 
ferred Early Proterozoic paragneiss se- 
quence. These bodies probably represent 
metamorphosed mafic intrusions and are 
rarely observed in the Late Proterozoic 
and Paleozoic metasedimentary sequence. 

Return to the parking area, retrace route 
to Interstate 80, and proceed to Wendover. 
End of day 1. 
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INTRODUCTION contraction in the foreland would explain these apparent 

The Raft River, Grouse Creek, and Albion Mountains of 
northwestern Utah and southern Idaho lie in the hinter- 
land of the Late Mesozoic to early Cenozoic Sevier oro- 
genic belt (Armstrong, 1968a), to the west of the classic 
foreland fold and thrust belt (Armstrong and Oriel, 1965), 
and east of the outcrop belts affected by Paleozoic con- 
tractional orogeny. Following the cessation of Sevier oro- 
genesis, this region experienced large-magnitude crustal 
extension and associated magmatism and metamorphism, 
episodically, from middle to late Eocene time to the pre- 
sent (Compton, 1983; Mueller and Snoke, 1993a; Smith 
and Sbar, 1974; Wells and Snee, 1993). 

The kinematic role of the Sevier belt hinterland during 
Late Mesozoic to early Cenozoic Sevier orogenesis has 
been controversial, and the structural record apparently 
contradictory (e.g., Hose and Danes, 1973; Allmendinger 
and Jordan, 1984; Snoke and Miller, 1988). For example, 
Mesozoic contractional structures (e.g., Miller and Gans, 
1989; Snoke and Miller, 1988; Camilleri and Chamberlain, 
1997; Taylor et al., 1993) and Mesozoic extensional struc- 
tures (e.g., Wells et al., 1990; Hodges and Walker, 1992) 
have both been reported in the northeastern Great Basin. 
Study of Neoproterozoic to Permian rocks of the Raft River, 
Grouse Creek, and Albion Mountains suggests alternating 
periods of contraction and extension in this region during 
Late Mesozoic to early Cenozoic time (Wells, 1997), includ- 
ing an episode of large-magnitude extension of Late Cre- 
taceous age (Wells et al., 1990). Dynamic adjustments of 
topography and crustal thickness in the hinterland during 

- - 

kinematic inconsistencies (Wells, 1997). 
In addition to the Raft River Mountains area, extension 

of Cretaceous age has been interpreted to have occurred 
at numerous other localities within the Sevier Belt hinter- 
land (Hodges and Walker, 1992), leading to the suggestion 
that the hinterland was a region of substantial crustal 
thickening and topographic uplift. The documentation, 
however, for large-magnitude contraction in the hinterland, 
while compelling in some areas (Camilleri and Chamber- 
lain, 1997) has remained elusive in many other regions, 
partly because Mesozoic structures were fragmented dur- 
ing Cenozoic extension and isotopic systems and meta- 
morphic fabrics have been strongly overprinted during 
Tertiary metamorphism, uplift and cooling. 

In this paper, we summarize the results of earlier work 
on the sequence and hnematics of Mesozoic to early Ceno- 
zoic deformations, based on observations from the eastern 
Raft River Mountains (Wells, 1997), and incorporate new 
results on metamorphic P-T paths and deformation kine- 
matics from the western Raft River and northern Grouse 
Creek Mountains. The new data have bearing on the mag- 
nitude of crustal thickening and topographic development 
in the hinterland region of the Sevier orogenic belt, and 
on the timing of episodes of gravitational collapse. 

TECTONOSTRATIGRAPHY O F  THE RAFT 
RIVER MOUNTAIN, GROUSE CREEK, 

AND ALBION MOUNTAINS 

Overprinting Mesozoic and Cenozoic deformations have 
produced an incomplete and greatly attenuated stratigra- 
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phic section in the Raft River, Albion, and Grouse Creek 
Mountains. A tectonically thinned sequence of metasedi- 
mentary units of Neoproterozoic to Triassic age overlies 
Archean basement over an area greater than 4000 km2 
(Fig. 10) (Armstrong, 1968b; Compton et d.,  1977; Wells 
1997). The Green Creek complex (Armstrong and Hills, 
1967; Armstrong, 1968b) is composed of -2.5 Ga gneissic 
monzogranite (metamorphosed adamellite of Compton, 
1972) that intrudes schist and amphibolite (Compton, 1975; 
Compton et al., 1977). The Elba Quartzite unconformably 
overlies the Green Creek complex and forms the basal 
unit of a sequence of alternating quartzite and psammatic 
and pelitic schist. Anomalously high 613C values from 
marble interbeds within the structurally, and presumably 
stratigraphically highest quartzite of this sequence (quart- 
zite of Clarks Basin of Compton, 1972,1975) resemble those 
measured in other Neoproterozoic rock sequences in west- 
ern North America, and suggest a Neoproterozoic age for 
the entire rock package (Wells et al., 1996). Structurally 
overlying the Neoproterozoic rocks along the Mahogany 
Peaks fault are upper greenschist-lower amphibolite facies 
Paleozoic metasedimentary rocks including Ordovician cal- 
citic marble, phyllite, quartzite and dolomitic marble. These 
rocks are overlain by Pennsylvanian(?) marble along the 
Emigrant Spring Fault (Wells, 1996, 1997). Middle green- 
schist facies Pennsylvanian and Permian rocks of the Oquirrh 
Formation structurally overlie the amphibolite facies rocks 
along the middle detachment fault. Within the eastern Raft 
River Mountains, these rocks have been subdivided into 
three low-angle fault-bounded tectonostratigraphic units 
(Compton et al., 1977; Miller, 1980,1983; Todd, 1980,1983; 
Wells, 1992, 1997). From structurally lowest to highest, 
these are: (1) the parautochthon, (2) the lower allochthon, 
and (3) the middle allochthon (Fig. 10). 

KNOWN AND INFERRED CRETACEOUS 
TO EOCENE DEFORMATIONS IN THE 

RAFT RIVER, GROUSE CREEK, 
AND ALBION MOUNTAINS 

The pre-Oligocene deformation record of the Raft River, 
Grouse Creek, and Albion Mountains is best preserved 
within rocks that lie in the upper plate of the Raft River 
detachment fault in the eastern Raft River Mountains. 
This is primarily because: (1) upper-plate Neoproterozoic 
to Permian rocks were not overprinted by Neogene mylo- 
nitization and metamorphism that affected lower-plate 
Archean and Proterozoic rocks, and have resided at high 
structural levels since Late Cretaceous time (Wells et al., 
1990); and (2) stratigraphically equivalent strata within the 
western Albion Range, western Raft River and Grouse 
Creek Mountains were at deeper structural levels in Paleo- 
gene time and are structurally overprinted by penetrative 

top-to-the-west Paleogene mylonitic fabrics and locally 
thermally overprinted adjacent to Paleogene plutons (Comp- 
ton et al., 1977; Todd, 1980; Saltzer and Hodges, 1988; Wells 
et al., 1994; Wells and Struthers, 1995). The metamorphic 
record, on the other hand, is better understood for the 
western Raft River and northern Grouse Creek Mountains 
than the eastern Raft River Mountains, in part due to the 
serendipitous preservation of metamorphic rocks with the 
appropriate bulk compositions for thermobarometric cal- 
culations that have not experienced extensive retrograde 
metamorphism. New quantitative thermobarometry is pre- 
sented below for these areas that fill in an important, and 
to date missing, component in the tectonic evolution of 
this region. 

Eastern and Central Raft River Mountains 

Rocks in the upper plate of the Miocene Raft River 
detachment fault preserve a protracted sequence of defor- 
mations that predate Miocene extension. The discussion 
below will focus on the early part of the deformation 
sequence, developed during and probably immediately after 
Sevier orogenesis. A more detailed and complete descrip- 
tion of the deformations can be found elsewhere (Wells, 
1992, 1996, 1997). 

The earliest and most pervasive fabric (Dl) in the 
lower allochthon is a penetrative foliation which is gener- 
ally parallel to lithologic layering and inferred bedding. 
Lineation varies in degree of development, is not ubiqui- 
tous, and generally trends NE. Kinematic analysis suggests 
that the Dl fabric resulted from a combination of pure 
shear flattening and NE-directed simple shear. Textural evi- 
dence suggests that the Dl fabric in the lower allochthon 
is a prograde metamorphic fabric (Wells et al., 1990, Wells, 
1997). 

Shear zones at a low angle to bedding postdate the 
early foliation and record top-to-the-west translation and 
stratigraphic attenuation. The two principal shear zones of 
this age are the Emigrant Spring and the Mahogany Peaks 
faults. The Emigrant Spring fault places Pennsylvanian(?) 
calcitic marble over Ordovician dolomitic marble. This fault 
removes about 5 km of stratigraphic section, including 
Silurian, Devonian, and all but centimeter-scale slivers of 
Mississippian rocks in the eastern and central Raft River 
Mountains and in the northern Grouse Creek Mountains. In 
the central and southern Grouse Creek Mountains, Devo- 
nian and substantive thicknesses of Mississippian rocks 
are present and thicken towards the south. It is not known 
whether these southward thickening units appear in the 
hanging wall or footwall of the Emigrant Spring fault, or 
alternatively, along the structurally higher middle detach- 
ment fault. The Mahogany Peaks fault separates the Neo- 
proterozoic schist of Mahogany Peaks and quartzite of 
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Clarks Basin from Ordovician carbonate rocks and crops 
out discontinuously throughout the Raft River, Grouse 
Creek, and Albion Mountains (Compton 1972, 1975; Comp- 
ton and Todd, 1979; Crittenden, 1979; Miller, 1980; Wells, 
1996; Wells et al., 1996). The Ordovician rocks of the 
hanging wall are metamorphosed at upper greenschist-lower 
amphibolite facies, as documented by calcite-dolomite 
geothermometry from the western Raft River Mountains 
(475-500°C, Fig. 11, sample stations 1 and 2 on Fig. lo), 
and oxygen isotopic geothermometry of quartz-muscovite 
and quartz-biotite mineral-pairs (490 to 510°C) and cono- 
dont color-alteration indices (CAI) >7 from the eastern 
Raft River Mountains (sample station 4, Fig. 10; Wells et al., 
1990). In contrast, the Neoproterozoic schist of Mahogany 
Peaks in the footwall is of higher metamorphic grade, 
indicating a grade discordance across the Mahogany Peaks 
fault. The schist of Mahogany Peaks, at the locations of the 
Black Hills, Johnson Creek, Bald Knoll, and the east end 
of the Raft River Mountains, has mineral assemblages that 
indicate pressures and temperatures in excess of 6.5 kb 
and 550°C, respectively (Spear and Cheney, 1989; Bohlen 
et al., 1991). Garnet-biotite thermometry on schist with 
euhedral garnets and the assemblage garnet+biotite+ 
muscovite + staurolite + quartz+paragonite yield tempera- 
tures of 2 590°C (assuming minimally 6.5 kb burial) (Fig. 
11). The metamorphic grade discordance of about 75-100°C 
that occurs across the fault is consistent with the omission 
of 3-4 km of section if the fault post-dated the peak of 
metamorphism. Because the fault places younger strata 
over older, and shallower (colder) over deeper (hotter) rocks, 
the fault is interpreted as extensional in origin. 

The upper greenschist-lower amphilolite facies Ordo- 
vician through Pennsylvanian(?) rocks of the lower alloch- 
thon are deformed into tight to isoclinal recumbent folds 
with amplitudes greater than 1.5 to 2 km. The complex 
superposition of later deformations, however, precludes 
determination of original fold geometry. The youngest 
unit involved in recumbent folding is the Pennsylvanian(?) 
marble, which occupies the cores of recumbent synclines. 

The middle detachment truncates the recumbent folds 
and is the youngest structure that is probably of Eocene 
age. The middle detachment fault can be traced discontin- 
uously across the east-west extent of the Raft River Moun- 
tains and into the Grouse Creek and Albion Mountains. 
This fault was interpreted by Compton et al. (1977) to rep- 
resent the principal detachment in these ranges. Kine- 
matic study of the few outcrops of fault rocks indicates 
top-to-the-WSW shear (Wells, 1997), consistent with data 
from the Black Pine Mountains (Fig. 10) (Wells and Allmen- 
dinger, 1990). Middle greenschist-facies Pennsylvanian to 
Permian Oquirrh Formation rocks of the middle allochthon 
lie above upper greenschist-lower amphibolite-facies Ordo- 
vician and Pennsylvanian(?) rocks of the lower allochthon 

2000 
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------- 1. LHRRlOa (Gar-BIO) 

Figure 11. Calcite-dolomite geothennomety (Anovitz and Essene, 
1987) of Ordovician carbonates from the hanging wall of the 
Mahogany Peaks fault (sample stations 1 and 2) and garnet- 
biotite geothermomety (Hodges and Spear, 1982) from the schist 
of Mahogany Peaks from the footwall (sample station 2). See 
Figure 10 for locations of sample stations. 

along the middle detachment fault. The hanging wall lime- 
stones contain conodonts with CAI values of 5 (locations 
5, 6, and 7), suggesting temperatures of -350 f 25°C 
(assuming regional metamorphic time scales) (Epstein et al., 
1977; Rejebian et al, 1987), in contrast to the higher meta- 
morphic temperatures outlined above for the footwall 
rocks. The metamorphic discordance of -125-150°C across 
this fault is consistent with removal of about 5-6 kilome- 
ters of structural section, and an extensional origin. How- 
ever, quantitative thermometry for the Pennsylvanian mar- 
ble tectonite in the hanging wall of the Emigrant Spring 
fault and footwall of the middle detachment has not been 
possible, so the data above should prudently be interpreted 
to indicate a temperature discordance of - 125-150°C that 
has been accomplished cumulatively by the two faults. 

In the central and eastern Raft River Mountains, an 
amphibolite-facies fabric with generally NNW-trending 
elongation lineation and local top-to-the-NNW kinematics 
is preserved in the Elba Quartzite and older rocks, be- 
neath the Raft River detachment and Miocene top-to-east 
shear zone. This fabric is also locally preserved in lenses 
of mechanically strong amphibolites within the Miocene 
shear zone that have escaped the younger deformation. 
This fabric is tentatively correlated to the Dl fabric de- 
scribed above from the upper plate of the Raft River 
detachment fault. 

Grouse Creek and Western Raft River Mountains 

The west side of the Grouse Creek and Raft River Moun- 
tains expose a belt of mylonitic rocks that continues north- 
ward to Middle Mountain in the southern Albion Mountains 
of Idaho, where it has been termed the Middle Mountain 
shear zone (Saltzer and Hodges, 1988). In the northern 
Grouse Creek Mountains where we have concentrated our 
studies, the shear zone cuts down to the west across the 
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stratigraphy, including the Archean-Proterozoic unconfor- 
mity. This shear zone contains WNW to W-trending lin- 
eation, generally flat-lying foliation and records top-to- 
the-WNW and top-to-the-W shear sense (Compton et al., 
1977; Todd, 1980; Compton, 1983; Malavieille, 1987). Our 
work suggests at least two periods of generally west to 
northwestward shearing along the zone. The earlier shear- 
ing event is of higher temperature and records transport 
in the direction of N63W. The second shearing event is of 
lower temperature, deforms Oligocene granitoids (-27 Ma, 
Wells and Walker, unpublished data) and records trans- 
port in the direction of N87W Three observations are sig- 
nificant in separating the two distinct events of ductile 
shearing: (1) the structurally deep rocks bear a lineation 
that trends N63W, while the structurally highest rocks, 
including the Oligocene granitoid rocks, have a lineation 
of N87W (Fig. 13). Intermediate structural levels show a 
bimodal distribution in lineation trend. (2) The Oligocene 
granitoid rocks, although they exhibit mylonite and locally 
ultramylonite near their roofs, are significantly less de- 
formed as a whole by top-to-the-west-northwest shear than 
the surrounding country rock, regardless of the composi- 
tion of the country rock. (3) The fabrics from the structural- 
ly deepest levels that carry more northwesterly-trending 
lineation are of higher temperature than the fabrics from 
the structurally highest levels. In the structurally lower 
rocks, microcline in Archean monzogranite has experienced 
extensive dynamic recrystallization. Well-developed core 
and mantle structure indicates recrystallization by subgrain 
rotation with minor grain boundary migration. Quartz ex- 
hibits moderate to high-T deformation features as well. 
Extensive grain-boundary migration recystallization is asso- 
ciated with grain growth leading to an increase in grain 
size. Quartz lattice-preferred orientations exhibit maxima 
parallel to the Y axis of the finite strain ellipsoid, indicat- 
ing dominantly prism <a> slip, which is a relatively high 
temperature slip system in quartz (Schmid and Casey, 
1985), consistent with amphibolite facies deformation con- 
ditions. Pelitic schists show synkinematic growth of silli- 
manite in the pressure shadows of garnet. In contrast, 
deformation fabrics in the Oligocene granitoids and sur- 
rounding rocks from the higher structural levels exhibit 
only incipient plasticity and dominantly brittle deforma- 
tion of K-feldspar, and abundant low-temperature, unre- 
covered quartz microstructures, suggesting greenschist 
facies deformation conditions. Thermochronological stud- 
ies suggest an Eocene age for the early, higher-tempera- 
ture shearing event (Wells and Snee, 1993; Wells et al., 
1994). 

Petrologic work on lesser strained samples of Neopro- 
terozoic schist within the shear zone from the Basin Creek 
area (Fig. 10) have elucidated the earlier metamorphic 
and structural history that pre-dates Eocene extensional 

shearing (Fig. 12). Numerical simulations of garnet zoning 
profiles based on the Gibbs method of Spear (1993) indi- 
cates a P-T path with an isothermal pressure increase of 
2.5 kilobars (Fig. 12), indicating about 9 kilometers of rapid 
structural burial during garnet growth. Thus, the meta- 
morphic conditions indicate tectonic loading, not thermal 
metamorphism at stratigraphic burial depths (in contrast 
to metamorphism in Pilot Range to the south, Miller and 
Hoisch, 1995). 

Beneath the shear zone, an earlier fabric is present 
with generally flat-lying foliation and north-trending lin- 
eation that records top-to-the-north shear (Todd, 1980; 
Miller et al, 1983; Malavieille, 1987). Microstructural obser- 
vations of the early fabric indicate that it developed at 
amphibolite facies conditions. 

Albion Mountains 

Two presumed Mesozoic deformations have been doc- 
umented in the northern Albion Mountains (Miller, 1980). 
The earlier exhibits a NE-trending lineation (L1 of Miller, 
1980), with a component of top-to-the-NE shear (Mala- 
vieille, 1987), and the later a NW-trending lineation (L2 of 
Miller, 1980) and top-to-the-NW shear (Malavieille, 1987). 
Hodges and Walker (1992) interpreted the L2 fabric to 
record Cretaceous top-to-the-NW extensional shear. A 
third lineation, trending WNW, is present in the south- 
western Albion Mountains within the Middle Mountain 
shear zone, a west-dipping extensional shear zone with 
top-to-the-WNW shear sense (Miller et al., 1983; Saltzer 
and Hodges, 1988). The Middle Mountain shear zone is 
younger than L2 of Miller (1980), and metamorphic min- 
erals that grew during shearing yield Late Eocene to 
Oligocene (K-Ar and * O ~ r l ~ ~ A r )  cooling ages (Armstrong, 
1976; Miller et al., 1983; Saltzer and Hodges, 1988). 

DISCUSSION 

Evidence for structural burial 

The numerical simulations of garnet growth in the Neo- 
proterozoic schist in the northern Grouse Creek Mountains 
(Basin Creek area, Fig. 12) provide conclusive evidence 
for rapid and substantial thrust burial. It is not possible to 
relate this P-T path to a specific rock fabric. However, it is 
interpreted that thrust burial, as recorded in the P-T path, 
preceded Dl fabric development. Thrust burial may have 
developed lateral gradients in crustal thickness such as 
thrust culminations or localized duplexes, and subsequent 
thermal relaxation may have facilitated gravitational col- 
lapse to the orogen, as recorded in the Dl fabric. 

A preserved thrust relationship in the northern Albion 
Mountains may represent the remnants of a once areally- 
extensive thrust nappe responsible for much of the burial 
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Figure 12. Pressure-temperature paths from numerical simulations of garnet growth based on the Gibbs method of Spear (1993). 
Samples are of pelite from the schist of Stevens Springs at Basin Creek (locality 3, Figure 10) from the northern Grouse Creek 
Mountains. The higher pressure endpoint of each P-T path represents the absolute conditions of metamorphism detennined using gar- 
net rims, the garnet-muscovite-biotite-plagioclase geobarometers of Hoisch (1991), and garnet-biotite themnometer of Kleeman and 
Reinhardt (1994). Consumption of the garnet rims and retrograde modification of the biotite compositions introduces much uncertainty 
in the absolute conditions, however, the shapes of the P-T paths are robust. 

evident Raft River, Grouse Creek, and eastern Albion Moun- Orogen-parallel extension interpretation of Dl 
tains. At Mount Harrison in the northern Albion Moun- 

Similar deformation kinematics and conditions favor 
tains, an inverted sequence of Neoproterozoic rocks (Quart- 
zite Assemblage, Fig. lo), unlike Neoproterozoic strata correlation of Dl in the Albion Mountains (Miller, 1980), 

within the lower part of the Raft River Mountain sequence, Dl in the Grouse Creek Mountains (Todd, 1980), Dl in 

structurally overlies Ordovician and older rocks of the Raft the lower allochthon of the eastern Raft River Mountains 

River Mountain sequence along the Basin-Elba fault zone (Wells, 1997), and the amphibolite-facies fabric present 

 ill^^, 1980, 1983; hstrong, 1968b; saltzer and ~ ~ d ~ ~ ~ ,  beneath the Raft River detachment and associated shear 

1988). L~~~ cretaceous K - A ~  cooling ages ( ~ ~ ~ ~ t ~ ~ ~ ~ ,  zone in the central and eastern Raft River Mountains. 

1976) from rocks within the ~ ~ ~ i ~ - ~ l b ~  fault zone, However, stretching lineations associated with these fab- 

bined with thermobarometric estimates, suggest that this 
structure is a Mesozoic thrust fault (Malavieille, 1987; 
Saltzer and Hodges, 1988). Hodges and Walker (1992) 
suggested that the stratigraphic juxtaposition was initially 
of thrust sense, and that the latest movement along the 
fault was of normal-sense in Late Cretaceous time. The 
middle detachment fault is interpreted to have removed 
the bulk of the thrust sheet responsible for burial. 

rics vary as much as 50' in azimuth. This proposed corre- 
lation is strengthened by recent study of Mississippian 
and Pennsylvanian rocks in the central Grouse Creek Moun- 
tains. Quartz and calcite pressure shadows around iron 
oxide that define L1 show curving pressure shadow lin- 
eations when viewed on the foliation surface. Further study 
is needed to confirm the growth sense, but preliminary 
determinations indicate clockwise rotation from NW incre- 
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mental extensions to NE incremental extensions. In either 
case, this observation suggests that the orientation of ex- 
tensional flow varied through time, and that the lineations 
documented in all three ranges, despite their variation in 
azimuth, have developed as part of one overall top-to-the- 
north shearing event. 

The Sevier orogenic belt is dominated by east-west 
shortening and a N-S trend to the mountain belt. The orien- 
tation of northward shear at mid-crustal levels within the 
hinterland of the Sevier orogen indicates that the Dl fabric 
records transport parallel to the orogen. Kinematic study of 
the Dl fabric indicates combined distributed simple shear 
and vertical flattening strains (Wells, 1997). Thrusting of 
large magnitude perpendicular to the regional direction of 
shortening, as proposed by Malavieille (1987), is unlikely. 
Rather, this fabric is most compatible with an interpreta- 
tion of orogen-parallel extensional flow. Gravitational col- 
lapse that is oriented parallel to the orogen has been docu- 
mented in a number of orogenic belts (e.g. Ellis and Wathn- 
son, 1987). Such extension commonly accompanies active 
convergence, such that the direction of extensional flow is 
limited to the orientation parallel to the orogen. 

Seven Late Cretaceous K-Ar ages (biotite, muscovite, 
and hornblende) have been reported from rocks contain- 
ing NE-trending L1 lineations from the northern Albion 
Mountains (Armstrong, 1976; Miller, 1980). Three 40Ar/39Ar 
muscovite cooling ages from marble and schist from the 
lower allochthon in the eastern Raft River Mountains con- 
taining Dl fabrics are Late Cretaceous (Wells et al., 1990). 
The Dl fabrics are interpreted to have developed prior to 
cooling at - 90 Ma. 

Late Cretaceous Extension 

The west-lrected Emigrant Spring and Mahogany Peaks 
faults place younger over older strata within the lower 
allochthon and are interpreted to represent normal faults 
(Wells et al., 1990; Wells, 1997). The preliminary geother- 
mometry presented here from the hanging wall and foot- 
wall of the Mahogany Peaks fault indicates a discordance 
in metamorphic grade across the fault and confirms the 
interpretation of an extensional origin. The age of the 
Emigrant Spring fault is constrained by 40Ar/39Ar mus- 
covite cooling ages of -88 to 90 Ma from Ordovician rocks 
in the footwall, and from Pennsylvanian(?) marble tec- 
tonite within the Emigrant Spring fault zone (Wells et al., 
1990). Faulting is interpreted to have occurred prior to or 
synchronous with cooling recorded by the muscovite cool- 
ing ages. The Mahogany Peaks fault may be younger than 
the Emigrant Springs fault and of Latest Cretaceous age. 

Eocene Extension 

The middle detachment fault may be related to the 
deeper level, high-temperature, top-to-the-west-north- 

west extensional shear zone described above in the west- 
ern Raft River, Grouse Creek, and Albion Mountains (Saltzer 
and Hodges, 1988; Wells and Snee, 1993; Wells and 
Struthers, 1995). A middle to latest Eocene age for the lat- 
ter shear zone is suggested based on a reconstructed east- 
dipping monocline of middle Eocene age in the Protero- 
zoic-Archean unconformity in the west-central Raft River 
Mountains. The east-dipping monocline, constrained by 
40Ar/39Ar cooling ages of mica beneath the shear zone, is 
inferred to be related to footwall flexure resulting from 
tectonic denudation along the early top-to-the-west-north- 
west extensional shear zone (Wells et al., 1994). Addition- 
ally, 40Ar/39Ar cooling ages of muscovite from mylonitic 
rocks within the shear zone in the western Raft River 
Mountains range from 37 to 42 Ma (Wells et al., 1994; 
Wells and Snee, unpublished data). 

ROAD LOG FOR PART 2 OF DAY 2: FROM MON- 
TELLO, NEVADA, TO RAFT RIVER MOUNTAINS 

AND SNOWVILLE, UTAH 

by Michael L. Wells 

Day two of this field trip consists of two parts. Part 1 is 
a transect through the deeply buried metamorphic rocks 
of the Raft River Mountains, and part 2 covers a traverse 
across the central section of the Sevier orogen, including 
vast exposures of lesser Mississippian and dominantly 
Pennsylvanian and Permian strata (inferred to overlie a 
regional flat in the basal decollement), and structures 
along the leading edge of the Willard thrust system at the 
shelf to platform transition. Stops in the Raft River Moun- 
tains will focus on the geometry, timing, and kinematics of 
Mesozoic to probable late Eocene structures within Neo- 
proterozoic and Paleozoic rocks comprising the hanging 
wall of the Miocene Raft River detachment fault. We will 
view and discuss the evidence for large-magnitude exten- 
sion of Late Cretaceous age, and probable contractional 
deformations which both post- and pre-date this extension. 
Additionally, we will view and explore the evidence for 
two later episodes of detachment faulting. For the addi- 
tional background geologic information on this region, 
and the geologic map for the area of Stop 2-1, see Wells 
1996 and 1997. 

Day two of the field trip begins in Wendover, NV. The 
road log begins at the state line between Nevada and 
Utah, on Nevada State Highway 233-Utah State Highway 
30, between Montello, N\! and Park Valley, UT. This road 
log contains excerpts from, and is in part modified from, a 
previous road log (Wells and Miller, 1992). See also Miller 
et al. 1983 for another road log of the Raft River, Grouse 
Creek, and Albion Mountains region. 
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MILEAGE 

Incre- Cumu- 
mental lative 

68 68 

DESCRIPTION 

Nevada-Utah state line, on Nevada State 
Highway 233 and Utah State Highway 30. 
Crossroads; Grouse Creek to the left and 
Lucin to the right. Permian and Triassic 
strata are exposed in the nearby hills to 
the south and Miocene rhyolite plugs and 
minor related outflow volcanic rocks are 
exposed to the north. 
Small dirt road marked by a B.L.M. sign 
to Immigrant Pass and Rosebud Station. 
Four buttes to the northwest of the road 
are separate rhyolite plugs or thick flows 
that are cut by high shorelines of Lake 
Bonneville; the plugs were dated as 11.7 
Ma (Compton, 1983, K-Ar on sanidine). 
The plugs intrude a thick sequence of 
middle Miocene tuff and interstratified 
sedimentary rocks that underlie the 
smooth-surfaced hills rising to the north- 
east of the road. The Miocene rocks are 
in fault contact with the older rocks of 
the range at the break in slope where the 
smooth hilIs meet the more jagged slopes 
of the southern Grouse Creek Mountains. 
The fault here dips approximately 25" 
WSW. The same fault has been mapped 
continuously for 24 miles to the north, 
and from that point it has been mapped 
discontinuously to the Idaho state line, a 
total distance of 39 miles. The Miocene 
rocks 4.8 miles to the north are tectoni- 
cally intercalated with Permian(?) and 
Triassic rocks, and these rocks together 
comprise an upper plate of a detachment 
fault present along the western side of 
the Grouse Creek Mountains (includes the 
uppermost allochthonous sheet of Comp- 
ton et a]., 1977). 
White Miocene vitric water-laid tuff is 
well exposed in outcrops and in a quarry 
on the left (north) side of the road. The 
beds are broadly folded on roughly west- 
trending axes and dip at low angles (12 to 
20") to the north and south. 
Pidgen Mountain at 2:00 is composed of 
Permian and Triassic strata juxtaposed by 
several thrust faults. In the distance are 
the Newfoundland Mountains. The Late 
Jurassic Newfoundland stock at the north 

end cuts a thrust fault that duplicates part 
of the Ordovician section, and also cuts 
normal faults (Allmendinger and Jordan, 
1984). 

2.2 88.8 Slow down but do not stop. For the next 
mile or so we will view the south end of 
the Grouse Creek Mountains. The high 
mountain mass is called Bovine Moun- 
tain and its geology has been studied in 
detail by Jordan (1983). It exposes an un- 
usually thick sequence of the Oquirrh For- 
mation that has been deformed broadly 
by folding on east-verging recumbent 
folds that predate or are coeval with an 
-38-Ma pluton described below. The 
Oquirrh Formation is separated from 
Ordovician and Silurian strata (exposed 
in the low, dark outcrops that extend from 
a point near the highway for about one 
kilometer to the north) by a fault that 
parallels bedding in both fault blocks and 
that is folded by northeast-trending folds 
that predate the Immigrant Pass intrusion. 

4.4 93.2 The craggy outcrops around 9:00 are 
granodiorite which makes up the Immi- 
grant Pass intrusion. This approximately 
38 Ma pluton intrudes the Oquirrh For- 
mation. The pluton extends for 3 miles to 
the north, and 8.5 miles to the west, and 
was dated by R. Zartman as approximate- 
ly 38 Ma by the Rb-Sr method (Compton 
et al., 1977). Also visible are the high wave- 
cut benches of Lake Bonneville and a 
level-topped gravel beach that extends 
from the mountain from northeast to a 
low, craggy spur exposing granodiorite. 

4.6 97.8 Historic Marker 
8.6 106.4 Muddy Ranch Road. Light-colored out- 

crops to the right are Miocene strata of 
the Salt Lake Formation. 

3.4 109.8 Hills on the right are just above the high 
stand of Lake Bonneville. They contain 
Miocene tuffaceous siltstone and vitric tuff 
of the Salt Lake Formation. On the left, 
the Grouse Creek Mountains form the 
skyline. The central and western Grouse 
Creek Mountains expose a top-to-the- 
west and west-northwest extensional shear 
zone that partially unroofed the central 
and western Raft River Mountains. The 
youngest movement on the shear zone 
deforms Oligocene granites. Beneath this 
shear zone the earliest deformation fabric, 
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top-to-the-north shearing, is well pre- 
served. To the southeast are the Matlin 
Mountains, which consist of a complex 
allochthon that was emplaced in the same 
approximate time span (middle to late 
Miocene) as the upper allochthon of the 
Grouse Creek Mountains (Todd, 1983). 
The Matlin Mountains were islands in the 
northwestern part of Lake Bonneville and 
are surrounded by, and partly covered by, 
lacustrine sedimentary deposits. They ex- 
posed a sequence of five thin displaced 
sheets that consist of upper Paleozoic and 
Mesozoic strata (Todd, 1983). 

As we drive north, note the white, south- 
facing dip slopes in the Raft River Moun- 
tains, composed of the Proterozoic Elba 
Quartzite that overlie darker slopes with- 
in the canyons formed on Archean rocks. 
At the base of the range, many exposures 
of Paleozoic and Proterozoic rocks over- 
lie the Elba Quartzite along the Raft 
River detachment fault. Detachment fault- 
bounded klippen on top and on the flanks 
of the mountains presumably were once 
part of a continuous extensional allochthon. 
The Raft River detachment separates Pro- 
terozoic and Archean rocks in the foot- 
wall (parautochthon) from Neoprotero- 
zoic and Paleozoic rocks in the hanging 
wall or upper plate. The detachment is 
parallel to lithologic contacts and the 
mylonitic foliation in the underlying par- 
autochthon, and the morphology of the 
detachment is well expressed because of 
the lateral continuity of the resistant Elba 
Quartzite in the footwall. The Miocene ex- 
tensional shear zone records top-to-the- 
east shearing and is developed within the 
Elba Quartzite and the overlying schist 
unit. The top of the shear zone is the Raft 
River detachment fault, and the base of 
the shear zone lies within the upper 10 to 
30 meters of the Archean rocks. The west- 
em extent of the shear zone lies just east 
of the upper plate exposure of the Black 
Hills at 11:OO. Similarly to the Grouse 
Creek Mountains, an earlier deformation 
fabric is preserved beneath the Cenozoic 
shear zone in the Raft River Mountains 
that records generally top-to-north shear- 
ing. 

The upper plate of the Raft River detach- 
ment is composed of a lower allochthon 
of Neoproterozoic, Ordovician, and Penn- 
sylvanian (?) rocks, and a middle alloch- 
thon of Pennsylvanian and Permian rocks. 
The pre-Miocene structural history of the 
Neoproterozoic through Permian rocks of 
the upper plate includes: (1) early NE- 
directed interbed plastic flow, (2) top-to- 
the west attenuation faulting, (3) recum- 
bent folding of the attenuated strata and 
low-angle faults of the lower allochthon, 
(4) emplacement of the middle allochthon 
of Pennsylvanian and Permian (Oquirrh 
Group) rocks over the folded lower alloch- 
thon along a low-angle fault localized in 
the Mississippian Chainman Shale, and 
(5) folding of both the lower and middle 
allochthon into upright, open folds. 

The principal stop for today (Ten Mile 
Canyon, see Figs. 14 and 15) will feature 
a traverse through the lower and middle 
allochthons of the Raft River detachment 
upper plate, including overviews of the 
geometry of F5 upright folding, examina- 
tion of the middle detachment fault, out- 
crop study of the Dl fabrics, and D2 
attenuation faulting, and overview of the 
geometry of Fg recumbent folds. Also, we 
will traverse down across the Raft River 
detachment fault through cataclasites and 
mylonites developed during Miocene ex- 
tension. 

8.2 118.0 Intersection of Palmer RanchJMontgomery 
Ranch Road. 

1.3 119.3 Rosette 
4.6 123.9 Park Valley, one of the quarrying locations 

for the micaceous quartzite flagstone of 
the Elba Quartzite occumng in the Raft 
River Mountains. 

1.9 125.8 The north-trending ridge ahead and to 
the left of the microwave tower is com- 
posed of Miocene tuffaceous mudstone, 
sandstone, and conglomerate of the Salt 
Lake Formation. 

9.0 134.8 Basalt flows cut by Bonneville lake ter- 
races are exposed north and south of the 
highway. White deposits in the valleys 
are composed of calcareous silt (white 
marl) from the floor of Lake Bonneville, 
derived from tuffaceous Miocene strata 
underlying the basalt. 
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Turn left (north) onto the Cedar Creek 
Road, a dirt road that heads north along 
the eastern margin of the Raft River 
Mountains and connects with Utah State 
Highway 42. 
Turn left just after crossing fence line, and 
drive west along fence line road on north 
side of fence. 
Bear right at "Y" road intersection 
Drive straight through fence line gate. 
Drive through metalgate. 
Turn left at the corral. 
Proceed through the fence, then bear right. 
Cross the wash. 
Turn left at "T" intersection. 
Bear right as road comes in from left. 
Drive straight through gate. Enter mouth 
of Ten Mile Canyon. Exposures of the 
Neoproterozoic quartzite of Clarks Basin 
on slope to left (south), are overlain by 
marbles of the Ordovician Garden City 
Formation. The contact between these 
units is the Mahogany Peaks Fault. A meta- 
morphic grade discordance across this 
fault is consistent with the removal of 3 
to 4 kilometers of section, including the 
entire Cambrian section. As we proceed up 
Ten Mile Canyon, we are driving though 
the Archean rocks of the parautochthon 
(Fig. 15). Note the exposures of brown- 
weathering, muscovite-biotite-quartz schist 
(older schist of Compton, 1972), and 
blocky, dark outcrops of amphibolite 
interpreted to represent metamorphosed 
gabbroic intrusions into the older schist. 
The road crosses the canyon bottom and 
heads up a long switch back on the north 
canyon wall. Here we drive through the 
easternmost exposures of the Archean 
metamorphosed adamellite unit of Comp- 
ton (1972,1975). The base of the Miocene 
shear zone is displayed within the upper 
15 meters of the exposures of the adamel- 
lite. The adamellite exhibits a gradient in 
strain, from undeformed in the struc- 
turally lower outcrops, to mylonitic in the 
uppermost structural levels. Structurally 
above the adamellite unit lies the older 
schist of Compton (1972, 1975) into which 
the adamellite intrudes. Further up sec- 
tion lies the Proterozoic Elba Quartzite, 
which lies unconformably on the Archean 
basement. The Raft River detachment 

fault lies just above the dark schist member 
of the Elba Quartzite, and here places 
either Ordovician or Pennsylvanian-Per- 
mian rocks on Proterozoic rocks. Else- 
where, the detachment fault places Pro- 
terozoic rocks on Proterozoic rocks. 

0.4 144.3 Turn right onto a faint dirt road that 
heads just south of the salt lick. Proceed 
up the road onto a ridge. 

0.3 144.6 Park in the saddle. 

Stop 2-1 (Figs. 14 and 15) Traverse 
through Cretaceous to Miocene contrac- 
tional and extensional structures from 
Crystal Peak to Ten Mile Canyon, east- 
ern Raft River Mountains. 

The hike from here will be a one-way 
traverse. The drivers will backtrack down 
into Ten Mile Canyon, and meet us on 
the traverse. We will be climbing about 
320 feet, and descending about 1,690 feet, 
into the bottom of Ten Mile Canyon where 
lunch will be waiting. This hike will take 
about 3 3 . 5  hours. Boots are highly rec- 
ommended. 

Follow the ridge up to Peak 7620, not- 
ing fusulinids in Oquirrh Formation sand- 
stone along the way. From this vantage 
point we have a clear view to the east of a 
prominent stripe of %meter thick quart- 
zite unit running across the slope on the 
south flank of Crystal Peak. Directly above 
this stripe of attenuated Eureka quartzite 
lies the middle detachment which here 
places Pennsylvanian Oquirrh Group rocks 
over Ordovician rocks. Beneath the Eureka 
quartzite lies an upright sequence of 
rocks, including the Swan Peak Forma- 
tion and the underlying Garden City For- 
mation. The Garden City Formation forms 
the grey-colored craggy slopes down the 
slope, and the basal Swan Peak Forma- 
tion (a phyllite, Kanosh shale equivalent) 
forms the grass covered slopes directly 
above. Both the middle detachment fault 
and the underlying stratigraphy are fold- 
ed about an upright, open fold whose axis 
is oblique to our vantage point. We can 
make out the southeastern limb as defined 
by discontinuous outcrops of Eureka 
Quartzite defining the trace of the middle 
detachment, and the underlying Ordovi- 
cian stratigraphy. The fold and the middle 
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Figure 14. Gc~ier t i l i zd  gc~ologzc 77irrp ioftlrt. eczstrr'tt Kuft Ricrr h.lo~~vlinins, itdir.ofing locations ofprinr.ir)ulfileilts nnd rock tinits, unrl 
osinl tr-ciccTs of t - f ~ c ' u ~ n t f i t l s  and Fi open fidtls. n'otu tllcit Penrr.s!/l~ nnir~nj?) rtnlnrl~le con~monly or.c.nr,s within tlze cores of rcczinz- 
bet11 syrlc.1itzt.s. Locatiot1 of'fr(iterse for stop 2-1 i s  t~or?!r of Tb11 ~\lilc Ctrnijon. The ozttlirrerl /)ox irrdicates location of'rnor~ cIet<iilerl rrruy 
rfl;igllre 15. A1r)ciified from 12i.lls (1997). 

cletachrrlent fittllt are cut by  high-angle 
f'iiults \~.l-iich solc into, or are cut by tile 
Raft Rivcr detachnlent fk~ult, such a\ the 
fault wit11 clown-to-the east offset \roil in 
the titrcgro~md. Looking to the west, the 
tbmal tttorphology of the range is liigll- 
lighted by the resistant Ellm Quartzite. 
Scattered lilipperl of Orclovician :tnd Penn- 

sylvanian rocks arc visiblc along the crest 
of the range. 

Our next stop \+?ill he the Cedar-toppecl 
outcrops -100 feet 1)elow the hat~cl of 
Eureka Quartzite. Proceud east across thc 
sadtile, over tlle quartzite Itdgc: anci dour11 
to the outcrops of the Swan Peak lime- 
stone. Walk alorlg the Itasc. of the Swan 
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Figure 15. Defcli l~d g~ologio itlap of fhllr Cr!ystnl Penk NI-ca, clilsfern Raft Rirer i\fotrizt(zins. Motr Etttig~lttt Spring $utlt, sq)nrcltittg 
Pt.nnsylcrrr~inrl vrturf>lc (Pot)fi.otrt OrrLot icicitt rocks. Pillvcrre ofstop 2-1 is irtificafcil I I ~ J  boltl, tlcr.sltrti litte. 

Milk lime\tone outcrop from wcst, rlphill 
to the ca\t, to best view the array of 
strtlct~lres. At this locality, 111 fal)rics are 
u~el1-clevelopcd. IIere, both lteddirlg ant1 
Dl foliittictr~ :we t1iscernii)le and arc at a 
lrluch larger angle to each other t11arl is 
ilsttal. D1 foliation dips \vr\twartf relativc 
to a highly transposctl t~edcling. Strtxtch- 
ing lineations are dcfi~lcd by white-cal- 
cite ~treakit~g arrd adcite and quartr: pres- 
sure shatlows around pyrite. Foliation is 
axial planar to tile prixlcipal srrlall-scale 
rect~mhctrt folds anti folcl axe, are stlb- 

parallel to the strc~tcliing lineation. Folia- 
tion itltcrscets a highly transpoiecl becl- 
ding at v,~rialrle :utgle,, forrnillg higher 
angle, in the, salrcly horizo115, tmd lower 
;tngle, it1 the clolriinatltly r.;rlcitr-rich hori- 
zons. Intereitingly, foliatiori i \  not on]) 
refracted I)ctwcei~ layers hut i i  apparent- 
ly back-rotatect. 

Proceect uphill to thc ballcl of E-~~rcka  
Quart~ite. The Eureka here i\ intern,illy 
hrt~cciittt~l, ~tt-rcl witl-rin tltis fault Lone ah) \  e 
tlto E~tlvlkn oceilrs rtii~ror dolol~~ite (renl- 
milts of the Fis11;tvcn Uolon-rite) and minor 
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Chainman Shale (only apparent as sooty 
soil) beneath the Oquirrh Group. Oquirrh 
Group from the top of Crystal Peak yield 
conodonts with CAI values of 5 indicat- 
ing metamorphic temperatures of 350 to 
400°C, whereas metamorphic tempera- 
tures in the footwall are 490 to 520°C, as 
indicated by oxygen isotopic geother- 
mometry and CAI values > 7  from the 
Swan Peak Formation (Wells et al., 1990; 
J. Repetski, personal communication, 
1988). Therefore, the middle detachment 
accomplishes a metamorphic grade dis- 
cordance in temperature of about 125- 
150°C, with colder rocks over hotter rocks. 

Proceed uphill to the top of Crystal 
Peak (elev. 7770 feet) for a panoramic 
view including the Raft River Valley to 
the north and the Black Pine Mountains. 
To the north-northeast lie the Black Pine 
Mountains. The southern Black Pine 
Mountains are composed of three major 
bedrock units; the Devonian Guilmette 
Formation, Upper Mississippian and 
Lower Pennsylvanian Manning Canyon 
Shale, and the Pennsylvanian and Permian 
Oquirrh Group (Smith, 1982; Smith, 1983, 
Wells and Allmendinger, 1990). The Guil- 
mette Formation is the structurally low- 
est allochthon and its basal contact is not 
exposed. In general, low-angle faults sep- 
arate these stratigraphic units and place 
younger rocks over older rocks. Gener- 
ally, no significant thickness of section is 
missing across these faults, with the ex- 
ception of the fault which places Ches- 
terian Manning Canyon Shale on Devo- 
nian Limestone; there, slivers of Kinder- 
hookian limestone occur along the fault 
contact locally. 

Five metamorphic and/or deformational 
events are recorded in the Black Pine 
Mountains (Wells and Allmendinger, 1990). 
From oldest to youngest these include: 
(1) static metamorphism (MI) to 350- 
400°C recorded by pretectonic chloritoid 
porphyroblasts in the Manning Canyon 
Shale and conodont color alteration in- 
dices of 5 to 5.5, possibly synchronous 
with emplacement of Late Jurassic sills; 
(2) east-west layer-parallel elongation of 
160% associated with synkinematic meta- 
morphism (M2) and growth of white mica 

along cleavage; (3) generally west-vergent 
low-angle faulting and overturned to re- 
cumbent folding; and (4) and (5) doming, 
and high-angle normal faulting. 

Within the Raft River Basin, approxi- 
mately 1700 meters of upper Cenozoic 
deposits are present (Williams et al., 1982). 
Many of these volcanic and volcaniclastic 
deposits are well exposed in the Jim Sage 
Mountains, the first range we see to the 
west of the Black Pine Mountains across 
the valley. Within the central part of the 
basin, subsurface studies based on dril- 
ling show that these faulted and tilted 
Cenozoic deposits lie structurally above a 
relatively flat fault on metamorphosed 
Precambrian rocks equivalent to those 
exposed within the Raft River Mountains. 
These and other Tertiary deposits within 
the Raft River Basin are west-dipping, 
interpreted to relate to down-to-the-east 
faulting in the upper   late of the detach- 
ment fault which floors this structural 
basin (Covington, 1983). At Strevell, Ter- 
tiary basin-fill deposits only reach to a 
depth of 340 meters, where they overlie 
Oquirrh Formation. 

Walk down the NW-trending ridge to 
the Swan Peak-Garden City Formation 
contact, and then contour across to the 
northeast to outcrops of Garden City For- 
mation at the top of a steep slope with 
calcite marble exposures. From this van- 
tage point we can look into Crystal Hollow 
for an overview of upright and overturned 
stratigraphy and the Emigrant Spring 
normal fault, that is ~ r e s e n t l ~  folded. The 
smooth weathering slopes on the north- 
west-trending ridge to the southeast are 
underlain by the Pennsylvanian and Per- 
mian Oquirrh Formation of the middle 
allochthon. The middle allochthon is in 
fault contact with metamorphosed Penn- 
sylvanian rocks of the Oquirrh Formation 
of the lower allochthon, the prominent, 
cliff-forming blue-grey band projecting 
westward into Crystal Hollow. The Penn- 
sylvanian marble structurally overlies a 
greatly attenuated Ordovician dolomite 
section, not visible from this vantage point. 
The fault separating the Ordovician dolo- 
mite from the Pennsylvanian marble, the 
Emigrant Spring Fault, is interpreted to 
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represent a Late Cretaceous normal fault 
of large displacement that omits Silurian, 
Devonian, and Mississippian section. In 
addition to the exposures of this fault in 
the eastern Raft River Mountains, this 
attenuation fault has been mapped on the 
highest klippe 7 km to the west and on 
the west side of Vipont Mountain in the 
northern Grouse Creek Mountains. Mus- 
covite that defines the foliation within 
the marble mylonite adjacent to this fault 
yields a 40Ar/39Ar plateau age of 88.5 f 
0.3 Ma (Wells et al., 1990). The Ordo- 
vician dolomite is underlain by Eureka 
Quartzite which forms the prominent flat- 
lying bench along the ridge. Beneath the 
Eureka Quartzite lies the Swan Peak and 
Garden City Formations, together, com- 
prising an upright stratigraphic section. 

We are standing on uppermost Garden 
City Formation which is overlain by the 
Swan Peak Quartzite and an attenuated 
Eureka Quartzite. Down slope, structurally 
beneath the Garden City Formation, are 
white to tan outcrops and float of the 
Ordovician dolomite, and discontinuous 
slivers of Eureka Quartzite occur between 
these units. Below the Ordovician dolo- 
mite is Pennsylvanian marble. This over- 
turned section beneath us, together with 
upright strata to the northwest, comprise 
a recumbent anticline, with the axial sur- 
face within the Garden City Formation. 
The Cretaceous normal fault is folded 
about this recumbent fold, which is in 
turn cut by the middle detachment. 

Proceed back to the ridge crest to the 
south, and cross the middle detachment 
into the sandstone of the Oquirrh Forma- 
tion. At the join of two ridges, proceed 
downhill to the east (-560 meters), bear- 
ing right at the next fork in the ridge at 
elevation 7,200'. Continue down ridge 
for another 500 meters until you cross 
the middle detachment fault again. Drop 
down the slope to the south several 
meters, until you see a banded, blue-grey 
and white marble unit. At other localities, 
there are bits of brown-weathering quart- 
zite and phyllite along the contact between 
this marble and the Orodovician rocks 
that represent the remnants of the endre 
Mississippian section. This marble tec- 

tonite is interpreted to be Pennsylvanian 
Oquirrh Formation within the lower alloch- 
thon, and displays fabrics associated with 
D2 top-to-the-west shearing. The kine- 
matics of shearing for this unit are not 
readily apparent from outcrop study, and 
were determined by study of calcite lattice- 
preferred orientation. Note few isoclinal 
folds, and the map pattern indicating that 
this unit crops out in the core of a recum- 
bent isoclinal syncline. The ridge to the 
north provides a view of the relationship 
between the middle detachment and the 
underlying isoclinal fold in the lower 
allochthon. 

Continue along the ridge to the south, 
as it winds its way across outcrops of 
Ordovician dolomitic marble. Proceed 
through the Eureka Quartzite, and into 
the heterogeneous Swan Peak Formation. 
Note the well-developed northeast-trend- 
ing lineation defined by quartz and cal- 
cite pressure shadows. When the Garden 
City Formation is reached, proceed down 
slope to the south to the Raft River de- 
tachment and Elba Quartzite. Aim for the 
ridge just east of the prominent drainage 
that joins Ten Mile Canyon. When you 
cross the detachment fault, note the in- 
durated dark-grey to black flinty catacla- 
site that locally overlies the Elba Quart- 
zite, and the mylonitic fabrics within the 
Elba Quartzite. Also, locally you may find 
high-angle kink bands that record down- 
dip-side-up shear, interpreted to result 
from the passage of a rolling hinge (Man- 
ning and Bartley, 1994). Proceed down- 
slope to the vehicle for lunch. 

Retrace route back down Ten Mile 
Canyon 

3.9 148.5 Through gate at canyon mouth. Retrace 
our route to the Cedar Creek Road. 

4.1 152.6 At the intersection with the Cedar Creek 
Road, turn right through fence line, then 
an immediate left, and follow dirt road to 
the intersection of the paved Highway 
30. 

0.3 152.9 Intersection with paved State Highway 
30. Turn left onto Highway 30. 

7.6 160.5 Curlew Junction. Junction between State 
Highway 30 and 42. Turn right(east) on 
highway 42, heading towards Snowville, 
Utah. About 8 kilometers east and south- 
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east from here three wells encountered 
Devonian, Mississippian and Pennsylvan- 
ian rocks (Pease, 1956). Within the Black 
Pine Mountains, Devonian and up to 2000 
meters of Mississippian strata (thickened 
by folding) are present (Smith, 1982). This 
is in marked contrast to the absence of 
Mississippian and Devonian rocks in the 
eastern Raft River Mountains ten hlome- 
ters to the west-southwest. As we drive 
across the Curlew Valley, we can see recent 
mining activity along the east flank of the 
Black Pine Mountains. The roads on the 
east flank are within the newly redevel- 
oped Black Pine mining district. Explora- 
tion by Noranda has defined five sepa- 

rate orebodies totaling 5.2 million tons of 
0.06 opt gold (Hefher et al., 1990) with- 
in Pennsylvanian and Permian Oquirrh 
Group rocks. 

15.2 175.7 Junction of Interstate 84 and Highway 
30, just west of Snowville Utah. Optional 
stop in Snowville. Proceed onto Interstate 
84, heading towards Ogden, UT. 
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Kinematics and Mechanics of the Willard Thrust Sheet, 
Central Part of the Sevier Orogenic Wedge, 

North-central Utah 

W. A. YONKEE 
Department of Geosciences, Weber State University, Ogden, Utah 84408 

INTRODUCTION of the underlying basement-cored Wasatch anticlinorium. 

This paper and accompanying road log focus on struc- 
tural relations of the Willard thrust sheet, which forms 
part of the central thrust system of the Sevier orogenic 
wedge. An integrated analysis of the large-scale structural 
geometry, style of internal deformation, and characteris- 
tics of fault rocks along the Willard thrust provide insights 
into the kinematics and mechanics of this very large and 
far-travelled thrust sheet. Specifically on this part of the 
trip we will examine evidence for significant thrust-paral- 
lel extension at the base of the sheet, development of a 
weak fault zone with high fluid pressures, and importance 
of footwall deformation. 

Regional Setting of the Central Thrust System 

The central thrust system of the Sevier orogenic belt 
carries a thick package of shelf (miogeoclinal) rocks, shares 
a basal decollement in Upper Proterozoic strata, and accom- 
modated significant ESE-directed slip. Within northern 
Utah the central system is represented by the Willard 
thrust, which branches northward into the Paris and 
Meade thrusts in southeastern Idaho. The Willard thrust 
had about 50 km of top- to-~sE slip, and to the north dis- 
placement is divided into about 20 km of slip on the Paris 
thrust and 30 km of slip on the Meade thrust. Large-scale 
folds within these thrust sheets produced additional short- 
ening, and lower levels were internally deformed by folia- 
tion, minor folds, and minor faults. The central system can 
be crudely divided into a western part above a flat de- 
collement (preserved in the Promontory Mountains area) 
and an eastern part where the basal decollement ramped 
up (preserved along the Wasatch Front; Fig. 16). The west- 
ern part is characterized by a thick section of Pennsyl- 
vanian to Permian Oquirrh Basin strata that were folded 
and transported eastward above the Late Jurassic Manning 
Canyon detachment (Allmendinger et al., 1984), and by 
development of low-angle normal faults that omit strata. 
The eastern part contains more widespread large-scale 
folds and imbricates, and was locally uplifted during growth 

The central thrust system experienced several episodes 
of major slip (DeCelles et al., 1993). The Neocomian (?) to 
Aptian (~130-115 Ma) lower part of the Gannett Group and 
equivalent lower part of the Kelvin Formation to the south 
record the start of major slip and erosion of the Willard 
and Paris thrust sheets. Deposition of the Aptian to Albian 
(~115-100 Ma) upper part of the Gannett Group and 
equivalent middle part of the Kelvin Formation record 
slip on the Meade thrust and renewed slip on the Willard 
thrust. A Cenomanian to Turonian (~100-90 Ma) phase of 
erosion from the Willard and Meade sheets is recorded by 
conglomeratic facies of the Frontier Formation and equiv- 
alent strata to the north (Schmitt, 1985). Muscovite grains 
from syntectonic veins near the base of the Willard sheet 
have 40Ar/39Ar ages between 140 and 110 Ma, recording 
internal deformation that partly predated and was partly 
synchronous with major thrust movement (Yonkee, 1990). 

Large-scale Structural Geometry of the Willard 
Thrust Sheet 

The Willard thrust sheet is well exposed in north-central 
Utah where younger tilting and erosion has exhumed a 
wide range of structural levels, providing an excellent down- 
plunge view of this large, far-travelled thrust sheet (Figs. 
16 and 17). The Willard sheet carries a thick package of 
rocks that includes from bottom to top: a 2- to 3- km-thick 
Upper Proterozoic section of mica-rich strata and micaceous 
quartzite; a 2- to 3-km-thick section of Upper Proterozoic 
and Lower Cambrian quartzites; and a 5- to 7-km-thick 
carbonate-rich section of Middle Cambrian to Permian 
strata that thicken westward. Mesozoic strata have been 
eroded and their original thickness is uncertain. By com- 
parison, the footwall contains a distinctively thinner pack- 
age of Paleozoic to early Mesozoic platform strata that 
overlie Lower Proterozoic high-grade metamorphic and 
igneous basement rocks (Bryant, 1984). 

The main Willard thrust has a ramp-flat geometry, with 
a western hangingwall flat in mica-rich Upper Proterozoic 
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H'i//irr-t/ thnict (%\'g, atti! ()gelen tltrurt \fptcrn (OT) Afrrjorji)Ji,lil.\ circJ C'crrucy rfjrtcline (CS), Browns Holt7 cr~rtzclh~~ il3ffA}, ~r ( fgu f t  I'f~ak 
srlrlclirrc' (LS), crntl Jcrrrlcr Pcwk irnticlitr~ (111) hfioilrfic(l fiorn lltntzr (1980) Ct vl~r-rrl lirtc. i l f  crons src>tion r r t  Ftgrtrc 17. cttzcl loctriion of 
rort-fr cttt if ,top, uiiitccrft~d 

strata a~rtl MI r,tstcrn ramp in ( ~ t l ~ ~ r t ~ - r i c h  Uplwr Protero- 
~ o i c  to Lower (::tnrhri:~rl rtrata (Fig. 17). Thc tl~rust also 
Itas a \i~c,stcrn footv:tlI flat in Cattrltrian shalt. and li111c.- 
stone.. a cchntral ramp, ,tnd an ea\ttXnl flat in Jur-arsic argil- 
laccous limestone arid c+aporitcs. '2 footwall inl1)ricatc 
appears to colltinnc, east from the c'astern flat lnicl is 'ts~o- 
ciatt.cl \\it11 a hc~lt of folclirlg ant1 layer-p,trallcl slrorto~rirrg 
irr Juntssic* strata. The Willan1 shetlt is ,dso defolnrt~d 1)) a 
nlajor imbricate, rc*ferrt.cf to as tl.tc uppw brmch ctf the 
'1Villnrcl. 'Danslation of the thrust street ovcr ramps ,tncl 

flats p~-od~~ccxt l>roacl, open, llpriglit folds i~~clr~cliirg the 
Logwrr Peak synclint), Browns IXolc anticline, ant1 Causey 
s)ilclinc. (Fig. 17). A tight, ovc~rturtr~d anticline, rcftsrretl 
to here as the James Peak a~iticline, prol,al>ly fo~-i~iecl drrr- 
ing 1~1w~'tgatioir ofthe rtpper branch. 

Altllongh the rtpprr part of the 1Villar.d sheet is ~~nnreta- 
n~orpl~ostd, the> low er part tindrnvent wide5preatl green- 
schist-facies metamo~~~lrisrn with tfevelopment of rnuscocite, 
chlorite, cl~loritoid, and biotitc. Flnid inclusion ds rl t a, con>- 
biticd \vith thern'tal tnodeling stlggcst peak tc%nrperatures 
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Willard Thrust Sheet A' 

2 4 6km 
O,,, 

Figure 17. Generalized cross section A-A ' of eastern part of Willard thrust sheet, drawn incorporating down-plunge projection of data, 
with effects of Cenozoic nonnal faulting removed. Units are same as Figure 16 except lower part of sheet divided into: Xb-Lower 
Proterozoic basement of Facer Formation; Zml-Upper Proterozoic mica-rich rocks; ZmuiUpper Proterozoic micaceous quartzites; 
Zq-Upper Proterozoic quartzites; and Cq Lower Cambrian quartzites. Major faults and folds same as in Figure 16 and UB-upper 
branch of Willard t h w t .  General foliation trajectories indicated by dashed lines. 

of about 300 to 450°C within the lower part of the Willard have axial ratios mostly from 2:l to 8:1, with the highest 
sheet at depths of 10 to 15 km, with elevated, temporally ratios in a high-strain zone adjacent to the thrust. X-Y 
variable fluid pressures (Yonkee et al., 1989). planes are gently dipping and rotate into parallelism with 

the thrust in the high-strain zone. Most samples display 
Kinematics of Internal Deformation apparent flattening with principal E-W extension and 

The thrust sheet was internally deformed during and 
prior to large-scale slip, and the style of internal deforma- 
tion varies with lithology and structural level (Yonkee, 
1994, 1996). Rocks in the upper and eastern parts of the 
thrust sheet are relatively undeformed, but the western, 
lower part of the sheet displays widespread foliation, minor 
folds, and minor faults. Foliation is generally absent in 
Paleozoic carbonates and quartzite at far distances from 
the thrust. Foliation is weakly to moderately developed 
and overall moderately dipping in Upper Proterozoic mica- 
ceous quartzite at intermediate distances from the thrust, 
and is strongly developed and gently dipping in Upper 
Proterozoic mica-rich strata near the thrust, defining a 
classic asymptotic pattern. 

Finite strain has been estimated from changes in shapes 
and positions of quartz grains in quartzite and polyminer- 
alic clasts in diamictite using the Rfl@ and normalized Fry 
methods for several areas in the Willard sheet, including 
the Promontory, Willard Peak and Lewis Peak areas (stops 
2-2 to 2-5; Yonkee, 1994). These areas show overall consis- 
tent strain patterns (Fig. 18A). X-Z axial ratios in quartzites 
away from the thrust are mostly <1.3:1, recording very 
limited strain. Micaceous quartzites at intermediate dis- 
tances have X-Z axial ratios mostly from 1.3:l to 2:l and 
X-Y planes that generally dip at moderate to high angles to 
the thrust. Mica-rich strata in the lower part of the sheet 

minor to significant N-S extension. 
Thrust sheets internally deform by varying combina- 

tions of simple shear, thrust-parallel extension and short- 
ening, volume loss, and discrete slip. Relations between 
X-Z strain ratios, R,, and the angle between X-Y planes 
and the thrust, 8, constrain the relative contributions of 
these components, although complexities may occur (Fig. 
18; Sanderson, 1973). Ideal simple shear results in slowly 
decreasing 8 with increasing R,, but to produce thrust- 
subparallel foliation (8 < So), requires R, >> 10:1, incon- 
sistent with observed strain patterns in the Willard sheet. 
Rather, observed patterns are consistent with a combina- 
tion of thrust-parallel extension and simple shear at deeper 
levels, moderate layer-parallel shortening and shear at 
intermediate levels, and minor shortening at higher levels. 
In the simple model of heterogeneous simple plus thrust- 
parallel extension and perpendicular flattening shown in 
Figure 18B extension increases downward and simple shear 
increases both downward and toward the rear to the sheet 
to maintain strain compatibility. This model produces pat- 
terns similar to observed data, with asymptotic foliation 
trajectories, modest increases in strain ratios at the base of 
the sheet, and an increase in simple shear and total dis- 
placement toward the rear of the sheet. However, other 
factors, such as volume loss and discrete slip on minor 
faults, also need to be considered to develop a more com- 
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plete model. The overall strain pattern is cortsistent with 
rotation of strain axes (and probable complex rotation of 
stress orientations) in the base of the sheet. These rotations 
may be related to the presence of a weak fault zonc that 
refracts stress trajectories or to isostatic adjtlstmeilts urith- 
in a weaker lower part of a sheet during thrust loaditlg. 

Simple Shear 

Fa~11t Rocks arlcl Fitult Zone Mechanics 

Rocks along the ntaiil Willarc1 thrust we reIativc4y well 
exposed at several locations, including the Willard Peak, 
North Ogden Pass, and Lewis Peak areas (stops 2-3 to 2-5; 
Yonkee, 1996). A composite traverse acroii the fault zone 
reveals overall consisterlcies and some differences witlt 
three general divisions: (I) a high strain zo11e in the base 
of the hanging wall; (2) a central fi~ult core; and (3) a Lone 
of variably concentrated footwall deformation (Fig. I9). 
Togetl-ter; these three intends can be viewcct as a large 
hrittle-ductile s11ear Lone. The base of the hangi~rpal l  

Flattening + 
Extension + 
Simnle Shear 

Flattening + 
Extension + 
S l i ~  

extension + 
simple shear 

extension + 
slip 

Figure 18. General strain model for Willard sh~et .  
A. S~;nder%son (1973) (lingram illusfrcititzg wlations behueen X-Z strain ratios, Us, and rtngles heteoertz X-Y strain plrznes rrricl WilZrirrl 
thrwst, 8, for .sa?nples in the ?Villrrd thrust sheet. W~lues of thrw~t-parallel shcar, crt~d thndst-parallel extension, a are contotired. 
Sonrp2c.s in the high-strain 1)cise ($the sheet (< 100 ntfro9ri the thrust) i r~d i c~~ te~ l  by !)lack sc~trares, mica-rich sampli<s in lozcer Ccels of 
the sheet (about 100 to 500 rn a1)oz.r the thrzlsf) indicated by grczy circles, cirtd ttzic(tce~us (/zlartzite satrzples at intermerliate leriels 
(about 500 to 1000 rn above the blrust) iratlicciterl by triangles. Shnirz cjcilues f ir  cotnbinatiorzs of ti~rust-parallel simple sl.leclr (SS), 
thi-ust-po~rallel extension und flattening plra sitnplr? shear (E+F+SS), clnrl thrrrat-parallel txxtevzsion cjnd flattertirzg plris tliscrete slip 
jE+ F+Slip) irzrlicutcd. Strain clata (Ire cotisistertt with some conihination of tiztrtst-pnralkd extension, flattening, :,siinple shccir, nttcl olis- 
crelt~ dip. 
B. Cartoorz illzlstmting simple ntocl~lsfijr internal cl<fijrtnntiovt of a thrzlst sheet. At.~rage roilt~es of't?~rzrst ~)arctllel extetuiorb, a cincr! sini- 
plr shectr labeled, artd resulting strttin ellipses ctttcl folicition tr~zjectories ittclicuk~cf. Obsc~rred strrlin ellir~ses and foliations trujectori~s 
nre .sit)zilar to tliose .for tizrust-purcrllel cxtensiori ciitcl jlattetzing p l w  shear: Note, shear and slip increase downzcnrtl nncl touvir(1 tile 
brl(.k of u tl~rttst sheet thut urtdergoes dinist-pc~rcillel extension. 



Figure 19. Cartoon of Willard thrust fault ;on? in Willard f'c.ak 
area. The ocerclll fault zone consists of a lzartging wall Irigh-stmirr 
zone, a centrul core, and af~olzuall irnlnicate zorte. Il!tej~ult zorte 
is locally erter~clc~d hy minor ~zonncltfilults crnd rocks displa!! ruri- 
ous cornbinutiorts of foliotion (clashed linc>s), wins, asynzrtlcfric 
folils, and boudi~tngvrl c'o7npcPtent lnyers. 

displays intense thrust-parallel foliation, n~ultiple sets of 
variably deformed cross cutting veins, asymmetric nrinor 
folds, and bouclinaged conlpetent layers subpafizllel to the 
thrust. The fault core consists of phyllonite, ultramylonite, 
and cataclasite, with the amount of cataclasite arltl over- 
printing brecciation increasing with decreasing structural 
depth. The fault core is also locally cut Ijy nrinor ~~orrnal  
faults with similar mylonitic textures, indicating tliat nor- 
mal faulting arid thrust-parallel extension overlapped wit11 
large-scale thrusting. The style of foot\vall ctethrrtiation 
varies with structural level. Deeper western levels display 
complex in11,jricate thrusts and folds thizt thickeri strata, 
detachment fiaults that ornit strata, foliation at v;trying angles 
to bedding, and complex vein networks. fiighcr levels dis- 
play less pewasive, more hrittle deformation, with devel- 

variably flatterled breccia fragments, coniplex microvein 
networks, ancl discrete fractures, recording overlapping 
crystal-plastic deformation, llrittle fracturing, and sealing 
wid1 periods of high fluid pressure (Fig. 20B). Foohvall lirne- 
stone at deeper levels unde~~vent  extensive plastic recrys- 
titllizi~tictn, but carbonates at \hallow levels deforn~ed mostly 
Ity brittle processes (Evans and Neves, 1993). 

These overall patterns have important inlplications for 
the strength of the fidult zonc, and for the mechanics of the 
FVillartt thrust sheet (Yonkee, 1996). Concentrated thrust- 
parallel extension accompanied large-scale thrusting, with 
extensional ancl shear strains on die order of 0.1 to 1 increas- 
ing towards th t  thrust. Thew strains accuinulated over 
time intervals on the order of 3 to 30 Ma, giving estimated 
average strain rates oit the order of 10-11 to 10-16 s-1. 

Witlespread veins probably formed by liydrofracturing, 
requiring the local effective iliinirnurtl stress to equal the 
tensile strength of the rock. Although stresses were proba- 
bly spatially variable and partly controlled by local stress 
concentrators, large-scale vein geometries and fluid inc111- 
\ion characteristics recpire significantly elevated fluid pres- 
sures. Minor r~ornral filulting of more competent strata and 
sealed fault rocks also accompanied large-scale thrusting 
that was concentrated within a fine-grained micaceou\ 
f'tult core. A 11ighly si~nplified model for stress conditions 
along the fault tone based on these obse~~ations is given 
in IJigure 21, Plastic deforrriation of mica- and wet-qutzrtz- 
rich rnaterial ii consistent with low deviatoric stresses on 
the order of several M'a for the estirriated strain rates. A 
Mohr stress circle for such low efketive stress intersects 
tile frictional faili~re criteria for a pre-exi4ting mica-rich 
fault zone at low 20 (corresponding to the maximum com- 
pressive stress at high angles to a weak fault), intersects 
the shear failure criteria for intact rock at higher 28, and 
intersect5 the tensile hilure criteria due to high fluid 
pressures. Interestingly this pattern allows for roughly 
iimultaneous clevelopmer~t of thrust-subparallel foliation, 
veins, minor nornial f~111lts in intact or sealed rock, and 
large-scale thrusting along a mica-rich fault core. Thus 
large-scale emplacement of this very thick and far trav- 
elled thrust sheet appears to have been related to the 
presence of a very weak fault zone that experienced high 
fluid pressures. 

- ,  

opment of contraction faults and sonic minor folds. Road Log for Part 2 of Day 2: Transect from Raft 
Deformation textures and interpreted deformation meclr- 

River Mountains to Wasatch Range, Utah 
anis~ris vary across the overall fault zonc. The base of the 
hanging wall displays highly flattened quartz grains with 0.0 175.7 Begin part 2 of day 2 road log at juriction 
recrystallized margins, rllica with strong preferred orienta- of 1-84 ancl Utah 30 near Snowville, UT 
tion, microveins, and quartz-rnica fibers afotlncl cotnpeterit Large areas of Permian to Pennsylvanian 
grains recording widespread crystal-plastic and diffusive strata of the Oquirrh Formation arc poor- 
mass transfer deformation (Fig. 20A). The fault core contitins ly exposed in low ranges to the east of 
abundant fine-grained, recrystallized micaceous matrix, Snowville. 
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Figure 20. Plzotomicrogrc~phs ($.fiult zone te~tures in the Willard 
Peak urea. Bases of photographs rrpreser~t 2 lnrn lertgtlt 
A. Plzyllonite .froin high strain zone contains abtlnrlant fine- 
grained recrystnllizerl rnicncrou.~ inntrix (M) unrl rlisplnys intense 
foliution tlzclt is refok(led, ci-entllaterl, und cut h!/ inultiple sets of 
oariahly folder1 anrl recr!lstallizerl quartz-rniccr ~jeins jV anrl xo). 
B. Tectonite from firult core. Fraginents of ph!/llonite (P) and calc 
mylonite (C) are tectonicnlly inixerl ant1 onriahly recrystallized 
flattened, anrl dissolved along dark seatns. 

11.0 186.7 Hansel Valley. This valley is bounded on 
the east by a normal fault, which had a 
magnitude 6.6 earthquake in 1934 and 
produced a small surfiice rupture to the 
south. 

10.0 196.7 Stop 2-2. Overview of the stnictural style 
of Willard thrust sheet in the Promon- 
tory Mountains. Take Howell exit, pull 
over to side of exit ramp for discussion, 
and return to 1-84. 

The Promontory Mountains, visible to the south, expose 
overall northerly plunging structures along an oblique sec- 
tion from upper levels to the basc of the Willard thrust 
sheet. Upper levels exposed in the northern part of the 
range consist of Permian to Mississippian strata imbricated 
by the Late Jurassic Manning Canyon decollement and 
shortened by a system of large-scale upright to inclined 
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normal Mica-1 0'1 5 

an(MPa1 

Figure 21. Model for possible effective nonnal stress (oJ and shear 
stress (0,) conditions at base of Willard sheet. Flow laws for mus- 
covite and wet quartz at strain rates of I t 1 5  s-' and 1G-16 s-1 
represents plastic deformation of mica-rich strata and quartzite. 
Solid lines r e p r e s e n t ~ t w n u l  slip along a pre-existing micaceous 
fault zone (based on data for muscovite), shear failure of intact 
rock (based on a typical Byerlee's law), and tensile vein formu- 
tion, with values of 28  indicated. Inset shows resulting simultane- 
ous formution of foliation, veins, normal faults, and thrust faults 
in a weak fault zone in which the maximum compressive stress, 
ol, is rotated to steep angles. 

folds (Crittenden, 1988). Middle levels contain a gently 
dipping sequence of competent quartzite and carbonate 
that display limited internal deformation. Lower levels 
exposed in the southern part of the range and on Fremont 
Island to the south contain Upper Proterozoic strata that 
were metamorphosed to greenschist facies and internally 
deformed by widespread foliation, minor folds, and vein 
arrays. Foliation is moderately to weakly developed in 
strata at moderate distances from the Willard thrust and 
becomes intensely developed at low angles to the thrust 
in the base of the sheet on Fremont Island (Fig. 22). Finite 
strain patterns for samples from the base of the sheet 
record concentrated thrust-parallel top-to-SE simple shear 
and thrust-parallel extension (Yonkee, unpublished data). 
The footwall, exposed further south on Antelope Island, 
also displays low-grade metamorphism and internal defor- 
mation, with foliation at low angles to bedding in mica- 
rich Upper Proterozoic strata, whereas Cambrian quartzite 
displays upright minor folds and moderately to steeply 
dipping foliation. Low-angle normal faults of uncertain 
age locally omit parts of the stratigraphic section in the 

6 j 
N V) l a  
Northern 
Promontory 
Mountains 

Central 
Promontory 
Mountains 

Southern 
Promontory 
Mountains 

_--- I Cu ./- A 
_---. ---- _- ,--I I cover 

/ 
/ 
/ I X f / /  / / / 

/ I Island 

Figure 22. General structural column for Promontory Mountains 
south of stop 2-2. Overall foliation trajectories shown by dashed 
lines, and X-Z strain ellipses for sele'cted samples indicated. Units 
are: Zp-mica-rich strata of formation of Perry Canyon; Zmc- 
micaceous quartzite of Maple Canyon Formation; Zkp-argillite 
and quartzite of Kelley Canyon and Papoose Creek Formations; 
Zq-Upper Proterozoic quartzites; Cq-Lower Cambrian quartzite; 
Cu-Middle and Upper Cambrian strata; 0-D-Ordovician to 
Devonian strata; M-Mississippian strata; P-P Pennsylvanian to 
Permian strata; Zu-Upper Proterozoic strata undivided; and 
Xf-basement of Farmington Canyon Complex. WT-Willurd thrust 
and MCD-Manning Canyon decollement. Column based on geol- 
ogy from Crittenden (1988) and Yonkee (unpublished data). 

Promontory Mountains and may record minor Late Cre- 
taceous to early Tertiary extension and unroofing (Fig. 22). 
Listric normal faults, that locally reactivated older thrusts, 
bound asymmetric grabens with tilted Oligocene strata 
within surrounding areas, probably recording initial col- 
lapse of the Willard sheet after cessation of thrusting 
(Constenius, 1996). 
19.8 216.5 View to east of the Wasatch Range, where 

a thick sequence of Cambrian to Penn- 
sylvanian strata is spectacularly exposed. 
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An overall northerly plunge to structures, 
combined with uplift in the footwall of 
the Cenozoic Wasatch normal fault, has 
resulted in exposure of an oblique sec- 
tion across upper levels in the Willard 
sheet. Internal deformation at upper levels 
is limited, with development of minor 
contraction faults, rare minor folds, and 
very rare weak cleavage. A series of E- 
to NE-striking, steeply dipping faults also 
cut the strata. Slip on these faults de- 
creases eastward away from the moun- 
tain front, and these faults may be partly 
related to differential uplift and tilting 
within the footwall of the Wasatch fault. 

16.1 232.6 Junction with U.S. 91. Bear right onto exit 
to Brigham City, take left at stop sign, 
and proceed east on U.S. 91. View to east 
of Wasatch Range, where a thick sequence 
of Cambrian to Upper Proterozoic quart- 
zite is exposed in the Willard sheet. 

2.1 234.7 Junction with U.S. 89. Turn right and 
proceed south on U.S. 89. 

3.0 234.7 View to east of Perry Canyon where a 
thick sequence of Upper Proterozoic 
micaceous quartzite, argillite, and diarnic- 
tite is exposed in the lower part of the 
sheet. 

3.0 237.7 Stop 2-3. Overview of Willard thrust 
sheet in Willard Peak area (Fig. 16). Turn 
left onto Center Street, proceed east two 
blocks, turn right and proceed south one 
block to City Park. Pull over for discus- 
sion. After stop retrace route back to 
U.S. 89. 

The Willard thrust system is well exposed to the north 
along Willard Canyon. Here the thrust consists of two 
branches: an upper branch that repeats Proterozoic rocks 
and a main branch that places Proterozoic rocks over 
Cambrian strata. Both branches dip east here due to tilt- 
ing along the east limb of the underlying basement-cored 
Wasatch anticlinorium. The trace of the main branch con- 
tinues southward along the Wasatch Range from Willard 
Peak to Ogden Canyon (Crittenden and Sorensen, 1985a, 
1985b; Davis, 1985). The Willard sheet, which carries a 
distinctly thick package of Upper Proterozoic to Paleozoic 
rocks, is also exposed on Fremont Island, visible to the 
southwest, and in the Promontory Mountains, visible to 
the west. 

In the Willard Peal area the main branch has a hang- 
ingwall flat in mica-rich Upper Proterozoic strata with 
local slices of Lower Proterozoic basement and a footwall 
flat in imbricated and tectonized Cambrian strata (Fig. 23). 

An isoclinal, recumbent syncline with a complexly deformed 
hinge zone is developed between the two branches. Folia- 
tion is generally absent at higher levels in Upper Protero- 
zoic quartzite away from the thrust, and limited deforma- 
tion is produced mostly by minor faults. At intermediate 
levels in argillite and micaceous quartzite of the Kelley 
Canyon and Maple Canyon Formations foliation is weakly 
to moderately developed and overall moderately dipping. 
At lower levels in mica-rich strata of the formation of 
Perry Canyon foliation is well developed and overall gen- 
tly dipping. Foliation rotates into subparallelism with the 
upper branch, and is approximately parallel to the two 
branches in the isoclinal syncline. 

Finite strain, estimated using the Rf/$ and normalized 
Fry methods, varies systematically with structural level 
(Fig. 23). Strain ratios in quartzites away from the thrust 
are mostly less than 1.3:1, indicating only limited penetra- 
tive deformation. Within micaceous quartzite and argillite 
at intermediate levels X-Z axial ratios range mostly from 
1.3:l to 2.0:l and X-Y planes dip steeply to moderately 
subparallel to foliation. Within mica-rich strata at deeper 
levels X-Z axial ratios range mostly from 2:l to 5:l  with 
the highest ratios adjacent to the main branch, and X-Y 
planes dip gently, subparallel to the thrust branches. Most 
samples display apparent flattening with principal E-W 
extension and variable N-S extension. Strain patterns record 
minor layer-parallel shortening and simple shear at higher 
levels, and a combination of concentrated thrust-parallel 
extension and top-to-E simple shear at deeper levels, 
although complexities occur. 

The main branch of the Willard thrust is relatively well 
exposed at several nearby locations and can be viewed as 
part of a larger brittle-ductile shear zone that includes the 
highly strained base of the hanging wall, a fault core with 
concentrated slip, and a footwall imbricate zone (Fig. 19). 
The base of the hangingwall displays intense thrust-paral- 
lei foliation, multiple vein sets, asymmetric minor folds, 
and boudinaged quartz-rich layers, recording thrust-paral- 
lel extension and shear, as well as repeated episodes of 
high fluid pressure, fracturing, and sealing. The fault core 
is generally 2 to 5 m thick in this area and consists of 
ultramylonite, phyllonite, and cataclasite composed of tec- 
tonic mixtures of hanging wall and footwall material. The 
fault core displays evidence for overlapping brittle defor- 
mation with discrete fracturing and brecciation, ductile 
deformation with plastic recrystallization and flattening of 
breccia fragments, and diffusive mass transfer with devel- 
opment of multiple vein sets at high fluid pressures (Fig. 
20; Yonkee, 1996). The imbricate zone consists of slices of 
Cambrian strata and some hangingwall phyllite that are 
bounded by 0.1 to 2-m-thick mylonite and cataclasite zones. 
Argillaceous limestone within the imbricate slices displays 
thrust-parallel foliation, variably deformed veins, asymmetric 
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Figure 23. Down-plunge projection of Willard Peak area near 
stop 2-3. Overall foliation trajectories shown by dashed lines, and 
X-Z strain ellipses for selected samples indicated. Units are: 
Xb-basement of Facer Formation; Zp-mica-rich strata of foma- 
tion of Perry Canyon; Zmc-micaceous quartzite of Maple Canyon 
Formation; Zkp-argillite and quartzite of Kelley Canyon and 
Papoose Creek Formations; Zq-Upper Proterozoic quartzites; and 
Cu-Cambrian strata. WT-main branch of Willard thrust and 
UB-upper branch of the Willard thrust. 

minor folds, and boudinaged competent layers, similar to 
patterns in the hanging wall although details are more 
complex. Interestingly the fault core and imbricate zone 
are locally cut by minor normal faults that appear to have 
overlapped with large-scale thrusting. Along the north side 
of Willard Canyon the imbricate zone is unusually thick 
and consists of tightly folded, strongly foliated Cambrian 
limestone and shale, which form a wide zone of penetrative 
footwall deformation. 
3.3. 241.0 Dark-colored granitic gneiss of the Pre- 

cambrian Farmington Canyon Complex 
is well exposed along lower parts of the 
Wasatch Range to the east within the east 
limb of the Wasatch anticlinorium be- 
neath the Willard thrust. The overlying 
Cambrian section consists of tan-colored 
Tintic Quartzite and brown to gray tec- 
tonized shale and limestone of the Ophir 
and Maxfield Formations. Willard Peak, 
the high point, is capped by light-colored 
Lower Proterozoic Facer Formation in 
the Willard sheet. 

1.8 242.8 Roadcut in Tintic Quartzite at the south- 
west end of the Pleasant View bench. The 
bench consists of complexly faulted bed- 
rock with discontinuous Holocene fault 
scarps, and is bounded on the southwest 

and northeast by major splays of the 
Wasatch fault zone (Crittenden and Soren- 
sen, 1985a; Personius, 1988). 

0.2 243.0 Turn left and head east on Pleasant View 
Drive. 

2.0 245.0 Bear left onto Elberta Drive and contin- 
ue heading east. 

1.5 246.5 Turn left at stop sign and head north on 
450 East. 

0.4 246.9 Turn right and head east on North Ogden 
Drive (3100 North). 

1.0 247.9 Junction with 1050 East. Continue head- 
ing east on North Ogden Drive. 

1.0 248.9 Cross approximate trace of Wasatch fault 
and start climb into the Wasatch Range. 
Complexly folded and imbricated Cam- 
brian Tintic, Ophir, and Maxfield Forma- 
tions, visible beneath Ben Lomond Peak 
to the north, form part of a footwall 
duplex beneath the Willard sheet. The 
Ogden thrust, visible to the southeast, 
repeats tan-colored quartzite of the Tintic 
Formation. The thrust branches further 
southward and imbricates basement and 
cover rocks within the Wasatch anticli- 
norium. 

0.5 249.4 Fractured Tintic Quartzite is exposed 
along road cuts to north. Limestone ledges 
in the Cambrian Ophir and Maxfield 
Formations are exposed to the south on 
the downdropped side of an east-strik- 
ing normal fault near the base of the 
canyon. 

1.2 250.6 Cross approximate trace of north-strik- 
ing normal fault that downdrops east side. 
An isoclinal, recumbent syncline is devel- 
oped within middle to upper Cambrian 
gray carbonates beneath a klippe of the 
Willard thrust sheet along the ridge to 
the northeast. 

0.8 251.4 North Ogden Pass. View to east of Ogden 
Valley, which is an asymmetric graben 
partly filled with east-tilted late Eocene 
to Oligocene volcanic and volcaniclastic 
rocks. Early development of the graben 
may record initial collapse of the Sevier 
wedge after cessation of thrusting (Con- 
stenius, 1996). 

0.6 252.0 Cross approximate trace of detachment 
fault that omits section and places tec- 
tonized Maxfield Limestone on the east 
over Tintic Quartzite on the west. 
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0.4 252.4 Highly fractured carbonates of the Max- 
field Limestone exposed along this series 
of roadcuts lie within an east-dipping 
horse beneath the Willard thrust. 

0.4 252.8 Stop 2-4. Willard fault zone and footwall 
deformation in North Ogden Pass area 
(Fig. 24). Pull over into small parlang area 
where road makes a sharp bend to the 
right. 

The Willard thrust dips about 20" to 40" NE here and 
places graywacke and argillite of the Upper Proterozoic 
formation of Perry Canyon over Cambrian Maxfield L' ime- 
stone in the road cut. Within the hangingwall strata are 
folded into an east-verging anticline and display strong, 
gently dipping axial planar foliation at low angles to the 
thrust (Fig. 24). Finite strain data record X-Z axial ratios 
from 3:l to 5:1, gently dipping X-Y planes at low angles to 
the thrust, and flattening strains, consistent with a combi- 
nation of thrust-parallel extension and top-to-E simple 
shear at the base of the Willard sheet (Yonkee, unpub- 
lished data). 

Part of the Willard fault zone is exposed in the road 
cut, including: intensely foliated phyllite with shear bands 
in the base of the hanging wall; a 1- to 3-m-thick zone of 
cataclasite and breccia composed of phyllonite, mylonitic 
limestone, and vein fragments; and a 3- to 5-m-thick zone 
of tectonized limestone and dolostone in the footwall. 
Quartz in phyllite displays widespread plastic deformation, 
calcite in limestone underwent extensive plastic recrystal- 
lization, and dolomite deformed mostly by microcracking. 
Minor structures near the thrust include small shear zones 
that record heterogeneous top-to-east shear and net-vein 
systems that probably record high fluid pressures. Rocks 
20 to 100 m below the thrust are overall less deformed. 

The footwall consists of complexly imbricated Cambrian 
rocks and includes: a lower horse of Cambrian carbonates 
that are rotated into a recumbent, isoclinal syncline and 
bounded below by a detachment fault that omits section; 
and an upper horse of east-dipping Tintic Quartzite and 
Cambrian carbonates bounded below by a major footwall 
imbricate and above by the Willard thrust (Fig. 24). The 
footwall imbricate locally truncates the lower horse and 
associated syncline, and a smaller-displacement reverse 
fault cuts the imbricate, recording a complex history of 
faulting. The syncline fold axis plunges gently N, subparallel 
to the Willard thrust and subperpendicular to the inter- 
preted eastward regional transport direction. Foliation is 
well developed in Cambrian limestone, and forms a partial 
fan within the syncline of the lower horse, and is at acute 
angles to subparallel to bedding in the upper horse. These 
complex patterns probably record overlapping footwall 
folding and imbricate faulting that thickened the section, 
detachment faulting that thinned the section, and foliation 

development that both thinned and thickened bedding 
depending on location, all associated with major slip on 
the Willard thrust. 
0.7 253.5 Continue east and reach floor of Ogden 

Valley. The valley floor is mostly covered 
by Quaternary deposits, but volcanic and 
volcaniclastic rocks of the late Eocene to 
Oligocene Norwood Tuff are locally 
exposed along the flanks of the valley 
(Sorensen and Crittenden, 1979). These 
strata dip about 30" east, probably due 
to rotation above a listric normal fault 
that bounds the east side of the valley. 

0.7 254.2 Junction. Continue heading east on Utah 
162. 

0.2 254.4 Enter Liberty. Bear right and continue 
south on Utah 162. 

3.1 257.5 Junction with Utah Highway 158. Turn 
right and head west on Utah 158. Upper 
Proterozoic to Cambrian strata in the 
Willard sheet are exposed in the moun- 
tains to the east, and in the Wasatch 
Range to the west. 

0.6 258.1 Junction with spur. Continue southwest 
on Utah 158. 

2.6 260.7 Gently east-dipping argillite and grit of 
the formation of Perry Canyon exposed 
in road cuts display gently dipping folia- 
tion that increases in intensity southwest 
toward the Willard thrust. 

0.6 261.3 Stop 2-5. Willard fault zone and internal 
deformation in the eastern part of the 
Lewis Peak area (Fig. 16). Pull over into 
large parking area on south side of high- 
way. 

The Willard thrust is exposed in a large road cut along 
the north side of the highway. The thrust dips 20 to 30' 
east here and places diamictite, quartzite, and argillite of 
the Upper Proterozoic formation of Perry Canyon over 
limestone, dolostone, and sandstone of the Mississippian 
Humbug Formation (Sorensen and Crittenden, 1979). 
Structural relations in this area further illustrate the struc- 
tural style of the Willard sheet. The thrust has a hanging- 
wall flat in Upper Proterozoic mica-rich strata and a foot- 
wall ramp and isoclinal, recumbent syncline from Cam- 
brian to Mississippian strata (Fig. 25). The nature of inter- 
nal deformation varies with structural level, with patterns 
generally similar to those in the Willard Peak area (com- 
pare Figs. 23 and 25). Foliation is weakly to moderately 
developed and overall moderately dipping in micaceous 
quartzite of the Maple Canyon Formation at intermediate 
distances from the thrust. However, foliation is steeply 
dipping and east-striking within some narrow zones, pos- 
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Figur~, 24, A. Gcologic naap oftlw North Ogden Pczss rtrscz n~crr stop 2-4. Crnits ctrcl. Zp-foi-tnatiovz of Perry) Can!jon, Ct-Camhricitl Tintic 
Qaic~rtzitr, C,'o-Ophir Shalt., Crtl-A/laxjelcl Limestone, Cn-A;ozmatz artd St. Qlcirles R)nnatiori.s, artrl Q-Quaternary tlcposits. 
WT-tVilltrr1 thrzist. Arlaptrd from Crittendeiz and Son~nsfw (IYHSa), l i t jat~ avid Nrws (19931, clntl Yottkeen (totpuhlislzetl datci). 
B. Cross section ofthe Arortlt Ogclert Dicide (tren incorporating down-pluvlge pryjecation o f  rlatci. Chits are scime as aboue. OT-OgcE~~vi 
tlzr-ust s!ysfern. lbpogruphic su$ilcc~ (top surf) along line of scrtitm intlic.att~i1. 

sibly related to wrench shean Foliation beco~nes strongly 
clt~vtloped in the formation of Perry Canyon toward the 
thrust, and rotates into sribparallelism with the thrust, 
defining an asymptot~c pattern. Stretching lineations and 
tensile veins record principal E-\$' extension, and fibers 
on slicar veins record generally top-to-E sirnple shcal: 

Finite strain, estinraterl rising the Rf/$ tztlcl nor~nali~ed 
FIT? metlrods, also vanes systentatically with tlistance from 
the thrrtst (Fig. 25). LVithhl nlicnceous quartzite at inter- 
mediate distances from the thrust X-Z axial ratios range 
rnustly from 1.5:l to 2.51, itrid X-Y planes are generally 
tnoderately dipping, although some samples have .;teeply 
dipping, east-striking X-Y planes witliin dcxtral, cast-strik- 
ing sl~ear zones. Within mica-rich strata of the forr~tation 
of Perry Canyon X-Z axial ratios range nlostly from 2:l  to 
5:1, with ratios increasing overall toward the thrust, and 
gently dipping X-Y planes rotate into parallelism with the 
thn~st  at tlie base of the sheet. Most samples clisplay appar- 
ent flattening with principal E-\V extension and variable 
N-S extension. The strain pattcrns record minor to mod- 
erate shortening and sinrple shear at interniediate levels, 
and a cornbinatioti of concentrated thrust-parallel exten- 
sion and top-to-E simple sttear at deeper levels. 

The Willard fault zone here incltldes: strongly foliated 
pl~yllite, diamictite and quartzite at the base of the hang- 
ing wall locally cut by brittle clefornlation /,ones; a central 
core of highly weathered ultrac:ttaclasite, brecciatetl and 

net-veilled ~nylonite and phyllonite, and rare limestone 
protornylonitt.; and a narrow foithvall zone of 1)recciatrd 
dncl highly veined carbonate and sandstone. The stlle of 
hanging wall deformation is broadly similar to that at 
Willard Peak, althotlgh catacla\is ant1 overprinting bree- 
ciation are more widespread here. The style of footwall 
deforniation, lio.rvever, ic muclt diffc~relrt, being niore brit- 
tle and concentrated comparecl to thc thick Lone of pcrle- 
trative foottvall c1eforrnation near \Villard Peak (Evans and 
Neves, 1993). The Willard thrust ranips obliquely upsec- 
tion to\varcl the southeast in its footwall, and tlie higher 
l e v ~ l  exposed here, combined with clifferences in litholo- 
gy, may have precluded widespread plastic deforrr~:ition of 
footwid1 rocks. 
0.3 261.6 Road cut in gently east-dipping hlissic- 

sippian IIitnlb~~g Formation. Contraction 
taults with both top-to-E anci top-to-\; 
slip cut bedcli~lg at low angles anti pro- 
duce minor footwall tldckenitig. 

0.3 261.9 Junction with Utah IHighway 39. Turn 
right and heat1 west orr Utah 39. 

0.1 262.0 Footwall deforn~ation bene'lth the \Villard 
thrust produced several dramatic s tn~e-  
tures along Ogden Canyon including the 
"Z-fold" visible on tlie nortli side of the 
highway. This fold prol~ably developed 
horn shortening and top-to-E shear helow 
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1.1 265.2 Tintic Quartzite in road cut. An upper 
branch of the Ogden thrust, exposed 
along the draw to the northwest, dips 
east and juxtaposes the Tintic Quartzite 
over the Ophir Shale. 

0.3 265.5 Cross approximate trace of lower branch 
of Ogden thrust. Fractured Nounan Dolo- 
mite is in road cut. 

0.2 265.7 Stop 2-6. Ogden thrust system in the 
Ogden area (Fig. 26). Turn left, park at 
Coldwater trailhead along south side of 

Figure 25. Down-plunge projection of eastern part of Lewis Peak highway, and hike southwest to small 
area near stop 2-5. Overall foliation trajectories shown by dashed quany. 
lines, and X-Z strain ellipses for selected samples indicated. Units ~h~ lower branch of the ogden visible on the 
are: Zp-formation of Perry Canyon, Zmc-Maple Canyon north side of Ogden Canyon, dips east and places Tintic 
Formation, Mh-Mississippian Humbug Formation; Mdg-Deseret 
and Gardison Formations; and 0-D-Ordovician to Devonian Quartzite over Nounan Dolomite (Crittenden and Sorensen, 

strata. WT-Willard thrust. 198513; Yonkee, 1992). Secondary folds and cleavage are 
locally developed in the Maxfield and Ophir Formations 
in the footwall of the Ogden thrust. ~ e d s  of the upper 

Willard thrust (Crittenden, 1972). A re- 
cumbent, isoclinal, east-vergent syncline 
is developed to the northwest beneath 
the Willard thrust, and also records top- 
to-E shear and significant footwall defor- 
mation where the Willard thrust ramped 
from Cambrian to Mississippian strata 
(Fig. 25; Sorensen and Crittenden, 1979). 

0.4 262.4 Mississippian Gardison Formation is ex- 
posed in cliffs northwest of highway. 
Successively deeper levels of the Paleo- 
zoic section are encountered heading 
west. 

0.3 262.7 Devonian Bierdneau Formation is ex- 
posed in quarry north of highway. 

0.4 263.1 Small road cut in Ordovician Fish Haven 
Dolomite. Cambrian St. Charles and Nou- 
nan Formations are exposed in slopes to 
northwest. 

0.4 263.5 Exposures of argillaceous limestone of 
the Maxfield Limestone. 

0.6 264.1 Bridge across Ogden River. A tight, re- 
cumbent anticline is developed in the 
Ophir and Maxfield Formations. These 
formations display extreme variations in 
thickness associated with disharmonic 
folds, imbricate thrusts, detachment faults, 
and foliation at varying angles to bed- 
ding. Here strata are tectonically thick- 
ened by folding and imbricate thrusting, 
but to the west the Ophir Shale is highly 
thinned and locally omitted along detach- 
ment faults (Fig. 26). 

Maxfield Limestone exposed in the quany are cut by vein 
arrays and by contraction faults at low angles to bedding. 

To the south, the Ogden thrust system branches into a 
lower floor thrust and an upper roof thrust (Fig. 26; Yonkee, 
1992). The floor thrust ramps down laterally southward 
from upper Cambrian strata to Precambrian crystalline 
basement in the footwall, and from Tintic Quartzite to 
basement in the hanging wall. Stratigraphic separation 
reaches > 4  km to south, and estimated slip reaches >15 
km. The roof thrust ramps laterally upsection in its foot- 
wall from the Ophir Shale to Nounan Dolomite, and ramps 
laterally down section in its hanging wall from Cambrian 
strata to basement rocks further southeast. Basement in 
the Ogden area is also cut by widely spaced minor shear 
zones that accommodated top-to-E shear in the lower 
parts of the Ogden thrust sheet. The cover is deformed by 
gently N- to NW-plunging folds, NE-plunging minor folds 
at low angles to lateral ramps, cleavage in shale and 
argillaceous limestone, and complex minor faults. Cleav- 
age is gently dipping in most areas, but cleavage is steeply 
dipping near lateral ramps in the Ogden thrust system. 
Finite strain estimated from deformed ooids in Cambrian 
limestone records spatially variable combinations of thrust- 
parallel shear, wrench shear parallel to lateral ramps, layer- 
parallel shortening, and extension (Yonkee, 1992). Note, the 
Ophir Shale represents a detachment horizon and displays 
extreme variations in thickness, possibly related to spatial- 
ly and temporally varying components of shear, extension, 
and shortening. The style of deformation along the Ogden 
thrust system is similar to the style of the imbricate zone 
in the footwall of the Willard thrust, and initial deforma- 
tion along the Ogden system may have overlapped with 
slip on the Willard thrust. 



Figur-6, 26. A. C;eoZogic tnup t$tlte Ogden tlrnrsf a!ystc?n iwur stop 2-6. Basritaeraf ci~ul cot-r2r ( i r ~  ittthricuted by the Ogrlei~ tl~nrst ~ y s f ~ r n  arzrl klippe of~lze orcrriding l\Yllarcl 
fltrnsf sheet (W'Ti arc pr-escn ctl locolly i'rzits are. Xf-Precanz?> CI-!stallitit, bas~rnerrr. Z-CTppur A-otc,ro;oic rock*s nf'U7ill~ird shcrt. Ct-Tirztic Qttart~itf', C'ibOphir Slzc~lc, 
Ch-1Zftlrfieltl l,intestorac, (~it-Xounctn urxl St (%arles Fomcrtic~rw, 0-Clr-riocician strrrta, DAGDet oiiiun to hfississip~>iti~~ rtrcitcr, IZ-irnbricnfed P(i1eozoic a~trl Prc.c[itrl!jririrz 
rocks, nrltf (&Qt~utc~r)tnry clfposits S!yrr~!?ofs satnp as irz Figuw 23. Locatiorts of cross sections A-'4 ' aiad B-B : ant! route irailiccrted LB-lorrt.r ~ I . Q I L C / I L  of' Ogtlen tltr~~.it anif 
EiB-trppcr brctrzclz o f  Ogtleri tjrrrcst B. Cross sccfioizs A-A ' cznrl B-B 'o f  Ogrkn thrr~st s ysteitr. The Og(Iet~ fhnisf s!ystcvn clips or ~.rciZl c~avfu,artf un(1 tlzt~.floor thr~ist rurnj~s later- 
ally down scpctiott to thr soctth ctrrrf irnl~riciitc>v l)asc?r~nt rind rorcJr rocks OFT-Ogrlc?trfloor thrztst arlrl OUT-Ogrfrltz roi~ftl~rust. C"nits sa.rtle (1s aboce. 
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0.3 266.0 Ophir Shale displays cleavage and minor 
folds in road cut. 

0.1 266.1 E-dipping beds of Tintic Quartzite form 
cliffs. This quartzite is relatively unde- 
formed in most areas, and the overlying 0.7 
Ophir Shale is detached and strongly de- 
formed in many areas. 

0.3 266.4 Unconformity between Tintic Quartzite 1.0 
and underlying granite gneiss of the Pre- 
cambrian Farmington Canyon Complex. 
High-grade metamorphic and igneous 2.8 
rocks of the Farmington Canyon Complex 
crop out over a north-south distance of 

60 km in the Wasatch Range, and lie with- 
in the east limb of the Wasatch anticlino- 
rium, which will be examined in more 
detail during day 3. 

267.1 Cross approximate trace of Weber seg- 
ment of the Wasatch fault zone at mouth 
of Ogden Canyon. 

268.1 Junction with Utah 203. Turn left and 
proceed south on Utah 203 (Harrison 
Boulevard). 

270.9 Weber State University. End road log for 
part 2 of day 2. 
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INTRODUCTION 

The general kinematic and chronologic development of 
regional structures in the frontal part of the Sevier oro- 
genic belt is relatively well constrained, making this an 
excellent area to study the dynamics of an orogenic wedge 
(e.g. Royse et al, 1975; Dixon, 1982; Lamerson, 1982; 
Coogan, 1992; Royse, 1993; Yonkee, 1992; DeCelles, 1994; 
DeCelles and Mitra, 1995). Major structural features in 
this part of the wedge include: (1) the basement-cored 
Wasatch anticlinorium and associated Ogden thrust sys- 
tem; (2) the eastern thrust system; and (3) associated fore- 
land basin deposits (Fig. 27). Specifically we will examine 
the large-scale geometric development of the Wasatch anti- 
clinorium and characteristics of basement fault and shear 
zones; kinematics of the eastern thrust system, including 
relations to early detachment faulting and shortening; and 
characteristics of synorogenic strata that record progressive 
changes from backbulge to foredeep to wedgetop deposi- 
tion. This integrated tectonic analysis will help in under- 
standing interactions between basement deformation, fault 
zone mechanics, transfer of slip between thrust systems, 
and synorogenic sedimentation. Importantly, the geometry, 
ages, and lithologic characteristics of preserved synoro- 
genic deposits allow progressive reconstruction of the oro- 
genic wedge over time, providing an excellent opportuni- 
ty to constrain the evolution of the frontal part of the 
Sevier orogenic wedge (DeCelles and Mitra, 1995). 

WASATCH ANTICLINORIUM 

e m  limb preserved on Antelope Island (Fig. 27). This region- 
al fold represents a complex antiformal stack that devel- 
oped over a protracted history of internal shortening and 
large-scale imbrication by the Ogden thrust system. Defor- 
mation within the anticlinorium produced significant tec- 
tonic thickening that may have increased wedge taper and 
helped drive slip on the eastern thrust system (DeCelles 
and Mitra, 1995). 

Basement in the anticlinorium was internally deformed 
by networks of shear zones that accommodated 10 to 15% 
bulk shortening between about 140 and 100 Ma, mostly 
prior to large-scale thrusting (Yonkee, 1992). Shear zones 
form conjugate sets that bound relatively undeformed 
lozenges of basement, and foliation is about parallel to the 
acute bisector of conjugate sets. Within the gently dipping 
western limb foliation is overall steeply dipping and bisects 
steeply dipping conjugate sets that have reverse slip. With- 
in the steeply dipping eastern limb foliation is gently dip- 
ping and bisects gently to moderately dipping sets. Folia- 
tion and shear zone sets thus define a partial fan about the 
anticlinorium, reflecting rotation during large-scale fold- 
ing (Fig. 28B). 

Slip on the Ogden thrust system produced large-scale 
imbrication of Precambrian basement and the sedimentary 
cover in the anticlinorium between about 100 and 50 Ma 
(Schirmer, 1988; Yonkee, 1992; DeCelles, 1994). In detail, 
the Ogden system displays complex lateral variations: to 
the north a main thrust that repeats Cambrian strata, but 
to the south structural relief increases and the system 
branches into a floor thrust that  laces basement over 

Precambrian crystalline basement forms the core of a Cambrian strata and a roof thrust that repeats Cambrian 
regional anticlinorium, which has a major culmination in strata. The floor thrust ramps laterally down section to the 
northern Utah and continues in the subsurface into south- south and has greater than 15 km of top-to-east slip. The 
e m  Idaho (Figs. 27 and 28; Yonkee, 1992). The anticlinori- roof thrust also ramps down to the south and has about 5 
um is asymmetric with a steeply east-dipping eastern limb km of top-to-east slip. The Ogden thrust system was rotat- 
preserved in the Wasatch Range and a gently dipping west- ed to easterly dips on the east limb of the anticlinorium 
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Figure 27 1r1clex rrzuy) of nortl-lcast Utah atad ndjac~nt  or-ecu hfciin ~tr~lc~t t i t -c~l l l fcnt t~ t*~~~ clrc c~pproxinzotc~ c t -~s f s  o f  IVusatclt nnticlinot.iri~n 
yU<il) und Uinto arch (UA), '1Fi'llartl tht-zcsf (M7T). Og(l~~rt_floor uncl roof t!~nrcslr (OFT oncl ORT), Crurcfi)rtl tJtr.il,st (CT). East CUPLIJO~I  
fi~ult  zonu (EC), Medicinc Butte tlzr~r~st (i111373, dloutrt Rnyl~zorzd t h r f ~ s t  (RIRTI. Abcuroka tlzrust (AT), f$og<il)iick tltr-uit @IT), art(! 
W ~ s a t c h  nor.rnol&tzilt (IVArF) Cirrits arc.. Xf-cryrf[~/litae bu~e~t tent ,  Y-Yfidril~ Pn)teroxoic sedinzentary ri~r,ks, &Late Proterozoic setli- 
ttrenturr/ rocks, Px-l'crleozoic strata, 1%-Ti-iasiic nnrl Jurcz~sic itrc~tcl. KI-Cretncc>ou\ loro~>r synorogentc diepoiits r t f  Kelf 211 rrnd Ei-o~tttcr 
kr7natzons, K2-Crr~tac6,ow rnirlrfle s!j?1ox)g6~iztc chaposits o f  Eclto firtzyon and \\+bet- Cc~tzyon Cor~,gko~t~f~r(zte\, liC3-upper ~~{norogrtzic 
deposits of Harrts Fork h fen~ber  crnd rncrirz bocly i f  EI cznston Formation, T1-synorogunic deposilc of 'Clil,sc~tcjz Forrr~atiorr, T2-port- 
tltnutitzg lute Eoc.etrt>-Oligocrt~f> Norwoocl Tiiff and Rrc'tlet/ W~lcunrcs, and QT-Miorcne to Recewt ralley-fill cJef)o,tt\ &fodifit'c.l fiont 
Hlrztze (1980). Lnnzc,rson (19821, arrd Bryant (19901. 1,incs o f  cross scZctions 211 Figure 8 and locatton of'rwitc. N I ~ ( /  stops i ~ t d t c ~ t e d  

tlurillg later slip on 'in underlying basal th111st. Slip on the 
Ogclen 'innd basil thrust systems, and uplift of a~lticlinori- 
urn occurred over '1 protracted history, wit11 fission track 
dges recortling pulres :it about 90 &la, 85 to 75 bl ,~,  and 60 
to 50 Ma (Naeser ct al, 1993), corresponcling to plinres of 
dip 011 the Cr'nvford, Abraroka, and I$ogsl,ack thrusts of 
the eastern tl~rust sy5ttbln (DcCelles, 199-1). Most dip oil 
thc Ogclen and 'itasal thrust systc~ns wa\ trarrsfcft.rred cast- 
ward into the developing eastern s) stem (hnlcce. 1992). 

F ~ I L I ~ ~  rocks ;dong the Ogdeli thrust system and bare- 
ment slicar zones evperierlced grcenschirt-facie\ alter- 

ation during conct~tltratecl deformation at mid-cn~stal lev- 
els (Yonkce arid hlitra, 1994). A travcrrtb across the Ogderl 
floor t hn~r t  illustrates thcsc relations. Cheiss i11 the w:rll 
rock away fi-01x1 the fault shows only lirnitect deformntiott 
and nlitior alteration. Fractured gneiss in ,,I 50- to 200-m- 
thick transition zone above tllc fiult displays more wicle- 
spread alteration concentrated along rlitrncmrlr microcntcks, 
A 20- to 50-m-thick fault core consisti of highly cleforrrled 
ph>llonite \vittl pl:tstically recryitnlli~ed quartr; and fitliatetl 
aggregutcr of fine-grained mica, ,111d catuclasite with a 
cor~iplex nrixture of variably ct~a~entecl fngments, ~i~ultiplo 



Figure 28. Strz~ctulral cross sectiorzs. See Figtire 27fitr locations. Units ore. Xf-Preca?nfwicln I,cw.etnent rocks, Af-C-dfississi~)~~iart to Carrnlmiun stmtcr, P and P-Fer~nian rind 
Pt.?a~~ylcaniun strata, Tr-Triassic strata, jn-jrtrassic Yuggef Sandstone, Jt-Jurrlssic Twits Creek Limestone, Jp-Jurassic Prcprtss arid Stcctnf~ Formations, Ke-Echo Catsyon 
Cong!onrerutr nrd Nenefir Forrrzafiorr, Keri-\ikber Canyoti Coriglonwrate, Keh and Te-ITatrts Fork Jferriber and rriuin body of Ecorutorz Fonrutiot~, Ec-Wusatch Fnnnatiion, 
TI?--Late Eocene arrd 0ligocr.r~~ depo.sits, and QT-Miocene to Recent ralley-jlf deposits. 
A. Section A-A ' frorr~ Dz~rst Jfourzt(~itz to Aissch~fz Ra~zfh Er~stfitzlrf, ZYah und U$/ornitr& illrrstriititzg ~rzajor fenfn~res near stops 3-2 rrnd 3-3. Abscrroka lnanging tcoI1 irltei-prefu- 
tion mnod!fied from Larner,son (1 982). 
B. Section B-B ' f iom Great Salt Lake to Pirwz.ierr$ell, litah cozcl U7!{orni%, illllstratirsg nza&i-.fiatures near stops 3-4 awl 3-6. Afotl$edfi-om Bryc~nt (1990). Royse (1993), 
atld Lor~iersors (1  982). 
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vein sets, discrete fractures, and fine-grained micaceous 
matrix (Fig. 29). Gneiss in the wall rock contains about 30 
to 40 vol% unrecrystallized quartz, 45 to 60% total feld- 
spar, and only minor amounts of mica, whereas cataclasite 
and phyllonite from the fault core contain >20% mica, 
lesser amounts of feldspar, and abundant fine-grained 
matrix. Overall similar relations are observed across base- 
ment shear zones (see stop 3-1). 

These textural and mineralogical changes record episodic 
influx of fluids along fracture and microcrack networks 
during periods of elevated fluid pressure, periodic sealing, 
and production of fine-grained matrix by fracturing, plastic 
recrystallization, and alteration. Mica produced by alter- 
ation is weaker than feldspar, plastic deformation of quartz 
may be related to hydrolytic weakening, and grain size re- 
duction produced increased rates of diffusive mass trans- 
fer deformation. Thus basement shear and fault zones 
experienced significant strain softening and elevated fluid 
pressures resulting in concentrated slip along relatively 
weak zones and possible reduction in taper of the orogenic 
wedge (Yonkee and Mitra, 1994; DeCelles and Mitra, 1995). 
Note, the heterogeneous basement deformation at mid- 
crustal levels observed in this area (depths 10 to 15 km, T - 300 to 400°C) contrasts with the more pervasive base- 
ment deformation observed at deep-crustal levels in the 
Winchell Lake fold-nappe (depths 20 to 30 km, T - 600 to 
750°C) 

REGIONAL STRUCTURE O F  THE 
EASTERN THRUST SYSTEM 

Four major faults, the Crawford, Medicine Butte, Absa- 
roka, and Hogsback thrusts, are present in the eastern 
thrust system of the Sevier orogenic wedge in northeast- 
ern Utah and southwestern Wyoming (Fig. 27). The thrusts 
branch upward from a common basal decollement in Cam- 
brian shale, have ramp-flat geometries, and transported 
Paleozoic to early Mesozoic platform strata and late Meso- 
zoic synorogenic deposits relatively eastward. Aggregate 
slip on the eastern thrust system decreases from about 
100 to 60 km going southward. Because the frontal thrusts 
continue beneath the Wasatch anticlinorium, basement in 
the anticlinorium has also been transported long distances 
(Fig. 28), synchronous with slip on the eastern thrusts 
(Schirmer, 1988; Coogan, 1992a; Yonkee, 1992; DeCelles, 
1994). 

The earliest phase of deformation in the frontal part of 
the wedge is represented by layer-parallel shortening with- 
in the Jurassic Twin Creek Limestone in the footwalls of 
the Willard and Meade thrusts in northern Utah and south- 
eastern Idaho. This shortening produced spaced cleavage 
and fold trains associated with imbricate thrusts that ramp 
upward and merge into a regional decollement in salt- 

bearing strata of the overlying Preuss Formation. This belt 
of cleavage and folds accommodated footwall shortening, 
with displacement transfer easkvard into the developing 
Preuss decollement at shallow levels. 

The Crawford thrust, exposed in northeastern Utah and 
adjacent Wyoming, has a maximum displacement of -30 
km that diminishes southward (Coogan, 1992). North of 
Weber Canyon the thrust has a western flat in Cambrian 
strata, a middle ramp, and a hanging wall anticline near its 
frontal trace (Fig. 28A). South of Weber Canyon the thrust 
has a major western ramp from Precambrian through Paleo- 
zoic strata, an eastern flat in Jurassic salt-bearing rocks, 
and terminates in a complex frontal anticline and associat- 
ed backthrust (Fig. 28B). The thrust is inferred to contin- 
ue toward Salt Lake City based on a consistent southwest- 
trending belt of folds and spectacular growth structures in 
the synorogenic Weber Canyon Conglomerate (DeCelles, 
1994; Fig. 27). Major slip on the Crawford thrust occurred 
between about 90 and 80 Ma, with an episode of Early 
Tertiary minor reactivation (Fig. 30). A final episode of 
minor normal inversion occurred during the late Eocene 
to Oligocene, marking partial collapse of the wedge soon 
after the cessation of thrusting (Constenius, 1996). 

The Medicine Butte thrust may be a footwall imbricate 
of the Crawford thrust and has a large regional flat in salt- 
bearing rocks of the Preuss Formation (Fig. 28). A com- 
plex fold, the Coalville anticline, and associated imbri- 
cates are locally developed above the thrust. The Cherry 
Canyon and Crandall thrusts, exposed to the southwest, 
also have flats within the Preuss Formation and may link 
into the Medicine Butte thrust. Although its displacement 
is probably 10 km or less, this fault was sporadically active 
from Late Cretaceous to early Tertiary (Lamerson, 1982), 
and may also have had an initial phase of Early Creta- 
ceous slip associated with detachment folding. The thrust 
also underwent minor late Eocene to Oligocene normal 
inversion during collapse of the wedge soon after the ces- 
sation of thrusting. 

The Absaroka thrust system is the most continuous re- 
gional system in the frontal part of the Sevier orogenic 
wedge (Royse, 1993). The thrust system branches upward 
from a western flat in Cambrian shale and has eastern flats 
in Jurassic salt-bearing beds and Cretaceous shales (Lamer- 
son, 1982; Coogan, 1992; Royse, 1993). The hanging wall 
contains a western anticlinal trend of imbricated Paleozoic 
strata and an eastern anticlinal trend of folded Mesozoic 
strata (Fig. 28). Displacement ranges from a maximum of 
-40 km in southwestern Wyoming to -15 km in north- 
eastern Utah (Coogan, 1992; Royse, 1993). Two major frontal 
imbricates, each with a different displacement history, con- 
stitute the Absaroka thrust system in southwestern Wyo- 
ming, with phases of slip at about 80 Ma and 65 Ma (Royse 
et al, 1975; Fig. 30). 
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Figure 29. Photomicrographs froin Ogrlen thrust fault zone. 
Bottoms of plzotographs represent about 2 mrn in length. 
A. Cataclasite with widespread alteration. Variably altered and 
cemented clmts sit within a weakly foliated, chlorite-rich matrix. 
Some larger clasts of cemented cataclasite (CC) contain s~naller 
fragments of cataclasite that had been previozlsly cemented (cc). 
Clasts of quartz aggregates (Q) display undulatory extinction. 
Microveins (ti) and dissolution of some clasts contacts (arrow) 
recorrl diffiive mass transfer deformation. 
B. Phyllonite with pervasive alteration. Quartz (Q) forms ribbons 
that are variably recrystallized (r) and locally fracturecl with vein 
material (v) between fragments. Mica (M) forms foliated aggre- 
gates that rotate into parallelism wit11 bands of extremely fine- 
grained, chlorite-rich material (C). 

The Hogsback thrust is the easternmost major fault in 
this part of the Sevier orogenic wedge. The fault trace is 
relatively straight for about 100 km to the north of the 
Uinta uplift, where it splits into the Darby and Prospect 
thrusts. The Hogsback thrust ramps up from a western 
flat in Cambrian shale, and has -20 km of total displace- 
ment (Dixon, 1982). Southward the thrust appears to ramp 
laterally downward and connect into the North Flank thrust 
of the Uinta foreland uplift, recording overlapping of later 
stages of thrusting in the orogenic wedge with phases of 
foreland basement uplift (Bradley, 1988). 

NEOCOMIAN WILLARD 
3n 

THRUST 
,a" - ACTIVE THRUSTING DDDIIIDDIIIIPASSIVE WFf 

Figure 30. Chart showing Early Cretaceous to early Eocene history 
of thrust displacements and passive uplij3 of thrust sheets in frontal 
part of the Sevier orogenic wedge. Mod$ed from DeCelles (1994). 

FORELAND BASIN SYSTEM 

As the Sevier orogenic wedge began to develop during 
Middle to Late Jurassic time, the Cordilleran foreland basin 
system formed in response to migration of a flexural wave 
through the lithosphere of western and central Utah. A 
foreland basin system, as defined by DeCelles and Giles 
(1996), consists of four depozones that are distinguishable 
on the basis of regional subsidence patterns, depositional 
systems, unconformities, and presence or absence of syn- 
depositional "growth structures (Fig. 31). The wedge-top 
depozone is that part of the basin system developed on 
top of the active orogenic wedge, and is characterized by 
coarse-grained alluvial and fan delta deposits with well- 
developed growth structures. The foredeep depozone is 
developed between the tip of the orogenic wedge and the 
proximal flank of the forebulge, and is characterized by 
thick, coarse-grained sediments derived from the oro- 
genic wedge, which thin toward the forebulge. The fore- 
bulge depozone is located on top of or on the flanks of the 
forebulge, and is marked by decreased sediment accom- 
modation and major (> 10 Ma duration) unconformities in 
many foreland basin systems (e.g. Crampton and Allen, 
1995). The back-bulge depozone, located cratonward of 
the forebulge, accumulates sediment derived from both 
the orogenic wedge and the craton. Back-bulge sediments 
are characterized by slight thinning toward the crest of 
the forebulge and craton, generally fine grain size, multi- 
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Figure 31. A. Schematic cross section showing distribution of depozones in a foreland basin system relative to an orogenic wedge 
(black). B. Idealized stratigraphic column resulting from long term, cratonward migration of wogenic wedge and depozones, with subsi- 
dence rate curve to right. C. Idealized total sediment accumulation curve (solid line) and tectonic subsidence curve (dashed line) for 
long t e n  evolution of foreland basin system. D. Long-term sediment accumulation curve for northern Utah, and interpreted depozones. 
Lower curve is total decornpacted sediment thickness and upper curve is total stratigraphic thickness (afer DeCelles and Currie, 1996). 

ple unconformities, and paleosols in nonmarine settings 
(DeCelles and Burden, 1992). 

Long-term propagation of an orogenic wedge toward 
the craton over distances approximating the flexural wave- 
length of the foreland lithosphere will stack deposits of 
the back-bulge, forebulge, foredeep, and wedge-top depo- 
zones vertically, producing a crudely sigmoidal sediment- 
accumulation history (Figs. 31B, C). This vertical stachng 
of basin depozones is well illustrated in the Middle Jurassic 
to Paleocene rocks of the Sevier foreland basin in north- 
eastern Utah (Fig. 31D). The back-bulge depozone is rep- 
resented by the Middle to Late Jurassic Twin Creek, Preuss, 
and Morrison Formations. Migration of the forebulge 
through northeastern Utah is represented by a major Late 
Jurassic to Early Cretaceous unconformity, and by thick 
paleosols in the lowermost Kelvin Formation. The onset of 
rapid sediment accumulation during the Early Cretaceous 
signals the migration of the foredeep depozone into north- 

eastern Utah. Foredeep sedimentation spanned the Neo- 
comian to early Campanian (-130-80 Ma) and included 
the Kelvin, Frontier, and Henefer Formations, the Echo 
Canyon and Weber Canyon Conglomerates, and their dis- 
tal equivalents (Fig. 31D). The wedge-top phase spanned 
the late Campanian to early Eeocene (-80-50 Ma), and 
included the Hams Fork Member and main body of the 
Evanston Formation and Wasatch Formation. 

KINEMATIC MODEL FOR THE 
FRONTAL PART OF THE SEVIER 

OROGENIC WEDGE 

The kinematic history of the frontal Sevier orogenic 
wedge is known from regional cross-cutting structural and 
stratigraphic relationships (see DeCelles, 1994 for sum- 
mary), fission track cooling ages (Naeser et al., 1983), and 
palynological dates from synorogenic sediments that can be 
tied to individual thrust sheets (Jacobson and Nichols, 1982; 
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Stage 1. Early Cretaceous 

Stage 2. early Late Cretaceous 

o 2okm Stage 3. late Late Cretaceous - 
scale 

Figure 32. Kinematic model f w  seqwntial development of the frontal part of Sevier wogenic wedge in northern Utah. Units and labels f w  
main structural elements are same as in Figure 27; BT-basal thrust. Synorogenic deposits f w  each stage indicated by stippled pattern 
(note Mz unit includes synorogenic deposits from previous stages). Modi$ed from Yonkee (1 992) and DeCelles (1 994). 

Lamerson, 1982). An overall eastward sequence of thrust 
propagation was punctuated by several phases of out-of- 
sequence and/or synchronous thrusting (Fig. 30). The pro- 
gressive development of the frontal part of the wedge, in 
terms of idealized stages, is illustrated in Figure 32. 

Prior to thrusting a westward thickening wedge of Late 
Proterozoic to early Jurassic sedimentary strata had accu- 
mulated, with significant relief on top of the basement 
along a transition from platform to shelf sections. Middle 
to Late Jurassic back-bulge sediments had also accumulat- 
ed marking initial development of the Sevier orogenic 
wedge further west in the hinterland. A Late Jurassic to 
Early Cretaceous unconformity marked passage of the 
forebulge as the Sevier wedge began to propagate overall 
eastward. 

Stage 1. The Willard thrust sheet was internally deformed 
and emplaced between 140 and 90 Ma. Emplacement of 
the Willard sheet buried the footwall to greater depths 

and probably resulted in increased temperatures and fluid 
influx along developing basement shear zones (Yonkee et al., 
1989), and in footwall shortening with development of 
cleavage, fold trains, and detachments in Jurassic strata 
(Mitra and Yonkee, 1985). Synorogenic strata of the Kelvin 
and Frontier Formations were deposited. 

Stage 2. Major movement on the Ogden thrust system 
between about 90 and 80 Ma produced a basement-cored 
anticlinorium, overlapping with slip on the Crawford thrust. 
The synorogenic Echo Canyon and Weber Canyon Con- 
glomerates were deposited synchronous with large-scale 
uplift of the anticlinorium and slip on the Crawford thrust 
(DeCelles, 1994). The Ogden floor and roof thrusts ramped 
up through basement to a flat in Cambrian strata that con- 
tinued farther east as the regional decollement of the east- 
e m  thrust system. An estimated 20 krn of slip along the 
Ogden system was largely transferred into slip on the Craw- 
ford thrust and early movement on the Medicine Butte 
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thrust, with about 5 km of slip taken up in flexural slip Road Log for Day 3 
folding and internal deformation within the anticlinorium. 

Stage 3. An estimated 20 km of slip on the basal thrust 
system was largely transferred eastward into main move- 
ment on the Absaroka and Medicine Butte thrusts between 
80 and 60 Ma, synchronous with renewed uplift, and an 
increase in width and amplitude of the basement-cored 
anticlinorium. The synorogenic Hams Fork Member, which 
contains basement clasts, was deposited on the wedge top 
east of the anticlinorium, as well as in a foredeep basin 
further east in front of the Absaroka thrust. The Ogden 
thrust system was partly rotated to observed east dips, and 
shear zones that initiated during early shortening were 
rotated into a partial fan about the anticlinorium. Large- 
scale imbrication and folding within the anticlinorium 
produced thickening that increased taper to help drive 
slip on the eastern thrust system. The hinterland also began 
to experience extension and unroofing at this time, con- - 

current with thrusting in the frontal part of the wedge. 
Stage 4. Another estimated 20 krn of slip on the basal 

thrust was largely transferred eastward into movement on 
the Hogsback thrust between 60 and 50 Ma. The synoro- 
genic Wasatch Formation, which contains basement clasts, 
was deposited over a wide region on the wedge top east of 
the anticlinorium, as well as in a foredeep basin east of the 
Hogsback thrust. Internal thrusts, including the Crawford 
and Medicine Butte thrusts, had minor reactivation, which 
helped maintain taper. This stage marked the end of thrust- 
ing within the Sevier orogenic wedge. 

Following thrusting, the orogenic wedge began to col- 
lapse with development of a series of listric normal faults 
and half grabens that were partly filled with tilted volcanic 
and clastic debris between about 45 and 30 Ma. These 
normal faults formed at shallow levels and soled into older 
thrusts. Later Miocene to Recent extension produced 
moderate to high-angle normal faults, broadly concurrent 
with a switch to bimodal volcanism (Best e t  al, 1980). 
These younger normal faults, including the Wasatch nor- 
mal fault. cross cut earlier thrust-related structures. 
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0.0 0.0 Depart from entrance to Weber State 
University at intersection of 3850 South 
and Harrison Boulevard. Proceed south 
on Harrison. The Ogden floor thrust is 
the prominent structure in the Wasatch 
Range to the east. The thrust places dark- 
colored Precambrian basement of the 
Farmington Canyon Complex over light- 
colored Cambrian Tintic Quartzite and 
ramps laterally down section to the south. 
The thrust has about 15 km of top-to- 
east slip and includes a central core 
of pervasively altered and intensely de- 
formed phyllonite and cataclasite, which 
formed by mixed plastic and cataclastic 
deformation, grain size reduction, and 
greenschist-facies alteration (Yonkee and 
Mitra, 1994). 

2.3 2.3 View to southeast of the Wasatch Range 
where basement of the Farmington Can- 
yon Complex is exposed along the east 
limb of the Wasatch anticlinorium. 

0.5 2.8 Junction with U.S. 89. Turn left and pro- 
ceed southeast along U.S. 89. 

2.0 4.8 Junction with 1-84, Go under overpass, 
veer right onto entrance ramp, and pro- 
ceed east on 1-84 toward Morgan, Utah. 

0.9 5.7 Cross approximate trace of the Wasatch 
normal fault at mouth of Weber Canyon. 

0.2 5.9 Migmatitic gneiss of the Farmington Can- 
yon Complex forms cliffs along Weber 
Canyon. The gneiss underwent a complex 
Archean to Early Proterozoic history of 
high-grade metamorphism and igneous 
activity (Hedge et al., 1983). 

1.2 7.1 Stop 3-1. Weber Canyon shear zone. 
Pull over onto dirt road on south side of 
1-84. Take short hike south to reach a 
pipeline cut. Be careful of loose rocks. 

A 5- to 10-m-thick shear zone, consisting of green phyl- 
lonite, cross cuts gray migmatitic gneiss in this area 
(Hollett, 1979; Yonkee and Mitra, 1994). This shear zone 
is part of a network of zones that accommodated internal 
deformation of the basement in the Wasatch anticlinorium 
between 140 and 110 Ma (Yonkee, 1992). Shear zone sets 
in the surrounding eastern limb of the anticlinorium 
define a flattened octahedral pattern, have subhorizontal 
foliation, and accommodated 10 to 15% bulk layer-parallel 
shortening prior to large-scale folding. Deformation in the 
zones occurred at T = 350°C, elevated fluid pressures, 
and depths of 10 to 15 km. 
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A traverse across the shear zone reveals distinct changes 
in microtextures, strain, and alteration intensity (Yonkee 
et a]., in review). Quartz and feldspar in the wall rock ex- 
perienced limited cataclastic and plastic deformation, 
with minor alteration along some grain l>oundaries and 
microcracks (Fig. 33A). Fractured gneiss along the bound- 
ary of the shear zone underwent variable plastic deforma- 
tion and cataclasis, with alteration along connected micro- 
crack networks. Phyllonite in the shear zone formed by 
pervasive plastic deformation and alteration (Fig. 33B). 
The wall rock is relatively undeformed but estimated strain 
ratios are >10:1 in the shear zone, recording highly con- 
centrated deformation that is correlated with an increase 
in alteration intensity. Gneiss of the wall rock contains about 
35 to 40 vol% quartz and 40 to 55% total feldspar, whereas 
phyllonite in the shear zone contains 40 to 60% recrytsal- 
lized quartz, 30 to 50% mica, and < 10% feldspar (Fig. 34). 
Whole rock compositions across the shear zone record 
only minor changes in average contents of Si02 and 
N2O3, but Na20 and CaO are strongly depleted and MgO 
and H 2 0  are significantly enriched in the shear zone, 
recording pervasive fluid-rock interaction. Changes in 

- - 

mineral abundances and chemical compositions yield vol- 
umetric fluid-rock ratios on the order of 102 to lo4 and 
corresponding high fluid fluxes (Yonkee et a]., in review). 
The concentration of deformation in the shear zone reflects 
strain softening due to fluid-rock interaction during over- 

a ion. lapping episodes of fracturing, fluid influx, and alter t' 
Strain softening mechanisms included reaction softening 
from alteration of feldspar to mica, hydrolytic weakening 
of quartz, and grain size reduction. 
0.8 7.9 Epidote-filled fractures cross cut gneiss 

along the roadcut. Minor west-dipping 
shear zones deform gneiss in cliffs to 
north. 

1.8 9.7 Enter Morgan Valley, a half graben partly 
filled with east-tilted Eocene to Holo- 
cene deposits and bounded to the east 
by the Morgan normal fault (Sullivan and 
Nelson, 1992). To the north along the 
base of the Wasatch Range, steeply east- 
dipping Cambrian strata are unconform- 
ably overlain by the moderately east-dip- 
ping Paleocene to Eocene Wasatch For- 
mation. 

1.0 10.7 Overview of Morgan Valley. The ridges 
to the north expose volcanic and volcani- 
clastic deposits of the late Eocene-Oligo- 
cene (39-29 Ma) Norwood Tuff (Bryant, 
1990), which overlie the Wasatch Forma- 
tion. These deposits are up to 3 km thick, 
have eastward dips that decrease upsec- 
tion, and accumulated during normal slip 

Figtire 33. Plzotoinicrogrophs from Weber Canyon shear zone. 
Bottorns of photogmphs represent about 2 inin in length. 
A. Granitic gneiss in wall rock c~wcly froin the shear zone has a 
granoblastic texture, and is composecl mostl!y of little defonned 
c/uartz (Q), Kjieldspar (K), crnrl plagioclase (P). 
B. Ph!/llonite froin the sheclr zone consists of strongly foliated, 
fine-gminerl mica aggregates (M) and lziglzly recr!ystallized and 
ribl~onetl (litart=; (Q). An extreinelly fine-gmined shear band or C 
surf~ce (C) rotates foliation. 

along the Morgan fault. Initial late Eocene 
to Oligocene extension along the fault 
closely followed cessation of thrusting, 
and probably records initial collapse of 
the Wasatch anticlinorium (Constenius, 
1996). Later slip along the Morgan fault 
also occurred during Miocene to Recent 
extension. 

0.9 11.6 View to east of Durst Mountain. The 
Durst thrust, which is the eastward con- 
tinuation of the Ogden roof thrust, 
places Precambrian basement over Cam- 
brian shale and limestone along the 
lower part of the mountain (Mullens and 
Laraway, 1973). The thrust currently dips 
east, largely due to rotation of the east 
limb of the Wasatch anticlinorium. The 
thrust has about 3 to 4 km of top-to-east 
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distance 

80 

Figure 34. Variations in vol% minerals for samples across the Weber Canyon shear zone, mod$ed from Yonkee and Mitra (1994). 
Symbols are: Q-quartz; F-total feldspar; and P-total altered mica. The amount of feldspar decreases and mica increases going from 
wall rock 0, into a transition zone (TR), and across the shear or ductile deformation zone (DDZ). Distance measured from bottom 
of shear zone. 
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slip that was transferred eastward into a 
triangle zone and possible slip along the 
Crawford thrust (Fig. 28A). 

3.3 14.9 View to south of Morgan Valley. To the 
east the Nonvood Tuff is poorly exposed 
in the lower parts of several hills that are 
capped by conglomerates. 

6.0 20.9 Pass Morgan exit. Cross covered trace of 
Morgan normal fault, which lies along the 
break in slope between Paleozoic strata 
to east and alluvial fan deposits to the 
west. To the north, the Morgan fault off- 
sets early Holocene colluvium, but Qua- 
ternary slip on the fault is probably small 0.8 22.6 
(Sullivan and Nelson, 1992). 

0.9 21.8 Enter upper Weber Canyon. The Missis- 
sippian Lodgepole Limestone dips east 0.5 23.1 
along roadcuts. Successively younger 
levels of the Paleozoic and Mesozoic sec- 
tion are encountered proceeding east- 
ward across the east limb of the Wasatch 0.6 23.7 
anticlinorium (Mullens and Laraway, 
1964, 1973), which also contains two sec- 
ond-order flexures related to fault bends 

on the Durst and Crawford thrusts. Strata 
along the east limb exhibit top-to-east 
and top-to-west contractional and bed- 
parallel minor faults, east- and west-verg- 
ing minor folds, and cleavage in clay-rich 
carbonates that produced shortening and 
shear along incompetent intervals. Con- 
trasting shear senses may record local 
top-to-west slip within a triangle zone 
above the Durst thrust, or an early phase 
of top-to-east slip followed by top-to- 
west slip during flexural slip folding on 
the east limb of the anticlinorium. 
Limestone and shale of the Mississip- 
pian Humbug and Doughnut Formations 
dip east along roadcuts. 
Reddish sandstone, siltstone, and silty 
limestone of the Pennsylvanian Morgan 
Formation dip moderately to steeply east 
in slopes to the north. 
Approximate contact with Pennsylvanian 
Weber Formation, which crops out to the 
east and consists mostly of light gray to 
tan, well-indurated sandstone, with some 
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interbedded cherty limestone and dolo- 
stone. 
Hinge zone of second-order syncline ex- 
posed to north. Beddng east of the hinge 
is gently dipping to horizontal, possibly 
reflecting a subsurface change from a 
hanging wall ramp to flat along the Durst 
thrust. 
Drive along hinge zone of a second order 
anticline, which has a gently dipping 
western limb and a steeply dipping east- 
e m  limb. Steep dips to the east mark a 
subsurface change to a hanging wall 
ramp along the Crawford thrust. 
Steeply dipping Weber Formation is over- 
lain by disharm~nicall~ folded strata of 
the Permian Park City Formation. 
Gray siltstone and limestone of the Tri- 
assic Dinwoody Formation and red shale 
of the overlying Triassic Woodside For- 
mation are rotated into dsharmonic minor 
folds to the north and east. 
Hills to the north consist of gray to tan, 
east-dipping limestone and siltstone of 
the Triassic Thaynes Formation. An open 
minor fold and associated back thrust 
with top-to-west slip are developed along 
a ridge south of the highway. 
Red siltstone and sandstone of the Tri- 
assic Ankareh Formation dip east in road 
cuts. 
Contact with orange to tan sandstone of 
the Lower Jurassic Nugget Sandstone. 
Contact with red mudstone and evapor- 
i t e ~  of the Gypsum Spring Member of 
the Middle Jurassic Twin Creek Lime- 
stone. This basal member is overlain by 
a thick sequence of limestone and minor 
mudstone deposited during subsidence 
of a back-bulge basin related to onset of 
crustal loading to the west (DeCelles 
and Currie, 1996). 
Resistant, steeply dipping layers in the 
middle part of the Twin Creek Limestone 
form Devils Slide to the south. Gently 
dipping tectonic stylolites subperpen- 
dicular to bedding formed during early 
layer-parallel shortening and were rotated 
along with bedding during large-scale 
folding. 
Veer right onto Croyden exit ramp (exit 
ill), and proceed around ramp. A bed- 
parallel fault, exposed in the road cut to 

the southwest, juxtaposes contorted, sub- 
vertical limestone and red mudstone of 
the Watton Canyon and Boundary Ridge 
Members on the east against silty lime- 
stone of the uppermost Giraffe Creek 
Member of the Twin Creek Limestone 
on the west. This fault had a complex 
history, and may have initiated as a gently 
dipping thrust with top-to-east slip, which 
was then rotated to subvertical during 
large-scale folding. This fault has the 
same stratigraphic throw and structural 
setting as the Lost Creek thrust exposed 
to the north. Gently east-dipping beds of 
the Santonian to Campanian Weber Can- 
yon Conglomerate unconformably over- 
lie the Twin Creek Limestone to the east. 
Proceed under overpass, cross Weber 
River, and continue north on Lost Creek 
Highway. 

0.8 29.9 The Twin Creek Limestone is well ex- 
posed in the cement quany to the west. 
Minor faults with top-to-east and top-to- 
west slip, disharmonic minor folds, and 
weakly developed spaced cleavage at 
high angles to bedding produced limited 
early layer-parallel shortening. 

0.8 30.7 Veer left (north) onto paved side road 
where main Lost Creek highway curves 
to right. The Hams Fork Member of the 
Evanston Formation dips gently north- 
east here. The Hams Fork Member is 
largely a Campanian-Maastrichtim chron- 
ostratigraphic unit in northern Utah, and 
consists of a laterally varied assemblage 
of conglomerate, sandstone, and carbon- 
aceous mudstone deposited on a broad 
fluvial megafan. 

0.5 31.2 Cross synclinal axial trace in the Evan- 
ston Formation. This syncline may reflect 
a subsurface transition in the Crawford 
thrust sheet from having a basement- 
cored anticline to the south, to having a 
flat in Cambrian shale to the north (com- 
pare Figs. 28A and 28B). 

1.2 32.4 Junction with Lost Creek Highway. Turn 
left onto main highway and proceed north. 

4.1 36.5 Sandstone and conglomeratic sandstone 
beds of the Evanston Formation are well 
exposed along the canyon to the west. 
These beds were previously mapped as 
Wasatch Formation in adjacent quadran- 
gles (Mullens and Laraway, 1964), but 
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new palynological dating and stratigra- 
phic mapping indicate that the base of 
the overlying Wasatch Formation lies sub- 
stantially higher. 

3.4 39.9 Folded and faulted beds of the Leeds 
Creek Member of the Twin Creek Lime- 
stone display pencil fracturing in road cut, 
and are overlain with angular unconfor- 
mity by gently dipping beds of the Evan- 
ston Formation. 

0.2 40.1 Junction with Hell Canyon road. Turn 
left (west) onto dirt road, cross gate, and 
proceed west up Hell Canyon. This road 
lies on private land. 

0.2 40.3 Cross trace of a fault, informally called the 
Lost Creek thrust, which places highly 
fractured limestone of the Watton Canyon 
Member on the west over silty lime- 
stone of the Giraffe Creek Member on 
the east. This fault bounds a series of 
tight folds in the Twin Creek Limestone 
that probably formed during Willard foot- 
wall shortening. This thrust is intermit- 
tently exposed northward along the Lost 
Creek drainage where it is folded about 
the frontal anticline of the Crawford 
thrust. 

0.2 40.5 Stop 3-2. Internal deformation of the 
Twin Creek Limestone at Hell Canyon 
(Fig. 27). Park on side of dirt road and 
return back to Lost Creek Highway when 
done. 

The earliest thrust-related deformation in this area is 
an episode of layer-parallel shortening beneath the Willard 
thrust that spaced cleavage, folds, and minor 
thrusts in the Twin Creek Limestone. Here, the Watton 
Canyon Member exhibits a complex anticline-syncline 
pair that probably formed by decollement folding above 
the Lost Creek thrust. The anticlinal core is internally 
faulted and thickened by tight, disharmonic minor folds. 
The west limb of the anticline displays numerous top-to- 
east contractional faults, and the east limb and adjacent 
syncline are cut by top-to-east minor thrusts. Limestone 
beds here also exhibit centimeter-scale spaced cleavage, 
with more intense cleavage in more clay-rich layers The 
cleavage formed at high angles to bedding during early 
layer-parallel shortening, and was rotated with bedding 
during minor folding, forming fans around the folds. 
Cleavage is also locally refracted, recording shear associ- 
ated with minor faults and flexural-slip folding. 

The folds and cleavage observed here are the south- 
ward continuation of a regionally extensive belt of defor- 
mation in the footwalls of the Willard thrust in Utah and 

Meade thrust in southeastern Idaho (Mitra and Yonkee, 
1985; Coogan, 1992). Both of these major thrusts have 
footwall flats in Jurassic strata, and some slip from the 
thrusts was transferred eastward into footwall deforma- 
tion. Folds in this belt are generally bounded below by 
imbricates, such as the Lost Creek thrust, or detachments 
in evaporites of the Gypsum Spring Member, and above 
by a regional decollement in salt-bearing strata of the 
Preuss Formation (Coogan and Yonkee, 1985). The Lost 
Creek thrust probably branches eastward from the Willard 
thrust and transfers displacement from deeper levels into 
shortening at the Twin Creek level, and ultimately merges 
upward with the Preuss decollement which transfers slip 
further eastward toward the foreland. A similar displace- 
ment transfer system has been documented between the 
Meade thrust and the Preuss decollement in Idaho 
(Coogan, 1992; DeCelles et al, 1993). The contribution of 
such early shortening in the detachment-bounded Twin 
Creek Limestone and displacement transfer along the 
Preuss decollement is important for balancing shortening 
within parts of the Crawford, Medicine Butte, and 
Absaroka thrust systems (Fig. 28). 
0.4 40.9 Junction with Lost Creek Highway. Turn 

right and proceed south. 
1.9 42.8 Junction with Toone Canyon road. Turn 

left onto dirt road, cross wooden bridge 
over Lost Creek, and proceed east toward 
Toone Canyon. This road lies on private 
land. 

0.2 43.0 Silty limestone of the Giraffe Creek Mem- 
ber dips steeply east on the west limb of 
a tight syncline in the hanging wall of 
the Lost Creek thrust. 

0.3 43.3 The Lost Creek thrust, poorly exposed 
in the hillside north of the road, places 
light gray limestone of the Leeds Creek 
Member over red weathering, salt-bear- 
ing strata of the Preuss Formation. 

0.5 43.5 Gate. Cross gently west-dpping silty lime- 
stone of the Giraffe Creek Member on 
the west limb of Toone Canyon anticline. 
To the east, micritic limestone of the 
underlying Leeds Creek Member displays 
close-spaced cleavage at high angles to 
bedding. 

0.6 44.1 Cross hinge zone of Toone Canyon anti- 
cline, which probably initiated as a fault- 
propagation fold that was later translated 
along the Crawford thrust. The anticline 
has a kink-like hinge at deeper levels to 
the north, and a box-like geometry here 
with a gentle backlimb, a broad crest, 
and an overturned forelimb. 
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0.5 44.6 Steeply dipping to overturned Jurassic 
Preuss Formation along east limb of Toone 
Canyon anticline. The gently dipping 
Evanston Formation unconformably over- 
lies steep Jurassic strata along the north 
side of canyon. 

0.5 45.1 Subvertical to overturned conglomerate 
and sandstone beds of Lower Cretaceous 
Kelvin Formation are exposed as ribs to 
the north and east. Laterally discontinu- 
ous, pebble to cobble conglomerate beds 
are dominated by quartzite, chert, and 
carbonate clasts derived from erosion of 
Mesozoic to middle Paleozoic strata dur- 
ing emplacement and uplift of the Willard 
thrust sheet. 

0.4 45.5 Stop 3-3. Stratigraphic bracketing of re- 
current Crawford thrust slip episodes in 
Toone Canyon (Fig. 27). 

Cross cutting relationships, distribution, and provenance 
of synorogenic conglomerates record recurrent episodes 
of reverse slip along the Crawford thrust, with a final 
episode of normal inversion. Initial, Coniacian-Santonian 
slip on the Crawford thrust is recorded by provenance of 
the Echo Canyon Conglomerate (DeCelles, 1994). Con- 
tinued Santonian-Campanian slip is recorded by prove- 
nance and progressive unconformities in the Weber Can- 
yon Conglomerate observed here where the Crawford 
thrust places Kelvin Formation in the hanging wall over 
deformed conglomerate in the footwall (Fig. 35). Conglom- 
erate beds are vertical adjacent to the thrust and offset by 
minor reverse faults, but bedding flattens eastward and 
up-section to gentle dips across the hinge of an asymmet- 
ric growth syncline. Average modal clast composition of 
the conglomerate is about 80% quartzite and well-cemented 
quartz arenite, 10% friable sandstone and siltstone, and 
10% carbonate and chert. Identifiable clasts include Cam- 
brian quartzite and Pennsylvanian quartz arenite derived 
from the east limb of the Wasatch anticlinorium, Jurassic 
sandstone and siltstone derived from the nearby Toone 
Canyon anticline, and minor Proterozoic quartzite derived 
from passive uplift and erosion of the Willard sheet to the 
northwest. The exposures seen here correspond to the top 
of an 1,860 m (6,100 ft) thick section of conglomeratic 
strata drilled within the Crawford footwall by the Amoco 
1-1A well to the north (Fig. 28A), indicating that the 
Crawford sheet overode its own detritus. Minor reactiva- 
tion of the Crawford thrust during the early Eocene is 
documented to the north in Idaho and Wyoming (Hurst 
and Steidtmann, 1986). The final phase of deformation 
along the Crawford front is a small increment of normal 
slip that downdropped the erosional base of the Evanston 
Formation about 60 m (200 ft) in the Crawford hanging 

wall here. Further north the late Eocene-Oligocene Fowkes 
Formation displays extensional growth geometries along 
the Crawford thrust front (Constenius, 1996), indicating 
that initial extensional collapse closely followed the end of 
thrusting. 

The general timing of the Crawford thrust reinforces 
the regional pattern of a foreland-younging sequence for 
the initiation of major thrust faults, ie the Crawford initi- 
ated after the Willard thrust and before major slip on the 
Absaroka thrust. However, minor phases of Crawford slip 
temporally overlapped with emplacement of the Hogsback 
thrust to the east, as the thrusts were mechanically linked 
above a common basal decollement. Once established, more 
internal thrusts accommodated modest amounts of short- 
ening in the wedge, possibly during intervals of stalled 
thrusting along the front of the wedge. Such pulses of 
thrust reactivation may be symptomatic of periods of sub- 
critical taper of the wedge, with internal shortening re- 
quired before critical taper can be reestablished for slid- 
ing along the wedge front (DeCelles and Mitra, 1995). 
2.7 48.2 Return on dirt road back to Lost Creek 

Highway. Turn left and head south, re- 
tracing route back to 1-84, 

7.5 55.7 Turn right onto side road and continue 
south. 

1.6 57.3 Pause to note the structural positions of 
the Weber Canyon, Evanston, and Wa- 
satch synorogenic deposits. In the moun- 
tain directly south of us, resistant beds 
of the Santonian-Campanian Weber Can- 
yon Conglomerate display progressive 
unconformities that record uplift of the 
Wasatch anticlinorium, synchronous with 
slip on the Crawford thrust. The top of 
the Weber Canyon Conglomerate lies 
about 360 m (1200 ft) higher than the base 
of the Campanian-Maastrichtian Hams 
Fork Member exposed directly to the 
west, partly reflecting deposition on paleo- 
topographic relief. The Hams Fork Mem- 
ber is over 600 m (2000 ft) thick here, 
and forms an outcrop band that contin- 
ues along the east flank of the anticlino- 
rium, recording renewed uplift and 
wedge-top deposition synchronous with 
slip on the Absaroka thrust to the east. 
The Paleocene-early Eocene Wasatch 
Formation is exposed on the east side of 
the valley, east of the East Canyon fault 
zone. This formation lies with angular un- 
conformity over the Hams Fork Member, 
recording another period of uplift and 
wedge-top deposition synchronous with 
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Figure 35. Photomosaic of the Crawforrl thrust and associatecl s!ynorogenic deposits along Toone Canyon (view to north). The thrust 
places poorly exposed Kelvin Formation (Kk) on the west against resistant Weber Canyon Conglomerate (Kwc) on the east, which is 
deformed into a growth syncline. The overlying Hams Fork Member (Kelt) is exposed along the upper ridge. 

slip on the Hogsback thrust further east. 
The current low elevation of the Wasatch 
Formation is the result of late Eocene- 
Oligocene normal inversion on the East 
Canyon fault zone. 

0.1 57.4 Veer right back onto main Lost Creek 
Highway and head south. 

1.2 58.6 Junction 1-84. Take entrance onto east- 
bound 1-84. 

0.6 59.2 Roadcuts in Weber Canyon Conglom- 
erate. 

0.6 59.8 Stop 3-4. Stratigraphic and structural 
relations of the Weber Canyon Conglom- 
erate (Fig. 27). Take exit 112 off 1-84, 
pull over for discussion, then proceed 
east on 1-84. 

The cobble- to boulder-conglomerate exposed for a 
distance of 1.5 krn in the road cut along 1-84 is referred to 
as the Weber Canyon Conglomerate (DeCelles, 1994). 
This conglomerate may be slightly younger or partly cor- 
relative with the main body of the Echo Canyon Conglom- 
erate based on limited palynological dates (Coogan, unpub- 
lished data), and is overlain 11y the Evanston Formation. 
The conglomerate consists of coarse stream-flow and 
debris-flow facies deposited on the upper parts of laterally 
intertonguing ancient alluvial fans, visible along the moun- 
tain flank to the southwest. The conglomerate is very poor- 
ly sorted and packaged in 5- to 25-m-thick units separated 
by thin siltstone units. Average modal clast composition is 
53% sandstone and quartzite, 32% limestone, 9% siltstone, 
and 6% chert, and identifiable clasts include fragments 
derived from Mesozoic to Paleozoic strata along the east 

limb of the Wasatch anticlinorium. Basement clasts and 
Proterozoic clasts from the Willard sheet are absent, im- 
plying that basement had not been breached by this time 
and that an ancient drainage divide separated this area 
from the Willard sheet. 

Beds in the lower part of the conglomerate dip east and 
lie with angular unconformity over subvertical Jurassic 
strata near the western edge of the road cut, and beds in 
the lower part of the conglomerate dip steeply west at the 
eastern edge of the outcrop, defining an asymmetric syn- 
cline (Fig. 36). Beds in the upper part of the conglomerate 
are subhorizontal and progressive unconformities are pre- 
sent within each limb of the syncline. This growth syn- 
cline can be traced southwest to near Salt Lake City. East 
of the syncline, poorly exposed Jurassic and Cretaceous 
strata form a tip anticline above the Crawford thrust (Fig. 
28B), called the Henefer anticline by Schirmer (1985). The 
anticline is cored here by complexly deformed salt-bear- 
ing strata of the Preuss Formation, and may continue to 
the southwest to near Salt Lake City (Crittenden, 1965b). 
The east-dipping East Canyon fault zone bounds the west 
flank of the anticline and east flank of the syncline. This 
fault zone had a protracted history including: (1) an older 
phase of top-to-west backthrusting that placed Preuss 
Formation over the Weber Canyon Conglomerate and 
overlapped with conglomerate deposition; and (2) a late 
Eocene-Oligocene phase of east-side-down normal fault- 
ing that reactivated backthrusts. 
1.7 61.5 Red mudstone and sandstone of the Wa- 

satch Formation exposed north of high- 
way have been downdropped on the east 
side of the East Canyon fault zone. 
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Figure 36. Photonwsaic of Weher Cunyon Conglomerate (Kwc) near Henefer, Utah (view to north). The conglomerate displays intrafonna- 
tional unconformities, with dips of bedding decreasing upward within a growth syncline. The lower, eastern part of the conglomerate is 
deformed by east-dipping backthrusts near a fault contact with the Preuss Fonnntion (Jp), and the western part of the conglomerate 
unconfonnal~ly overlies the Twin Creek Lirnestone (Jt). 

1.1 62.6 Pass Henefer exit. The valley to the south- 
west is underlain by the Kelvin and 
Preuss Formations (Mullens and Lara- 
way, 1964). Proceeding east-southeast, 
progressively younger Cretaceous strata 
are exposed along the northwest limb of 
the Stevenson Canyon syncline. 

1.4 64.0 The Henefer Formation dips east in road 
cut. This formation consists of four to 
five upward-coarsening progradational 
sequences, which were deposited in 
marine and fluvial environments on the 
distal parts of a fan-delta. Clasts in coarser 
conglomeratic layers were derived from 
erosion of upper Paleozoic to Mesozoic 
strata, with sources areas from the Willard 
sheet and from initial uplift of the Wa- 
satch anticlinorium and Crawford sheet. 
The Henefer Formation grades upward 
into the Echo Canyon Conglomerate. 

0.7 64.7 Approximate contact with the Echo Can- 
yon Conglomerate. Bedding dips decrease 
to the east in the trough of the Steven- 
son Canyon syncline. 

1.8 66.5 Conglomerate layers in the cliffs dip gen- 
tly west on the southeast limb of the 
Stevenson Canyon syncline (and north- 
west limb of the Coalville anticline). 

0.6 67.1 Junction with 1-80. Veer left and head 
east onto 1-80 toward Evanston, WY. 

0.5 67.6 Veer right off 1-80 onto exit 169 (Echo 
Canyon exit). Take left at stop sign and 
proceed north under interstate and rail- 
road overpasses. 

0.2 67.8 Turn right and head northeast on old 
highway. Cliffs to the northeast provide 
excellent exposures of the upper part of 
the Echo Canyon Conglomerate. The 
average modal clast composition in the 
upper facies is 82% quartzite and quartz 
arenite, 7% limestone, 5% siltstone, and 
6% chert. The dominant clast type is tan 
to light gray quartz arenite derived from 
the Pennsylvanian Weber Formation on 
the east limb of the anticlinorium. Paleo- 
currents are directed mostly to the east 
and southeast. 

2.7 70.5 Approximate contact with the lower part 
of the Echo Canyon Conglomerate. 

2.0 72.5 Stop 3-5. Echo Canyon Conglomerate 
(Figs. 27 and 37). After stop retrace route 
southwest back to junction with 1-80. 

The lower part of the Echo Canyon Conglomerate is 
exposed along the lower part of the hillslope to the north- 
west, and consists of stream-flow conglomerate and minor 
sandstone. Conglomerates here are not as coarse as units 
to the west and were probably deposited on the outer 
reaches of alluvial fans. Clasts in the lower facies have an 
average modal composition of 50% sandstone and quartz 
arenite, 20% limestone, 12% siltstone, 6% chert, and 12% 
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Figtire 37. View to northeast o f  angular tinconfonnit!j between 
underlying tilted Echo Can!/on Conglo~nerate (Ke) and or;c.rl!/ing 
Hains Fork Member (Keh) nortl~east of Echo Jltnction. 

distinctive red to green quartzite and graywacke derived 
from Proterozoic rocks of the Willard sheet. Paleocurrents 
indicate flow to the east and southeast. The main 1)ocIy of 
the Echo Canyon Conglomerate is Coniacian-Santonian 
(about 85 to 90 Ma; Jacobson and Nichols, 1982), and 
records early movement on the Crawford thrust and uplift 
of the Wasatch anticlinorium. 

Beds in the Echo Canyon Conglomerate dip gently 
northwest, and are overlain with angular unconformity by 
the very gently dipping Campanian-Maestrichtian Hams 
Fork Meml~er of the Evanston Formation (Fig. 37). The 
Hams Fork Member contains distinctive clasts of Protero- 
zoic quartzite derived from the Willarcl thrust sheet and 
basement clasts that record renewed uplift and erosion of 
the Wasatch anticlinorium. Wedge-top deposition of the 
conglomerate east of the anticlinorium was probably syn- 
chronous with main movement of the Al~saroka thrust 
(Royse et al., 1975; DeCelles, 1994). 

Provenance and structural relations of the different 
conglomerate facies observed on our transect record the 
progressive development and denudation of the orogenic 
wedge. Four idealized temporal stages are recognized. (1) 
Conglomerate layers in the Kelvin and Frontier Fornia- 
tions record erosion of Mesozoic to upper Paleozoic rocks 
during emplacement of the Willarcl thrust sheet. (2) The 
Echo Canyon Conglomerate records erosion of Mesozoic 
to middle Paleozoic rocks during early slip on thc Craw- 
ford thrust and uplift of the Wasatch anticlinorium, and 
the Weber Canyon Conglomerate, which displays wide- 
spread growth structures, records continued uplift of the 
anticlinorium, slip on the Crawford thn~st,  and backthrust- 
ing on the East Canyon fault zone. (3) The Hams Fork Mem- 
ber records erosion of middle Paleozoic to basement rocks 
during another phase of uplift of tlie anticlinorium, con- 
current with movement on the Absaroka thrust to the east. 

(4) Conglomerate beds of the Wasatch Formation record a 
final phase of erosion and uplift of the anticlinorium, con- 
current with slip on the Hogsl~ack thrust to the east. 
4.9 77.4 Return southwest on old highway, turn 

left and proceed under railroad and inter- 
state overpasses, and continue south along 
old highway. Progressively older Creta- 
ceous strata will he encountered as we 
drive across the northwest limb of the 
Coalville anticline. 

1.7 79.1 Approximate contact with the Henefer 
Formation. 

0.6 79.7 Approximate contact with the Cenornan- 
ian-Turonian Frontier Formation. Strata 
exposed in this area are transitional be- 
tween tlie conglomerate-dominated litho- 
facies to the west (Bryant, 1990), and the 
marine and fluvio-deltaic sandstone and 
mudstone lithofacies to the east (Ryer, 
1976; Schmitt, 1985). Here, the Frontier 
Formation consists of about 1800 ni 
(6000 ft) of interbedded marine, deltaic, 
and fluvial sandstone, mudstone, and 
minor conglomerate deposited along the 
edge of die western interior seaway. 

3.4 83.1 The Oyster Ridge Sandstone Member of 
the Frontier Formation forms the liog- 
lxtck north of Coalville. Conglonierates 
in this member have a provenance from 
upper Paleozoic strata of the Willard 
thrust sheet (Schmitt, 1985). 

0.2 83.3 Junction Chalk Creek Road in Coalville. 
Turn left and proceed east 011 Main Street 
(Chalk Creek Road). 

0.5 83.8 Pass cemetery. Fluvial sandstones antl 
floodplain mudstones in the Frontier 
Formation form alternating ridges and 
swales to the north. 

2.3 86.1 Red mudstone antl sandstone of the \Va- 
satch Formation overlie the Frontier For- 
mation with angular unconformity to the 
north. 

0.4 86.5 The All~ian Aspen Shale lies within the 
covered inteival to the north. 

0.9 87.4 The main part of Aptian-Albian Kelvin 
Formation dips gently northwest along 
the northwest limb of the Coalville anti- 
cline, and includes numerous channel- 
fill deposits of fluvial sandstone. 

1.2 88.6 Cross hinge zone of the Coalville anti- 
cline. 

0.1 88.7 The Kelvin Formation dips steeply east 
on the southeast limb of Coalville anti- 
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cline. Seismic profiles and wells indicate 
that the Coalville anticline is a compos- 
ite structure (Fig. 28). The tight surface 
fold seen here is located above a detach- 
ment in salt-bearing beds of the Preuss 
Formation, and is bounded by several 
imbricate thrusts to the southeast. A sub- 
surface fold cored by Triassic and Paleo- 
zoic rocks lies about 2.5 km (1.5 mi) to 
the northwest. Both levels display over- 
turned southeast limbs and the composite 
anticline may have initiated as a fault- 
propagation fold. 
Cross imbricate thrusts that cut the 
attenuated southeast limb of Coalville 
anticline. Depositional thinning of the 
Hams Fork Member onto the hinge of 
the anticline may record main-phase 
folding concurrent with Absaroka thrust- 
ing. However, repeated episodes of short- 
ening are recorded by imbricates that 
cut the Hams Fork Member on the south- 
east limb, and that locally cut the Wasatch 
Formation, which overlies the Hams Fork 
Member with angular unconformity. Late, 
shallow imbrication above crests of deep- 
er anticlines is a hallmark of alternating 
break-fonvard and break-back thrust epi- 
sodes (Boyer, 1992). 
Pass junction with South Fork road, and 
continue east on Chalk Creek road. 
Approximate contact with east-dipping 
Henefer Formation. 
Cross locally faulted hinge zone of Clark 
Canyon syncline. 
Pass Clark Canyon road. The Henefer 
Formation dips west on the east limb of 
the Clark Canyon syncline. 
Pass town of Upton. 
Sandstone beds in the Frontier Forma- 
tion are overlain by gently dipping Evan- 
ston Formation. 
Ledges of gently east-dipping conglom- 
erate of the basal Wasatch Formation 
overlie the Evanston Formation south of 
Chalk Creek. 
Cross Chalk Creek, and enter Pineview 
oil and gas field. Discovery of the Pine- 
view field in 1975 launched an explo- 
ration wave that resulted in discovery of 
23 other fields in the southern Absaroka 
thrust sheet during the next seven years. 
Principal production is from two distinct 

trends of hangingwall anticlines: the east- 
em trend, represented by the Pineview 
and Anschutz Ranch East fields, produces 
principally from the Jurassic Nugget 
Sandstone; and the western trend, rep- 
resented by the Cave Creek field, pro- 
duces from Paleozoic strata. 

2.0 100.2 Cross trace of a normal fault that bounds 
a half graben containing east-tilted Wa- 
satch Formation, Fowkes Formation, and 
Nonvood Tuff. The late Eocene Fowkes 
Formation was deposited soon after ces- 
sation of thrusting and records extension 
during a period of widespread gravita- 
tional collapse along preexisting thrust 
faults (Constenius, 1996). The normal 
fault is listric and soles into the Medi- 
cine Butte thrust at depth (Fig. 28B), 
such that extension was accommodated 
along a shallowly dipping fault segment 
that formed at shallow depths. 

0.9 101.1 Cross approximate trace of main Medi- 
cine Butte thrust. 

0.1 101.2 Stop 3-6. Medicine Butte thrust system 
and Hams Fork Member (Fig. 27). 

The Medicine Butte thrust system, like the East Canyon 
fault zone and shallow structure of Coalville anticline, soles 
into a regional decollement in salt-bearing strata of the 
Preuss Formation. The Preuss decollement accommodated 
slip through multiple phases of thrusting in the region, 
including an early phase associated with detachment fold- 
ing, and later phases that are well bracketed by synoro- 
genic sedimentation in this area. South of the road shal- 
lowly dipping strata of the Hams Fork Member uncon- 
formably overlie steeply dipping Early Cretaceous strata, 
recording an early, phase of folding and fault slip. Here, 
however, the main Medicine Butte thrust cuts the Hams 
Fork Member, which is also thinned and partly rotated 
above buried imbricates of the thrust system, recording a 
Campanian-Maastrichtian phase of slip. One of the imbri- 
cates also cuts the Wasatch Formation, which locally dis- 
plays progressive unconformities and has conglomerates 
that contain distinctive clasts recycled from the Hams Fork 
Member, recording a phase of late Paleocene slip. This 
complex displacement history provides another example 
of break-back thrust slip that may reflect shortening and 
uplift in the interior of the wedge during periods of sub- 
critical taper (DeCelles and Mitra, 1995). Some imbricates 
were reactivated as normal faults during initial late Eocene 
collapse and development of the half graben to the west. 

The multiple episodes of displacement along the Preuss 
decollement present challenges to balancing shallow-level 
shortening with increments of slip on deeper thrusts. The 
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subsurface geometry of the Absaroka thrust immediately 
provides a particularly vexing problem (Fig. 28). Deep wells 
delineate an imbricated zone of Preuss and Cretaceous 
strata in the hanging wall of the Absaroka thrust, with 
about 6 km (3.5 mi) of Preuss bed length involved in this 
shortening. However, no corresponding footwall flat in the 
Absaroka thrust is observed that would balance this bed 
length, and thus shortening of Preuss strata here may be 
unrelated to Absaroka slip. Rather, this shortening may 
record an early phase of detachment folding and imbrica- 
tion above a developing Preuss decollernent that trans- 
ferred slip eastward from deeper levels of the Crawford 
and Willard thrusts. During later deformation, the Absaroka 
thrust propagated and merged upward to join this preex- 
isting decollement system. 
17.9 119.1 Return back along Chalk Creek Road to 

Coalville. Turn left and head south on 
business route through Coalville. 

0.5 119.6 Junction 1-80. Take entrance onto 1-80 
west. 

1.3 120.9 Hills to east expose gently dipping beds 
of the Wasatch Formation. 

3.5 124.4 Railroad overpass. Hills to southwest are 
underlain by the Oligocene (38 to 33 Ma) 
Keetley Volcanics (Bryant, 1990), which 
are temporally correlative with the Nor- 
wood Tuff. 

2.4 126.8 Bear right onto exit 156 toward Wanship, 
Utah. 

0.3 127.1 Junction with U.S. 89. Turn left at stop 
sign, proceed south on U.S. 89 through 
Wanship, and cross under 1-80 overpass. 

0.7 127.8 Northwest-dipping beds of the Kelvin 
and Preuss Formations are poorly exposed 
in hillslope to west. 

0.4 128.2 Cross approximate trace of Cheny Can- 
yon thrust which places the Preuss For- 
mation on northwest against the Hams 
Fork Member on southeast (Bradley, 
1988). 

0.9 129.1 Rockport Reservoir to east. Northwest- 
dipping beds of Frontier and Kelvin For- 
mations are visible on east side of reser- 
voir. 

0.7 129.8 Cross approximate trace of Dry Canyon 
fault which repeats part of the Kelvin For- 
mation and is onlapped by the Hams Fork 
Member (Bradley, 1988). 

1.1 140.5 Stop 3-7. Relations between frontal 
thrusts and Uinta uplift (Fig. 38A). Pull 
into turnout on east side of road for dis- 
cussion and then return north along U.S. 
89. 

A series of northwest-dipping faults imbricate Mesozoic 
strata within the Rockport Reservoir area (Crittenden, 
1974; Bradley, 1988; Bryant, 1990). The Crandall Canyon 
thrust, visible to the southeast, places red beds of the 
Preuss Formation over sandstone and black shale of the 
Frontier Formation. Slickenlines indicate east- to south- 
east-directed slip, which may have exceeded 15 km based 
on stratigraphic relations across the thrust (Bradley, 1988). 
Jurassic strata in the sheet are onlapped by the Hams 
Fork Member, but the member is also locally cut by the 
thrust, recording at least two episodes of movement that 
may correlate with slip on the Medicine Butte or Absaroka 
thrusts. The Cherry Canyon thrust lies approximately 5 
km to the north and places Preuss Formation over the 
Hams Fork Member, which displays progressive uncon- 
formities, recording movement partly concurrently with 
the Medicine Butte thrust system. This thrust also has an 
imbricate that offsets the Wasatch Formation and contin- 
ues northeastward into the Coalville anticline. Additional 
imbricate faults repeat Jurassic and Cretaceous strata. The 
Crandall Canyon, Cherry Canyon, and imbricate thrusts 
share a decollement in the Preuss Formation and may link 
entirely with the Medicine Butte thrust system to the 
northeast, or alternatively partly with the Absaroka thrust 
system (Bradley, 1988). These thrusts probably ramp down 
section to the southwest and link with the Mount Raymond 
thrust and a decollement in Permian and Pennsylvanian 
strata (Fig. 38A; stop 3-8). 

The Uinta arch, a major east-trending foreland uplift 
visible to the southeast, had a protracted uplift history 
beginning in latest Cretaceous and culminating in the 
Eocene (Hansen, 1965; Bradley, 1988). The arch is bound- 
ed on the north by the North Flank thrust and may con- 
tinue west into the Cottonwood arch within the Wasatch 
Range. These arches divide the frontal part of the Sevier 
orogenic belt into two parts, the Idaho-northern Utah- 
Wyoming thrust belt on the north and the central Utah 
thrust belt on the south. Thrusts north of the arch vary 
systematically in strike and define a salient convex to the 
east. The salient probably formed by some combination of 
rotation of thrusts along the north flank of the Uinta arch, 
variations in thrust transport directions, and decreasing 
slip along thrusts going south. Slip on the frontal Hogs- 
back thrust overlapped with major uplift of the Uinta arch, 
and the thrust appears to ramp laterally down to the south 
and connect with the North Flank thrust (Bradley and 
Bruhn, 1988). The Uinta arch is part of wider belt of base- 
ment-cored foreland uplifts that accommodated crustal 
shortening east of the thrust belt, and although structural 
styles are different between the foreland uplifts and thrust 
belt, later stages of thrusting temporally overlapped and 
locally interacted with foreland uplifts. 
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Figure 38. A. Generalized geologic map of area around Rockport 
Reservoir and Parleys Canyon showing locations of stops 3-7 and 
3-8. Main tectonic features are: Mount Raymond thrust (MR), 
Crandall Canyon thrust (CR), Cherry Canyon thrust (CH), and 
North Flank thrust (NF). Axial traces of major folds are labeled: 
BC-Big Cottonwood anticline, EC-Emigration Canyon syncline, 
PC-Parleys Canyon syncline, and SC-Spring Creek anticline. 
Units are: PCx-Precambrian basement; Pr-Proterozoic sedimen- 
ta y rocks, C-Cambrian strata, OM-Ordovician to Mississippian 
strata, P-Pennsylvanian to Permian strata, Tr-Triassic strata and 
Nugget Sandstone, J-Jurassic Twin Creek Limestone and Preuss 
Formation (stippled), Kl-Cretaceous Kelvin and Frontier Forma- 
tions, Km-Cretaceous middle synorogenic deposits, Ku-Hams 
Fork Member, Tl-Tertiary Wasatch Formation, QT-Cenozoic post- 
thrusting deposits. Mod$ed from Bradley (1988) and Bryant 
(1990). B. Generalized down-plunge projection of structures in 
Parleys Canyon area. A series of disharmonic F1 folds is deuel- 
oped in Triassic and Jurassic strata above a lower detachment in 
Permo-Pennsylvanian strata. Cleavage in the Jurassic Twin Creek 
Limestone (wavy lines) fans about F1 folds. The Mount Raymond 
thrust (MR) repeats Paleozoic strata and ramps up eastward to 
join the lower detachment. Modijied from Bradley and Bruhn 
(1 988), including data from Crittenden (1 965a, 1965b) and 
Yonkee (unpublished mapping). 

3.5 144.0 Return north on U.S. 89, pass under 1-80, 
and take left onto 1-80 west entrance. 
Head west on 1-80 toward Salt Lake City, 
Utah. 

1.9 145.9 Beds of Kelvin Formation dip moderately 
northwest. 

2.0 147.9 Red beds of Preuss Formation dip north- 
west in road cut. 

0.4 148.3 Cross approximate trace of fault that 
places Preuss Formation over the Hams 
Fork Member, and may correlate with the 
Cheny Canyon thrust. 

0.4 148.7 Lahar deposits of Keetley Volcanics are 
exposed in road cuts along canyon. 

3.5 152.2 Pass junction with U.S. Highway 40 and 
continue west on 1-80. 
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Pass junction with Utah Highway 224 
and continue west on 1-80. The trace of 
the Mount Raymond thrust lies south- 
west of the highway (Crittenden et al, 
1966). The thrust places a hanging wall 
anticline of Permian to Jurassic strata 
over the Twin Creek Limestone. 
Pass Jeremy Ranch exit. Heading west 
the highway cuts obliquely across the 
north-dipping limb of the Parleys Canyon 
syncline and a series of smaller-scale, 
north- to northeast-plunging folds (Crit- 
tenden, 1965a, 1965b; Fig. 38A). 
Pass exit to Summit Park. Beds of the 
Twin Creek Limestone dip north. 
Red beds of Preuss Formation dip north- 
west in road cuts. 
Pass Lambs Canyon exit. Hillside to the 
north is composed of the Cretaceous 
Kelvin Formation, which consists of 
=lo00 m of interbedded conglomerate, 
sandstone, and mudstone deposited in 
fluvial and lacustrine environments. Con- 
glomerate clasts were probably derived 
from uplift and erosion of the Willard 
thrust sheet to the northwest. North- 
dipping beds of the Frontier Formation 
crop out farther north toward the hinge 
of the Parleys Canyon syncline. Here the 
Frontier Formation is over 3000 m thick 
and includes thick conglomerate intervals 
deposited during renewed uplift and 
erosion of the Willard sheet. 
View to west of the Spring Canyon anti- 
cline (Crittenden, 1965b), which is cored 
by faulted Triassic rocks and may con- 
nect to the northeast with the Henefer 
anticline. Conglomerate beds exposed to 
the north along East Canyon lie with 
angular unconformity over the Frontier 
Formation, and display progressive un- 
conformities that may separate parts of 
the Echo Canyon, Weber Canyon, and 
Hams Fork conglomerates (Mullens, 
1971). 
Pass ranch exit. Micritic beds of the 
Twin Creek Limestone are cut by multi- 
ple minor faults in road cut. 
Complex, disharmonic folds are devel- 
oped in limestone beds to north. Spaced 
cleavage is strongly fanned about the 
folds. 
Stop 3-8. Internal deformation of the 
Twin Creek Formation along Parleys Can- 

Figure 39. Well-developed spaced cleavage in micritic limestone 
of the Twin Creek Formation along Parleys Canyon is defined by 
spaced seams of residue that are enriched in clays. Rock hammer 
for scale. 

yon (Fig. 38A). Pull over along entrance 
ramp on north side of highway for dis- 
cussion, then continue southwest on I- 
80. Be careful of falling rocks. 

Argillaceous to silty, micritic beds of the Twin Creek 
Limestone exposed along Parleys Canyon display spaced 
cleavage, minor folds, vein arrays, and minor faults that 
formed during a complex deformation history (Fig. 39). 
Two spaced cleavages are present: (1) a more strongly 
developed cleavage (termed S1) that is generally steeply 
dipping and strikes north to north-northeast; and (2) a 
weakly developed cleavage (termed S2) that is generally 
gently dipping and strikes east to northeast. S2 cleavage 
seams dissolve some veins that cross cut S1 seams, indi- 
cating that S1 formed first. S1 is parallel to hinge lines of 
smaller-scale, north- to northeast-plunging folds (termed 
F1 folds) that formed above detachments in Permo-Penn- 
sylvanian strata, but cleavage is fanned around these folds 
(Fig. 38B). These relations record an early phase of east- 
southeast directed layer-parallel shortening that produced 
S1, closely followed by F1 detachment folding. S2 is par- 
allel to the hinge lines of larger-scale, gently east-north- 
east plunging folds (termed F2 folds), including the Parleys 
Canyon syncline, Spring Canyon anticline, and Emigration 
Canyon syncline. S2 is strongly fanned about F2 folds, 
remaining subperpendicular to bedding in the hinge and 
limb regions. These relations record a second phase of 
southeast directed internal shortening that produced S2, 
closely followed by development of large-scale F2 folds. 

Kinematic relations of F1 and F2 folds to regional 
thrusts are problematical. F1 folds may record an early 



YONKEE, DECELLES, COOGAN: SEVIER OROGENIC WEDGE, N. UTAH-PART 5 375 

phase of shortening that was stratigraphically confined be- 
tween a lower detachment in Permo-Pennsylvanian strata 
and an upper decollement in the salt-bearing Preuss For- 
mation. The lower detachment merges with the Mount 
Raymond thrust to the east, and the combined thrust- 
detachment system ramps up to the Preuss decollement 
further east. These relations indicate that slip on the 
lower detachment was partly transferred into fold-cleav- 
age shortening at the Twin Creek level, and ultimately 
into an early phase of slip along the Preuss decollement to 
the east . F2 folds (Parleys Canyon syncline, Spring Canyon 
anticline, and Emigration syncline) appear to connect 
along trend with the Stevenson Canyon syncline, Henefer 
anticline, and Weber Canyon growth syncline, indicating 
that F2 folds may be related to propagation and slip along 
the Crawford thrust. The Mount Raymond thrust may 
have formed later and merged with the earlier decolle- 

ment system, with slip on this thrust locally modifying 
earlier folds. Later uplift on the north flank of the Cotton- 
wood arch then rotated the Mount Raymond thrust and 
folds to more northerly dips (Bradley, 1988). 
0.6 169.5 Locally faulted contact between Nugget 

Formation and Twin Creek Limestone. 
0.4 169.9 Junction with 1-215. Continue west on 

1-80. 
1.0 170.9 Cross trace of eastern splay of Wasatch 

fault zone along base of mountains. 
2.9 173.8 Cross trace of western splay of Wasatch 

fault zone. View to southeast of central 
part of the Wasatch Range and Cotton- 
wood arch. 

2.2 176.0 Junction with 1-15. End of road log. 
Continue to Salt Lake City International 
Airport. 
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