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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 



Neoproterozoic Sedimentation and Tectonics 
in West-central Utah 

NICHOLAS CHRISTIE-BLICK 
Department of Earth and Environmental Sciences and Lamont-Doherty Earth Observatory 

of Columbia University, Palisades, New York 10964-8000 

ABSTRACT 

The principal themes of the excursion are clastic sedimentology and sequence stratigraphy in glacial- 
marine and fluvial to shallow marine settings; and stratigraphic evidence for crustal extension and passive- 
margin development in the western United States during Proterozoic and early Paleozoic time. The main 
focus of this guide is geology of Neoproterozoic age (1,000543 Ma) in the Sheeprock Mountains and central 
Wasatch Range in west-central Utah. The third day is co-ordinated with a one-day excursion to the Big 
Cottonwood Formation (Ehlers et al., 1997), which may include rocks as old as Mesoproterozoic. 

Highlights of the excursion are: 1) an expanded section of Sturtian-age (-750 Ma), deep-water glacial- 
marine conglomerate and diamictite, including dropstones and at least one striated clast (Sheeprock Group, 
Day 1); 2) glacially eroded valleys as much as 900 m deep, partially filled by the broadly correlative Mineral 
Fork Formation, and in one place with glacial grooves preserved at the contact (Day 3); and 3) incised valleys 
several tens to 160 m deep at three stratigraphic levels in the Brigham Group, these thought to be related to 
Varanger-age (-600 Ma) glacial-eustatic drawdown, and filled by a combination of coarse fluvial conglomer- 
ate, pebbly quartzite and marine siltstone (Days 2 and 3). Stratigraphic evidence for rifting consists of abrupt 
thickening of stratigraphic units towards the presumed locations of basin-bounding faults (Sheeprock 
Group), abrupt thinning across inferred faults (Big Cottonwood Formation), and truncation of tilted strata 
beneath the Tintic Quartzite (Lower Cambrian) in the central Wasatch Range. 

OVERVIEW OF EXCURSION Wasatch Range, about 20 km southeast of the city (Fig. 1). 

Thick successions of Neoproterozoic and early Paleozoic 
age are exposed discontinuously throughout the North 
American Cordillera, from eastern Alaska to Sonora, Mexico 
(Crittenden et al., 1971; Stewart, 1972, 1982; Stewart and 
Poole, 1974; Burchfiel and Davis, 1975; Stewart and 
Suczek, 1977; Young, 1982; Christie-Blick and Levy, 1989a; 
Levy and Christie-Blick, 1991a; Link et al., 1993; Rain- 
bird et al., 1996). The rocks record a protracted history of 
continental extension and passive-margin development, 
and they accumulated in a range of basinal to ramp and 
platformal settings. Sedimentary rocks of glacial and glacial- 
marine origin are present at two levels in the Neopro- 
terozoic (-750 Ma and -600 Ma), and are thought to cor- 
respond with the Sturtian and Varanger events known 
widely from many continents (Aitken, 1991; Hein and 
McMechan, 1994; Link et al., 1994; Ross et al., 1995). 

Elements of this geology will be examined in the 
course of this excursion at two locations in west-central 
Utah: the Sheeprock Mountains, approximately 100 km 
south-southwest of Salt Lake City, and the central 

- . - 

The rocks were disrupted by folding and thrusting in the 
late Cretaceous (Armstrong, 1968; Crittenden, 1976; 
Christie-Blick, 1983a; Morris, 1983; Bruhn et al., 1986; 
Levy and Christie-Blick, 1989; Allmendinger, 1992) and 
by extensional block-faulting during the late Cenozoic 
(Stewart, 1978; Eaton, 1982; Smith and Bruhn, 1984; 
Wernicke, 1992). However, in many places sedimentary 
features are well preserved in rocks of greenschist meta- 
morphic grade. 

The localities to be visited are notable in several respects. 
The Neoproterozoic and Lower Cambrian succession in the 
Sheeprock Mountains is amongst the thickest (> 7 km) and 
most complete in the western United States, including 
more than 2 km of Sturtian-age glacial-marine strata at the 
base (Fig. 2; Christie-Blick, 1982, 1983a; Crittenden et al., 
1983; Link et al., 1994). Correlative strata in the central 
Wasatch Range are comparatively thin (< 1,400 m), but 
glacial deposits rest on a surface with as much as 900 m of 
erosional relief (Crittenden et al., 1952; Crittenden, 1976; 
Ojakangas and Matsch, 1980; Christie-Blick, 1983b; 



SYlJ  (;ISOLO(;Y STU1I)llSS 1997, VOL 42, PART I 

HEEPROCK MTS 

Fignrc 1.  Tecto~zic sefiirtg ~rncl disfril?utiort of hf~~so~~roterozoic to Lorwr C,'c~ndrinri ontrrops (sltori~ta in hlcrrk) in wcl\t-c'rntrul litah cmd 
udjcrcent czrcFcis, iind !oc.clfion of fiokl c7xrnrsiorz trczrc~rsc~s nrtt? slops it1 thca SherprocX Mour~triirrs ortcl centrrrl M'lrstiteh Raitgc. (Big 
Cottontcootl C(rrtyotr) Svlccfccl ilrrusf jiifilts. A, Ahsuroka, MR, Alotlnt Rnyrnond. M f i ,  CZiill(rurl, C-N,  C:lrc~rl~~\torr-it~~~l~o. TX Tintic. 
Wi/zey. Other fC'(ltnrvs in(pt~tioit('(l in fhc~ t ~ x t  W(L, \tii~cit(ft fiinlt, I>(:. Pctrltys C:(in!y(n~ s!/tzclirar~. I! IJittta nrrlr, GSI,, Crx~it Snlt Lnkc., 
SLC, Salt Lrrkc City, 1: ili)o~ko. 

Christie-Blick ancl I,iirk, 1988; Cl1ristit.-Hliek et al., lY89), 
and they overlic approxiniatcly 5 km of s1rallo.c~ rrrarine 
quartzite and siltstone of late Mcsoprotemzoic to early Neo- 
proterozoic age (Big Cottonwood Porrnatiotr) not 
in the Sheeprock Motmtains (Fig. 2; l ink ct a d . ,  199'3; EIilcrs 
et al., 1997). The Shc~prock Mountitins locality ir amongst 
the first at wliicl~ secltlence stratigrapllic prirlciples were 
applied to Protcrozoic rocks (Clrristie-Blick ct al., 1988, 
1995; Christie-Slick and Lcvy, 198911; Levy and Christie- 

Blick, 19Ylit; 1,evy et ;11,, 1991). LT~rconhrrnity-ljo~trrded 
recluences recogtri~ecl tlte1.e car1 be traced into tht. thirrirer 
IZ7asatch Karrgv suucessio~r, providing inrights altotit 
stratigraphic rclations not rcrolvccl in oarlier geological 
mapping (Chrirtic-Bliek, 1982; Levy ant1 Cl~rirtie-Ulick, 
1991a; 1,evy ~t d., 1991). 

Day 1 jl;,.i(f(iy, 17 Ortoher, 1997). Day I i\ devoted to a 
tn~wrse  at the rrortllcrn flank of the Slrecprock hfoutrtains 
(ITarkcr Canyon: fIC irr Fig. 3 )  from t l i ~  1t;tsc of the 
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Figrsr 2. Vroti~rozoir. tincl Lnzc.cr Climbrirrrr str-fitigr(t?)hy of tlzi, Slzecprock iZ/Iozintciins and Big Gtttonwoorl Canyon, itrltl ~frutigruj)lti(' 
fi~cur ci/'fiekf c.rcitruior~ trurerses and slops, tcitli an intc>rpi.eiation age, relation to Sttii taclrr c~nd L 'UC'UMIL~~I '  g![~cicitioni, k)catic~rr of 
srclttc2nr'r horit~darirs (irtfnrrnally nurnhert~d) liclntd f ~c ton i c  sttfing. Rift-onsr't uncor$)t-rnitws arcJ iniprprrtprl at tl~rr'e Ir7rrls. 
Stratigritpl~ic dntcrfor the Ntg Cottrmt~~ooci An-matinn are mostl!lfiont Ehlers ct 01. (1907). 
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glacial-marine Dutch Peak Formation, through the Kelley 
Canyon Formation (basinal siltstone), to the basal part of 
the Caddy Canyon Quartzite (braided-fluvial pebbly quart- 
zite and siltstone). The rocks dip steeply towards the 
north, so that the oldest strata are exposed at the highest 
elevations (in the vicinity of Dutch Peak; 2732 m or 8964 
ft). Also preserved near the top of Dutch Peak is some of 
the best evidence for glaciation in the Sheeprock 
Mountains (dropstones and a striated clast). Participants 
should be prepared for a hike up a steep ridge with an 
elevation change of about 650 m (2150 ft). 

Day 2 (Saturday, 18 October, 1997). The focus of Day 2 
is the sedimentology and sequence stratigraphy of the 
interval from the upper part of the Caddy Canyon 
Quartzite, through the Inkom Formation (braided-fluvial 
conglomerate and marine siltstone), to the basal part of 
the Mutual Formation (also braided-fluvial conglomerate). 
These rocks are well exposed in an overturned structural 
panel approximately 3 km (2 miles) southwest of Horse 
Valley on the southern side of the Sheeprock Mountains 
(HV in Fig. 3). Sequence boundaries with incised valleys 
30 to 160 m deep are present at three levels in that area: 
at the top of the Caddy Canyon Quartzite (the deepest 
valley), within the Inkom Formation and at the base of the 
Mutual Formation. Valley fills of Proterozoic age tend to 
be rather coarser-grained than their Phanerozoic counter- 
parts, and these examples are especially impressive, with 
outsize intraformational argillite clasts up to 3 m across. 
The surface at the top of the Caddy Canyon Quartzite is 
thought to correspond with glacial-eustatic drawdown at 
the onset of Varanger glaciation (Levy and Christie-Blick, 
1991a; Link et al., 1993; Levy et al., 1994), although direct 
evidence for a second glaciation has been recognized in 
the Cordillera only in western Canada (Aitken, 1991; Hein 
and McMechan, 1994; Ross et al., 1995). The traverse is 
over rolling topography at an elevation of about 2,125 to 
2,250 m (7,000 to 7,400 ft), and approximately 5 to 7 krn (3 
to 4 miles) for the round trip, depending on how closely 
we can approach the outcrops with available vehicles. 

Day 3 (Sunday, 19 October, 1997). The final day of the 
excursion is divided into two parts. The first part is coor- 
dinated with a one-day excursion to the Big Cottonwood 
Formation of the central Wasatch Range (Fig. 1; and Fig. 2 
of Ehlers et al., 1997), an opportunity to examine some 
remarkable quartzite-siltstone tidal rhythmites. All stops are 
close to the road in Big Cottonwood Canyon. The second 
part involves a traverse at Mill B North Fork of Big Cotton- 
wood Canyon from the upper part of the Big Cottonwood 
Formation through the glacial-marine Mineral Fork 
Formation to the lower part of the Mutual Formation 
(mostly braided-fluvial conglomerate and quartzite). 
Sequence stratigraphic studies indicate that the sequence 

boundary at the base of the Mutual corresponds in the 
southern Sheeprock Mountains to the top of the Caddy 
Canyon Quartzite. Strata equivalent to much of the Kelley 
Canyon Formation and Caddy Canyon Quartzite (about 
2,500 m thick in the Sheeprock Mountains) are not repre- 
sented in Big Cottonwood Canyon. The main outcrops in 
Mill B North Fork, located at an elevation of 2,250 to 
2,375 m (7,400 to 7,800 ft), are reached up a steep switch- 
back trail, with an elevation change of about 425 m (1,400 
ft). Agile participants can reach the basal contact of the 
Mineral Fork Formation approximately 500 m (1,650 ft) 
west-northwest of the trail, where glacial grooves of 
Proterozoic age are preserved on the exhumed unconfor- 
mity surface. 

STRATIGRAPHIC AND 
TECTONIC FRAMEWORK 

SHEEPROCK MOUNTAINS 

The Sheeprock Mountains (Fig. 1) are underlain by an 
allochthonous succession of little-metamorphosed 
Neoproterozoic to Lower Cambrian clastic sedimentary 
rocks and Paleozoic carbonate rocks with an aggregrate 
thickness of more than 12,500 m (Cohenour, 1959; Groff, 
1959; Christie-Blick, 1982, 1983a; Hintze, 1988). These 
were deformed, presumably in late Cretaceous time, and 
transported tectonically eastwards from a palinspastic 
position close to the Utah-Nevada state line (Levy and 
Christie-Blick, 1989). The southern flank of the range and 
much of the adjacent West Tintic Mountains are overlain 
and intruded by post-orogenic volcanic and plutonic rocks 
of Oligocene to Miocene age (Morris and Kopf, 1967, 
1970a, 1970b). 

The Neoproterozoic and Lower Cambrian part of the 
succession begins at the base with 2,700 to 4,300 m of 
phyllite, quartzite, glacial-marine diamictite and siltstone 
assigned to the Otts Canyon, Dutch Peak and Kelley 
Canyon formations of the Sheeprock Group (Fig. 2). 
These units are overlain by 1,950 to 4,000 m of quartzite 
and minor siltstone assigned to the Caddy Canyon 
Quartzite, Inkom and Mutual formations and Prospect 
Mountain Quartzite, which together constitute the 
Brigham Group. Descriptions of each of these units and 
information about regional and local lateral variations in 
thickness and facies may be found in Blick (1979), 
Christie-Blick (1982), Crittenden et al. (1983), Christie- 
Blick and Levy (1989a), Levy and Christie-Blick (1991a), 
and Link et al. (1993, 1994). 

The structure of the Sheeprock Mountains is dominat- 
ed by the Sheeprock and Pole Canyon thrusts of pre- 
sumed late Cretaceous age, and along the northern flank 
of the range by the Harker, Lion Hill and related low- 
angle faults (Fig. 3). These latter faults place younger on 
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Figrire 3 .  Simpl$c.d geological map of dte suz~tlierrt purt ($ the Sheeprock I\lountains @ern Morris and KO/$ 1970a, Bliek, 1979, 
CI.iristie-BZick, 1983a. czrztl unpuhli.sh<~cl mnppitzg), and location of truccrses j i~r  I>cry,s 1 and 2 ofthc ~xcursion (see. Figs. 6 ant1 8 below). 
Norizotltul rz~lir~g irldicules orertur7~ed rocks Letween the Sheeprock ctt~d Pole Canyon thrusts. Geograplzic fcatz~res. BCZ Black Crook 
Peuk, 13R l>utcl.i IPclk, FIG, flarker (:utzyon, Ht: tlorse lkilley, OC:, Otts Cunyon, PC:, Pole Canyon. 

older rocks with as m~ich as 3,500 nl of stratigraphic omis- 
sion, and are inftrrcd to be of late Cerlozoic age (Christie- 
Rlick, 1983a). Stweral stceply dipping fi~ults are interprct- 
ed as tear faults. Of these, the Indian Springs fault is most 
conspicuous (Grof-F, 1959; Morris and Kopf, 1967, 1970a, 
1970b). Other higli-angle fadts (e.g., tiorse Valley graben) 
are prof);ki)ly related to late Cenozoic extension. 

The Sheeprock arid Polcb Canyon tl~rusts were regarded 
by h4orris (1977, 1983) and Christie-Blick (1983a) as dis- 
crete although gcrlctically related structures (Fig. 4). An 

earlier idea, that they are difycrent segments of the same 
fault (Armstrong, 1968), Itas been revived recently by 
Mukul and Mitra (1994). 1 continue to prefer the two-fault 
interpretation because the two structures are character- 
ized by markedly different stratigraphic separation (no 
more thall 6 km for the Pole Canyon thrust, and in excess 
of 10 km for the Sl~eeprock thrust). Outcrops for Day 1 
are in the upper plate of the Polc Canyon thrust, and 
those for Day 2 are irk overturnt>ci strata of the lower plate 
(Figs. 3 and 4). 



West 

C:EXTlbIL iVASA'l"C11 IUNGE the \OLIC~CYI^- I  lirrrl) of the 11(~rth~'i\t-t1eit(1111~: E"~rli~\ 'r C:,UI- 

I.'t.otrro~oic'. Ptileozoi(' ,urtl \ic\o~oic rocks irr tlrta ~uitritj 
of niq Cottonwoocl C h i )  on of tllr cc-~rtr,;l iYcisatclr K'lnge 
,irts p&rai~tochtl~orii)rkb wit11 re5pect to tlti' ('i)~ltilk(~~tt~ti irbtc- 
riot, and they occup) ,i p,ihr~jp,~\trc po\~trotr corrsitltsrLil)ly 
~b~14t of the Sh(-rpri,c~k \lortrrt,iitrs, (Fig. 1, C:rtttc~rtcfc~ir, 1976, 
Hr11111r vt d., 1986, Elitlt~t,, 19814, C:hri\tir~-BL~c.h cxt '11 , 1989, 
lde\p ,ind <:liri\trt,-Ulick. 1989, Ehlcr\ ct ~ l . ,  19971. 'l'lrcb Big 
C:otton\vooil Forrtratiori. 'I 51tcct5sion =xppro\ittratc>l) 5 hm 
tlliclc of tlllartzttcb ,~nd  \ilt\~otrr, of 1,lte \le\o~)rotc~rorotc to 
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Fork ,urtl i lntu~il fortrratlotii drcs ,rX~sr>i-rt I \c%c2 Frg 7 I,clo\\. 
C:rittcndcvi ,iittl \"ckll,tce, 197'3, I oclrn\,rr1-13alL, 1970. 
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the ~lppvrrnost HI% <"ottori\iooc_l, il~rrcar,il X.i>rl\ . in t i  1hlr11,ri 
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formations. This minor splay of the Absaroka-Charleston 
system is of interest because it repeats the unconformity- 
bounded panel of Mineral Fork Formation that we shall 
examine on the last afternoon of the field trip. 

SEQUENCE STRATIGRAPHY 

Many of the participants in the excursion will be famil- 
iar with the fundamentals of sequence stratigraphy, but 
because this perspective of sedimentary geology under- 
pins much of the interpretation presented, I include here 
a few summary comments, with connections to the exam- 
ples to be examined. Sequence stratigraphy makes use of 
the fact that sedimentary successions are pervaded by 
physical discontinuities (Vail, 1987; Van Wagoner et al., 
1988, 1990; Loucks and Sarg, 1993; Posamentier and 
James, 1993; Weimer and Posamentier, 1993; Christie- 
Blick and Driscoll, 1995). These are present at a great 
range of scales, and they arise in a number of different 
ways, but they have one important attribute in common. 
In each case, at least as a first approximation, sediments 
accumulating above a particular surface are younger than 
those below the surface. The essence of sequence stratig- 
raphy therefore is the tracing of surfaces, which in many 
cases can be shown to pass through laterally changing 
facies and, on a regional scale, from one lithostratigraphic 
unit to another. 

The principal discontinuities in a succession, termed 
sequence boundaries, are unconformities that are related 
(or inferred to be related) at least locally to the lowering of 
depositional base level, and hence to subaerial erosion or 
sediment bypassing (Christie-Blick and Driscoll, 1995). In 
this context, evidence for exposure (e.g., a paleosol or 
vadose diagenesis) is not sufficient for the interpretation 
of a sequence boundary if it cannot be demonstrated that 
base level was lowered, and evidence for erosion does not 
by itself require subaerial exposure. Channels are present 
locally in a wide range of depositional settings. Sedimentary 
successions also contain numerous other sharp contacts, 
many of which are unrelated to sequence boundaries (e.g., 
marine flooding surfaces, associated with abrupt upward 
deepening). 

Most preserved Proterozoic deposits accumulated in 
intracratonic and passive-margin settings characterized by 
shallow depositional ramps lacking pronounced breaks in 
slope. In the absence of syndepositional faulting, Protero- 
zoic stratigraphy tends to be relatively persistent and 
apparently conformable over large areas. The key to se- 
quence stratigraphy in these rocks is the identification of in- 
cised valleys (Christie-Blick et al., 1995). These are associ- 
ated with mappable surfaces (sequence boundaries), and 
the erosional relief of valleys (tens of metres) is commonly 
greater than that of channels within the same succession. 

Valleys are typically filled by a combination of fluvial and 
braid-deltaic to shallow marine deposits, which in many 
Proterozoic examples are unusually coarse-grained, con- 
sistent with an abrupt upward shoaling and/or basinward 
shift of sedimentary facies across the boundary. Valley walls 
in some cases exhibit evidence for a hiatus in sedimenta- 
tion between erosion and subsequent deposition (e.g., evi- 
dence that the wall rocks were already consolidated or 
lithified, or the presence of paleosols). Unlike most chan- 
nels, sequence boundaries are also located systematically 
where there is a change in the stacking pattern of small- 
scale shoaling-upward successions (parasequences) from a 
forestepping to a backstepping motif. Examples of valleys 
will be demonstrated during the excursion at three levels 
within the Brigham Group, and at the base of the glacio- 
genic Mineral Fork Formation where they are as much as 
900 m deep (Days 2 and 3). Incised valleys may also be 
present in the Big Cottonwood Formation (Ehlers et al., 
1997), although that interpretation has not yet been tested 
by the lateral tracing of surfaces. 

Sequence boundaries may be identifiable also in strata 
that accumulated in somewhat deeper water, especially 
where the existence of paleoslopes and/or ~~ndepositional 
tilting resulted in the development of sedimentary wedges 
and accentuated offlap and onlap geometry. [The terms 
offlap and onlap refer to the progressive up-dip or lateral 
termination of strata against an overlying and underlying 
surface, respectively (Mitchum, 1977; Christie-Blick, 
1991).] Evidence for erosion is present locally, both up dip 
as a result of wave or current activity on the shallow shelf, 
and down dip as a result of mass wasting; and a discontinu- 
ity may be recognizable also by the superposition of con- 
trasting facies. Possible examples in a glacial and glacial- 
marine setting will be pointed out during the excursion in 
the Sheeprock Group of the Sheeprock Mountains (Day l), 
although definitive evidence is difficult to establish in 
available outcrop. 

A general issue that will probably arise during the 
excursion concerns the degree of conformability in suc- 
cessions containing sequence boundaries. Sequence 
boundaries are obviously discontinuities, but their pres- 
ence does not necessarily imply the existence of pro- 
nounced breaks in sedimentation. For example, seismic 
stratigraphic studies across the New Jersey continental 
margin demonstrate the existence of at least 12 sequence 
boundaries in the lower and middle Miocene, in a span of 
only 13 m.y. (Miller et al., 1996; N. Christie-Blick et al., 
unpublished data). On the other hand, stratal concordance 
is no guarantee of conformability. North of Big Cotton- 
wood Canyon, the contact between the Big Cottonwood 
Formation and Mutual Formation is remarkably concordant, 
and were it not for a marked color difference in otherwise 
similar facies and the erosional relief locally developed at 
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the base of the intervening Mineral Fork Formation, the 
existence of a hiatus of up to several hundred million 
years might be missed entirely (Crittenden et al., 1952). 

Most thick Proterozoic successions are deformed to 
some extent, and there are commonly limitations to the 
distance over which a given sequence boundary can be 
traced continuously and to the confidence with which a 
boundary can be correlated between isolated outcrops in 
the absence of precise biostratigraphy. This means that 
regional interpretations of Proterozoic stratigraphy 
inevitably focus on the most prominent surfaces, and that 
some sequence boundaries may be recognizable only 
locally. The tracing of physical surfaces nevertheless pro- 
vides a useful stratigraphic framework in many Proterozoic 
successions, and at a range of scales, not in spite of limita- 
tions in biostratigraphic and other stratigraphic tech- 
niques, but perhaps because of them! 

The sequence stratigraphy and sedimentology of the 
Brigham Group are discussed in some detail in Levy 
(1991), Levy and Christie-Blick (1991a) and Levy et al. 
(1994). Here I draw attention to previously unrecognized 
details from the Brigham Group of the southern 
Sheeprock Mountains (Day 2), and outline some tentative 
new ideas about the sequence stratigraphy of the 
Sheeprock Group (Day l), in the context of earlier 
descriptions and interpretations (Blick, 1979; Christie- 
Blick, 1982; Crittenden et al., 1983; Link et al., 1994). 
More complete development of the interpretation for the 
Sheeprock Group will be published elsewhere. Sequence 
boundaries are numbered informally for the sake of clarity 
(Fig. 2). 

SHEEPROCK GROUP 

Geological mapping in the late 1970s (Blick, 1979; 
Christie-Blick, 1982) revealed some puzzling lateral varia- 
tions in thickness and facies in both the Otts Canyon and 
Dutch Peak formations of the Sheeprock Group. The most 
pronounced variations, along the northern flank of the 
Sheeprock Mountains (Fig. 5), are in an area of consider- 
able structural complexity as well as incomplete outcrop. 
The most reasonable interpretation at the time was that 
the stratigraphic variations are due to lateral intertongu- 
ing of sedimentary facies at the margin of a differentially 
subsiding basin (Fig. 5A; Christie-Blick, 1982; Crittenden 
et al., 1983). Such intertonguing is demonstrable at the 
top of the Dutch Peak Formation, between the quartzite 
and greywacke members and, in the lower plate of the Pole 
Canyon thrust on the southern flank of the range, between 
the upper (quartzite) member of the Otts Canyon 
Formation and the underlying middle (diamictite) mem- 
ber (in that area up to 500 m thick). 

The Sheeprock Group is composed primarily of compo- 
sitionally and texturally heterogeneous stratified diamic- 
tite, with several hundred metres of phyllite at the base and 
siltstone at the top. In the absence of shallow-water indi- 
cators, or of firm facies evidence that the ice sheet was ever 
grounded in this area, the rocks were interpreted to have 
accumulated in relatively deep water. The intervals of 
quartzite, as much as several hundred metres thick in 
both the Otts Canyon and Dutch Peak formations, were 
viewed as representing somewhat shallower marine con- 
ditions, or at least derivation from a shallower water set- 
ting, but no good explanation was found for either their 
compositional and textural maturity or for the process by 
which they might have accumulated. The quartzites are 
commonly laminated, rarely cross-stratified, and have 
none of the obvious features of mass-flow deposits (e.g., sole 
marks, grading, and dish-and-pillar and other dewatering 
structures). 

Subsequently (in Link et al., 1994), I proposed that the 
quartzites might have accumulated in a glacial-fluvial to 
braid-deltaic setting, and that the overall stratigraphic 
relations are consistent with two large-scale shoaling- 
upward successions, one corresponding approximately 
with the Otts Canyon Formation, and the other with the 
Dutch Peak Formation. Modification to that interpretation 
is now suggested by the recognition of three stratigraphic 
discontinuities, here interpreted as sequence boundaries 
(Fig. 5B). The discontinuities are present at or near the 
base of the upper (quartzite) member of the Otts Canyon 
Formation, at or near the base of the conglomerate mem- 
ber of the Dutch Peak Formation, and at the base of the 
quartzite member of the Dutch Peak Formation (sequence 
boundaries 3 to 5 in Figs. 2 and 5B). 

Upper Otts Canyon sequence bounduy. On the northern 
flank of the Sheeprock Mountains, the middle (diamictite) 
member of the Otts Canyon Formation is less than 70 m 
thick, and pinches out towards the northwest. A thin but 
mappable unit of pebble and granule conglomerate at or 
near the base of the upper (quartzite) member is com- 
posed mainly of extrabasinal clasts, but it contains acces- 
sory fragments as large as 50 cm of diamictite and argillite 
derived from underlying beds. The conglomerate is typi- 
cally 2-3 m thick; locally it fills channels as deep as 20 m. 
Where diamictite is absent, quartzite or conglomerate 
rests with sharp contact on phyllite of the lower member. 
These observations are consistent with erosional trunca- 
tion towards the basin margin. The interpreted sequence 
boundary (surface 3 in Fig. 5B) has not yet been located in 
the lower plate of the Pole Canyon thrust. 

Dutch Peak conglomerate sequence bounday. The second 
contact, in the lower part of the Dutch Peak Formation 
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Pole Canyon thrust 

EXPLANATION 

- lnferred sequence boundary ..... Interval of sediment starvation 

E Erosion observed at contact - lnferred offlap 
-- Hypothetical stratal termination 

Fignrc. 5. Lcrtvrnl r)aricrtions in t/tickness cznrl .fizcir*s in the Otts Canyon ntltl 1lzitctc.h Per& .fi)rirzntiorzs on flzc tzorff~t~nz flrrnk o f  the. 
Sherpmck bfot~ntnins, 1)rttoectz Black Crook Peak (.VW) trnd Dtltcla Peak (SE), in tht. upper plate oftlze Pole Ccinyora t!~rttrf (A, tt~t>difie(I 

frorn CJhrritit.-B1ic.k 1952), onrli a ,-et;iscrl irzte~~rc~totion (23) that t-~cognizrs tlzc exisfelzc~ of rtratigraphic tliscontinuitit~s (seqirencc 
boftnci~1r.i~~) cit/ l irz the succession. Stratigriry)/tic urzifs. Eos. Eod and Poq, totuer (p/z{j!lilei, lrtirltlle (ciinlnictitej arid U/JpPr ( ~ f i ~ ( l t ' f ~ i f ~ )  
mcmhers of the Otts Cantyon Wmatiort, Edl, Iklc, .l!dd, Eclw, Eclg, Etlq (aid Etlu, "l(zminite". cor~glornerate, dianlicfite, greyzcackt~, 
'krit", qtcortzite atzrl argillite vzetnbers of the Dritch Peak Ei,n?lation, Ek, Kell~lj Car~!yon Forriratioiz, Suifaces ~ ( ~ i t t ~ o t  he traced contitzt~- 
ously nlong this prctjile otciilg to structunrl comple.rity arid irtcornpletr expostirc. 'Vi.rticul untl horizontctl scczks arc. rqtirtl 

(surface 4 in Fig. 5B), is marked at Dutch Peak by an 
abrupt np~vvvard change from rnrdirtnl- to fine-grained 
cluartzite to disorganized boulder cot-tglon~erate contain- 
ing an anornnlous 17% of clasts of diabase similar to that 
intruding tlw uppennost part of the Ott5 Cn~iporr Forma- 
tion. This contact may trace northwestward, towarcls the 
basin inargis~, to ;i pocitiot~ at or near the top of the locally 

a ton devclopetl "grit" member of the Dutch Peak Form* t '  
(granule-l)earing quartzite, with minor cut~glomerate, sandy 
diamictite imtl \andstone). Througll n1ucl.1 of the Sheep- 
rock Mountairts, the base of the Dutcl.1 Pcak Forrtlation is 
rnarkecf 1,y a distinctive unit, a few metres to 50 rn thick, 
of finely laminated siltstone and fine- to very fine-grained 
n~ctallic bluish-grey sandstone, in places containing good 

examples of dropstones (ice-rafted ctebris). This unit (in- 
formally, the "lamiriite" member) pinches out towards the 
1)asin nrurgin, and is now best interpreted us an intewal of 
sediment st;~rv;itiotl (condeslsed section) within the. setptence 
that corresponds approximately with the upper nrcrnber 
of the Otts Canyon tTormation and thcx "grit" niemher of 
the Dutch lJt>ak Fornration. 

Dtitclz Peak qt~(lrtzite seqzipnw bountlary. Tlle tliirtl 
contact (surface 5 in Fig. 5B), at the base of the qnarttitc 
mcmbrr of the Dutotl Peak liorniatiotl, ;rpl)c.;trs to trar~cate 
bedding in the t~nderlying conglomerate memi)er towards 
the northwest. The contact traces basinwarcl (towards the 
southeast) below the greywacke member. That unit con- 
tains al>iindant cluartzite lenses, ancl tlle5c are thickest ancl 
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most continuous in the lower part of the member, consistent 
with a backstepping stratigraphic motif and overall glacial 
retreat. 

Abrupt thinning of the diamictite member of the Dutch 
Peak Formation towards the northwest may be interpret- 
ed in two ways. One is that it intertongues with the con- 
glomerate member, as originally thought (Christie-Blick, 
1982). An alternative, consistent with the lack of evidence 
for appreciable intertonguing, is that the contact is at least 
in part a surface of marine onlap (Fig. 5B). In that case, 
the overall wedge-shaped geometry of the conglomerate 
member, along with possible oMap at its upper contact 
(beneath the quartzite member), suggests deposition as an 
ice-proximal subaqueous fan during glacial advance. The 
diamictite member is interpreted to have accumulated in 
a glacial-marine environment, during glacial retreat, from 
a combination of ice-rafting, sediment gravity flow and 
winnowing by bottom currents  lick, 1979; Crittenden et 
al., 1983; Link et al., 1994). The sharp contact at the base 
of the quartzite member of the Dutch Peak Formation is 
tentatively attributed to a combination of grounding of the 
ice sheet below sea level and isostatic rebound during 
glacial retreat. Upward fining at the top of the Dutch Peak 
Formation, from sandy diamictite into siltstone of the 
Kelley Canyon Formation, is thought to be due to a reduc- 
tion in the supply of terrigenous sediment, perhaps com- 
bined with a glacial-eustatic rise. 

If these tentative new ideas about the sequence stratig- 
raphy of the Sheeprock Group are correct, they are signif- 
icant in several respects. It is implied that the ice sheet was 
grounded farther west than previously supposed (Blick, 
1979; Crittenden et al., 1983). If the contact between the 
conglomerate and diamictite members is an onlap surface, 
rather than due to an abrupt lateral change in facies, com- 
plementary variations in the thicknesses of these units are 
a measure of paleobathymetric relief. Paleowater depths 
may have been as great as several hundred metres. This is 
large, but not unreasonable in a tectonically active basin 
and in the vicinity of a grounded ice sheet. The Antarctic 
ice sheet is today grounded at depths as great as 1,300 m 
below sea level (Denton et al., 1971; Crabtree, 1981). 
Water depths of hundreds of metres are also inferred for 
the correlative Mineral Fork Formation of the central 
Wasatch Range (Christie-Blick, 1983b). Finally, the 
sequence stratigraphic context of the quartzite unit in the 
Dutch Peak Formation suggests an origin as ice-proximal 

- - 

glacial-marine outwash. Its compositional and textural 
maturity, so markedly in contrast to that of associated 
facies, indicates a local provenance perhaps related to 
glacial erosion of older Proterozoic quartzites such as the 
Big Cottonwood Formation, as is demonstrably the case 
for the Mineral Fork Formation. 

BRIGHAM GROUP 

Regional sequence boundaries have been identified at 
three stratigraphic levels in the Brigham Group of north- 
ern and western Utah and adjacent Idaho: 1) at or near 
the top of the Caddy Canyon Quartzite, 2) at or near the 
base of the Mutual Formation, and 3) at the base of the 
Tintic, Geertsen Canyon and Camelback Mountain quart- 
zites (sequence boundaries 7, 9 and 10 in Fig. 2; Christie- 
Blick and Levy, 1985, 1989a, 1989b; Link et al., 1987; 
Christie-Blick et al., 1988; Levy, 1991; Levy and Christie- 
Blick, 1991a; Link et al., 1993; Levy et al., 1994). Of these, 
the upper Caddy Canyon and base-Mutual sequence 
boundaries can be identified with the greatest confidence 
and traced over a distance of several hundred kilometres. 
The base-Tintic sequence boundary is confidently identi- 
fied only in northern Utah and southeastern Idaho; else- 
where the correlative surface is cryptic. One to several 
higher-order sequence boundaries are present locally 
within the Inkom Formation (e.g., surface 8 in Fig. 2), but 
none of these can be correlated with confidence between 
mountain ranges. Examples of all of these surfaces will be 
examined during the excursion. 

The principal evidence for the existence of sequence 
boundaries is the presence at several localities of incised 
valleys, up to several tens of metres deep, and associated 
with marked upward coarsening and/or shoaling of sedi- 
mentary facies (Dugway Range, Sheeprock Mountains, 
Canyon Range, Huntsville, Portneuf Range and Big 
Cottonwood Canyon of the central Wasatch Range; Fig. 1; 
Levy et al., 1994). At other localities (e.g., Drum Moun- 
tains and Bannock Range; Fig. l) ,  limited outcrop conti- 
nuity makes it difficult to recognize erosional relief, but 
the presence of facies discontinuities nevertheless permits 
sequence boundaries to be interpreted within the succes- 
sion. 

Recent work near Horse Valley in the southern Sheep- 
rock Mountains (HV in Fig. 3) has shown that erosional 
relief at the upper Caddy Canyon sequence boundary 
may be as large as 160 m, considerably greater than the 45 
m estimated by Levy et al. (1994) at this locality. It has 
also been possible to demonstrate, for the first time in the 
miogeoclinal succession, more than 30 m of erosional 
relief at the base-Mutual sequence boundary. These con- 
clusions are based on revision of existing geological map- 
ping (Morris and Kopf, 1970a; Blick, 1979; Christie-Blick. 
1983a), and on the measurement of a series of new sec- 
tions through the Inkom Formation and basal part of the 
Mutual Formation (Fig. 6). 

Marjorie Levy and I recognized more than 10 years 
ago that, in the vicinity of sections c to g (Fig. 6A), the 
contact mapped by Moms and Kopf (1970a) as the base of 
the Mutual Formation is actually a sequence boundary 
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locatiotl oftltt) bcrse of tlw kfzrftl~rl For~rti~lio~t fi0111 b1orr.i~ and E(oj,f(lY70~1) Erticcrl rxrrggt>rrztiort ic 3 9. D Clast corrntr (pir d~agrntrt,\i 
f;)r conglotnercltc* trnits iil t t t ~  Inkom cmtl Mutucsl.for-rttutimts. Minirnrltrz clr~,st s i x  colrrttt~rl, 1 c.rrt. 

within the Inkom Formation (Fig. (iU and C). lfo\vever, 
we paid less attention to the pant4 of les\ well exposed 
Inkom Iiorrnation to the nortli (at section 1) in Fig. 6A), 
wllich we regitrdetf as at~ortialot~\ly thin, po\sibly as  u 
result of tectonic flattening benc~ath tlie Polc Canyon 
thrust. Nc\v nlapping ,how\ that Inkorti stnktigraplq in 
tlrat area is consistent with tlint to ttie sorltl~, ,tnd that it ic  
the lower part of the Inkonr tlrat is tl~in (Fig. 6C). Tlli\ iu 

important l)ceair\ct it \ugge\tr that the change in tlliclirrcs\ 
is not dtlc prirtlarily to tlrforrtlation. Morettver, detail\ of 
tlie rtratigraphy initially '~ppcared anonlalor~r in lirl~itecl 
outcrop at least in p x t  a\ a result of ~lli\~nappillg of' tlic 
ltlkoni Formation ea\t of \c>ctiorr h. Near wetion I), thcl 
corttact mapped Ity Sforris and Kopf as the lwsc. of tllo 
Mutual Forlnatiorr is close to the l>'iscb-llutual scclrtcrlcbc 
bourtclary of Levy vt al. (199.1). Xiowevr,r, Morris .ltrc! Koyf 
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traced this contact eastward and connected it with an out- 
crop of conglomerate that they interpreted as Mutual, but 
which is actually basal Inkom (Fig. 6B). The effect of this 
interpretation was to make the "Inkom Formation" appear 
unusually coarse-grained because, to the east of section b, 
the rocks mapped as Inkom by Morris and Kopf are in 
part Caddy Canyon Quartzite. In fact, the Inkom outcrop 
turns abruptly southward at section a, where the stratigra- 
phy is similar to that at section c (Fig. 6C). Abrupt south- 
ward thickening of the lower Inkom between sections b 
and g is attributed to erosional relief on the underlying 
sequence boundary, relief that is considerably greater than 
the thickness of conglomerate at the base of the Inkom 
Formation in this area (and the basis for the estimate of 
Levy et al., 1994). The possibility that the observed thick- 
ening is due to the presence of a growth fault is regarded 
as unlikely because such a structure would need to have 
been active only during deposition of the Inkom Formation, 
and such faults are preserved nowhere else at this strati- 
graphic level. 

Erosional relief at the sequence boundaries within the 
Inkom Formation and at the base of the Mutual Formation 
can similarly be monitored with reference to the flooding 
surface at the top of the upper Inkom conglomerate (Fig. 
6C). This conglomerate ranges in thickness from 0 to 
about 30 m, which can be taken as a minimum estimate 
for depth of valleys at that level. The upper siltstone unit 
of the Inkom is more than 37 m thick at section g, and 18 
m thick at section a, but only 4 m thick at section b, con- 
sistent with erosional relief at the base of the Mutual 
Formation in excess of 30 m. Erosional relief is in most 
places difficult to document at this contact owing to the 
absence of suitable markers in either the Inkom Formation 
or Mutual Formation. 

RELATION TO VARANGER GLACIATION 

Levy and Christie-Blick (1991a) and Levy et  al. (1994) 
offered three arguments for relating the upper Caddy 
Canyon sequence boundary to the onset of Varanger 
glaciation: 1) The stratigraphic level of this surface, with 
respect to Sturtian-age glacial rocks, appears to be the 
same as the glaciogenic Ice Brook Formation in the 
Mackenzie Mountains of northwestern Canada (Aitken, 
1991; Ross et al., 1995). 2) Incised valleys are best devel- 
oped at this horizon, consistent with the relatively large- 
amplitude sea-level change expected for glacial-eustatic 
fluctuation. 3) High-order valleys described at several lev- 
els in the uppermost Caddy Canyon Quartzite and Inkom 
Formation are consistent with high-frequency changes in 
sea level expected during deglaciation. The considerable 
depth of valleys now documented at the upper Caddy 

Canyon sequence boundary in the Sheeprock Mountains 
reinforces this interpretation. 

The origin of the base-Mutual sequence boundary is 
uncertain. Levy and Christie-Blick (1991a) suggested that 
it might be due to either a glacial-eustatic fall or regional 
uplift related to the onset of terminal Proterozoic lithos- 
pheric extension. Both hypotheses are permitted by an 
Afi0/M9 age on hornblende from an alkali trachyte in the 
Browns Hole Formation at Huntsville, which dates the 
surface as older than 580f 7 Ma (Crittenden and Wallace, 
1973; Christie-Blick and Levy, 1989a), but not necessarily 
much older. The main difficulty with the tectonic hypoth- 
esis is that while regional uplift accounts for the abrupt 
increase in grain size observed over many hundreds of 
kilometres, such uplift would also reduce the available 
sedimentary accommodation. Yet the Mutual is typically 
several hundred metres thick, even in the vicinity of Big 
Cottonwood Canyon, palinspastically located more than 
150 km east of the Neoproterozoic depocenter (Fig. 2; 
Christie-Blick, 1982; Christie-Blick and Levy, 1989a; 
Levy and Christie-Blick, 1989). The main difficulty with 
the glacial-eustatic hypothesis is that while renewed post- 
glacial eustatic rise accounts for the relatively uniform 
thickness of the Mutual over a broad area, it does not 
explain why fluvial sedimentation persisted. One possible 
explanation is that glacial-eustatic change was accompa- 
nied by a marked increase in sediment flux related to 
either glacial-isostatic rebound or tectonic uplift far from 
the depocenter. North America was located at mid- to 
high paleolatitude at the time (Torsvik et al., 1996), and 
deglaciation would have been delayed with respect to 
continents such as Australia that were glaciated at lower 
latitude (Schmidt and Williams, 1995). The abundance of 
quartzite in the Brigham Group suggests that the North 
American continent stood high for a considerable time 
during the late Neoproterozoic and Early Cambrian. 

PROTEROZOIC AND 
CAMBRIAN TECTONICS 

Stratigraphic evidence for rifting will be noted during 
the excursion at three levels (Fig. 2): in the Big Cotton- 
wood Formation of the central Wasatch Range; in the 
Sheeprock Group of the Sheeprock Mountains; and at the 
base of the Tintic Quartzite (also in the Wasatch Range). 
Since Neoproterozoic and lower Paleozoic strata of the 
North American Cordillera were first interpreted, 25 
years ago, as a remnant of an ancient passive continental 
margin (Stewart, 1972), there has been considerable debate 
about the timing of continental separation. Apart from 
uncertainty in the ages of the rocks themselves, this is 
largely because continental rifting does not necessarily lead 
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to passive-margin development, and many passive mar- about 1,000 m east of Horse Valley (BCP and HV in Fig. 
gins are underlain by extensional basins of a range of ages. 

One school of thought has been to favor continental 
separation shortly after deposition of the Sturtian glacial 
strata (approx. 725 Ma in Fig. 2; Stewart, 1972, 1976; 
1982; Stewart and Suczek, 1977; Link, 1984; Link et al., 
1987; Ross, 1991). Another has been to favor the terminal 
Proterozoic to early Cambrian timing suggested by quan- 
titative analysis of tectonic subsidence recorded by lower 
Paleozoic carbonate rocks (Armin and Mayer, 1983; Bond 
et al., 1983, 1985; Bond and Kominz, 1984; Levy and 
Christie-Blick, 1991b; Levy et al., 1994). With a correction 
for recent work in Cambrian geochronology (Grotzinger 
et al., 1995), this event now is constrained as younger than 
570 Ma, and probably younger than 543 Ma (Fig. 2). In 
the absence of other data, the second option has been the 
more parsimonious one, but it has never been possible to 
exclude an earlier (Sturtian) continental separation on the 
basis of the subsidence analysis. In contrast with my earlier 
papers, I currently favor the idea that a passive continen- 
tal margin first developed at about 725 Ma because this is 
required by the hypothesis that the continental counterpart 
to Laurentia was eastern Australia and adjacent Antarctica 
(Hoffman, 1991; Powell et al., 1994; Christie-Blick et al., 
1995; Ross et al., 1995; cf. Veevers et al., 1997). If that inter- 
pretation is correct, it is necessary to conclude that in the 
western United States the continental margin was modi- 
fied by renewed extension in latest Proterozoic and early 
Cambrian time, in order to account for the very marked 
acceleration of subsidence observed in the Early Cambrian. 

SHEEPROCK GROUP 

Abrupt lateral changes in thickness are evident in both 
the Otts Canyon and Dutch Peak formations in the 
Sheeprock Mountains (e.g., Fig. 5). These are due in part 
to variations in paleobathymetry and to erosional trunca- 
tion at sequence boundaries, as outlined above, and in 
places to later deformation. However, certain gross pat- 
terns are interpreted to reflect syndepositional tilting 
towards one or more extensional growth faults (not identi- 
fied in available outcrop). This interpretation is supported 
by the presence of syndepositional mafic sills in the upper 
part of the Otts Canyon Formation (Fig. 2; Christie-Blick, 
1982; Crittenden et al., 1983; Christie-Blick and Levy, 
1989a). Chemical analyses of volcanic rocks at about the 
same stratigraphic level elsewhere in northern Utah and 
southeastern Idaho indicate tholeiitic and alkalic affinities 
consistent with a within-plate extensional tectonic setting 
(Harper and Link, 1986). 

In the upper plate of the Pole Canyon thrust, the upper 
(quartzite) member of the Otts Canyon Formation thick- 
ens to the southeast from 240 m near Black Crook Peak to 

3), a distance of approximately 17 km. In the lower plate, 
it thins southward from more than 1,170 m at the head of 
Otts Canyon to 180 m where the member crosses Pole 
Canyon only 2.5 km away (OC and PC in Fig. 3). Part of 
that thickness change is due to interfingering with the 
middle (diamictite) member of the Otts Canyon Forma- 
tion, which thickens substantially (to 500 m) in the same 
direction, and to possible structural complications on the 
west side of Pole Canyon. However, a significant portion 
of the thickness variations in the upper member in both 
thrust sheets must be due to differential subsidence, even 
though the apparent direction of thickening differs. The 
Dutch Peak Formation thickens to the southeast from about 
650 m near Black Crook Peak to about 1,750 m at its type 
section north of Dutch Peak (BCP and DP in Fig. 3), a dis- 
tance of about 7 km. In the lower plate of the Pole Canyon 
thrust, it thickens southward from 550 m to 750 m in the 
vicinity of Pole Canyon, a relatively minor change and a 
trend that differs from that of the Otts Canyon Formation. 

BIG COTTONWOOD FORMATION 

The present outcrop pattern of the Big Cottonwood 
Formation and possibly coeval Uinta Mountain Group of 
the Uinta Mountains to the east (U in Fig. 1) is related to 
late Mesozoic and early Cenozoic folding, thrusting and 
uplift, but the geometry of these younger structures is 
thought to have been influenced strongly by the geometry 
of the depositional basin (Bruhn et al., 1986; Christie- 
Blick and Levy, 1989a). Structural and metamorphic studies 
in the northeastern part of the Uinta Mountains suggest 
that Archean and Paleoproterozoic crystalline rocks were 
subject to block faulting during the Mesoproterozoic, and 
that the Uinta Mountain Group accumulated in an east- 
trending graben or half-graben (Sears et al., 1982). The 
northward pinch-out of the Big Cottonwood Formation 
across Parleys Canyon syncline is consistent with this 
interpretation (Fig. 7; Crittenden and Wallace, 1973; 
Bruhn et al., 1986; Christie-Blick and Levy, 1989a; Ehlers 
et al., 1997). The possibility that the thickness change is 
due largely to subsequent erosion is not supported by 
studies of clast composition in Neoproterozoic glacial de- 
posits (Blick, 1979; Crittenden et al., 1983; Christie-Blick 
and Levy, 1989a). These studies show that in the region 
north of the present outcrop of the Big Cottonwood Forma- 
tion, crystalline basement was already widely exposed at 
the onset of glaciation. 

In their companion excursion guide, Ehlers et al. (1997) 
raise the possibility that the Big Cottonwood Formation 
might be sufficiently young to relate directly to the initial 
separation event (725 Ma in Fig. 2). Available geochronol- 
ogy places only broad limits on the age of the rocks, and 
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North South overlain by a shallovv-water carl~oriate pl>tdi)nn, a srtccessiot~ 
of indeterminate thickness but which was progressively 
removed during glaciation (Fig. 7A atid B; Blick, 1979, 
Christie-Blick, 1983b: Crittendcn et  al., 1983). A plausil~le 
interpretation of this inftlrrecl platform is that it (leveloped 
during a phase of t he rn~a l l~  driben subsiclencc after Big 
Cotto~iwood rifting had ended, impl~ing ,t timing distinctly 
earlier than the phase of crustal extension recorded by the 
Sheeprock Group and correlative strata. Contact relatiotls 
with the tmconfot~liably ov~erl) iirg Mineral Fork Formation 
also suggest tlrat the Big Cottonwoocl Formation was lithi- 
fietf prior to Sturtian glaciatiotl (Christie-Blick, 1983h; 
Christie-Rlick and Link, 1988; Christith-Blick et dl.. 1989). 

Terminal Proterozoic riftina and rsy. I W  

in Early Cambrian 

Blried beneath Parleys Canyon rynclll: 1 
5 10 km Big ~ottonwood Canyon 

EXPLANATION 

Tlntk Quartzite Carbonate platform 
Syn-rift deposits? 0 Big Cottonwood Fm. 

Mutual Formation Crystalline rocks 

Mineral Fork Fm. - Fault 

Figl~rc~ 7 .Veoprotorozoic to Eorly C:clrnbric~n tecfnttic crents 
i~tterpret(~i1 iit the centrrzl 1.tItsotcl1 Range nerrr Big Cottonzcood 
Cattyon. A Early Keoj~rott.rozoic rifiing (Big Cotto~rtcood 
Ehr7natiort), nnrl rlrr-f~log)tn~tit o f  a cizr?>oncztc platfor-~n rluritig n 
pl?-a~cj v f  ittlcr-rift thentlrtl srcbsi(lence. B Erosion of tltr p1affi11.111 
tlrtriiig Sturtian glacitition iAfincr(1l E)rk For-rrr~tioni. (md t l e~e l -  
oprxwf of ( I  f)tcsal \itrar~ger ccqzi~rtc~e hoflrtrlary (at tlltir loct~lity, 
at t11~ beac of the ,l.lrltricrl 16rtncrtion). (: Hr~tleued minor rifting 
izrtd ?~or th t~ ( z r~ l  tilting ~f older rocks, [trld O I I J P ~  of post-rifi t l r~r-  
rrrrzl sribsirlence rc~spotwiblr &]I- tJlc early Pttleozoic ~niogeoclzr~rtl 
,rcc.cr~asion. T/tr~ l'intic Qrcc~rtzitc occcit~~ulntc~rl (gti>r rzjting / t i ~ i /  

ccnsrzd, but s!fn-rzft tlepositr of frrtnittczl Protero:oic (zri(1 Enrly 
Ca~~tbt*iioti ctgc 1 1 1 ~ 1 ~  bc prescrrt (it clppt/i ?)enenflz P(it%cys C(~t~lnyorz 
c!jnclitte LC'ote drat the. tiliirig al~orcn (2 9 i.s less tlrcirt the 10' dis- 
cordancc obsi~rr-~tl  Iitcc~lly hctl~ntli  t / z ~  Tintic Qcmrf:itc in Big 
Cottorltcoorl Cunyon X'c.rtir.01 nntl ho~-izor~tcrl scciker n1.c. equnl 

tlic precencc of macrotidal rliythnzitec in tlie Big Cotton- 
vvootl r txq~~i ro  only n s~~itable  connection with the open 
oceair. Tlo\vt~vc~~; an interted clact stratigraph) in the over- 
lyi~rg Mineral Fork Iiomniatio~l (and in the Dutch Peak For- 
rriatiori of tlie Slieeprock hlountaiiis) suggests that the sili- 
ciclastic rocks of the Big Cotton\vood wcw origirrally 

TINTIC: QUARTZITE 

Ailgular uticonformities are ttnusual in the Neopmtero- 
zoic to Lotver Carnbrian succession ofthe wcctern United 
States (Stewart, 1970; Crittende~i et dl., 1971). flowever, 
an example of a rift-onset uncoriformit), with an angular 
discordance of up to 10°, is preccnt in the ccntral W'tsatch 
Range in the vicinity of Big Cottonwood C'inyo~l (Fig. 7C; 
Christie-Blick and Lcvt, 198921). The Xntic Qt~artzite cuts 
lwogressively clownwards towards the so~ttll, resting suc- 
cessiv7ely on the hlutual ITormation (from the mountain 
front to the bicinity of Big Cottonwood Canyon), the 
Mineral Fork li'ornration (at the head of Mineral Fork), ancl 
thc Big Cottonvvood Forrnation (south of Little Cotton- 
wood C,t~lyon). The degree of discordance decreases south 
of Sliner'11 Fork but is clifficult to estimate owing to the 
lack of useful markcre in the Sfinera1 h r k  Fbrniation. The 
implied directiotl of tilting is consistent with reactivation of 
the northern basin-bouncling fault of the Big Cottonwood 
Fonn <I t' 1011. 

The tinling of this unconfornlity is uncertain owing to a 
hiatus of as much as 40 m.y. bctvveen deposition of the 
Muttla1 firmation (approxiniately 580 SZa) and the Tintic 
Quartzite (probably Lower Canrbrian; < 543 Ma). I infer 
that tilting was coeval \vritlr tlir devclopnrent in terrrlirral 
Protero~oic time of' the setprenee boundary at the base of 
the C'unelback Mountain Quartzite in  southeaster^^ Iclalio 
and Geertsen Callyon Quartzite in northein Utah (Critten- 
deri et al., 1971; Link et al., 1987; L a y  ancl Christie- 
Blick, 1991a; I,cvy et al., 1994). Concttrctarlce of 1)edding 
bcbv~een the Big Cottonvvood and Illrltual forniationc cug- 
gests that the ?\fut~id predates thc rifting event 'tnd is pre- 
served u~ithin the graben because it was preferentially 
eroded from rift shoulders during tlie terminal Protero- 
~ o i c  (Fig. 7C). The prestlrved thickness of Mutrral thus 
provide\ a rninirnurr~ estirnnte of f'tult displacemcrlt ial)out 
400 m). The thickness of the Tintic Quart~ite on the north 
linlb of Parleys Canyon cyncline is comparable to that at 
Big Cottonwood Canyon (200-300 nr: Crittendcn et al., 
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1952; Lotlim,tn-Balk, 19715), irr spite of a location '3ho\ c) 
the foohiiall of the infcrrctl basin-!>oundi~~g fcltlrlIt. 'lit70 pos- 
sible inte1yret:~tions are. 1) tlte Tintic Quartzit(. is cwtirely 
post-rift, and syn-rift deposits are not presertcd at this 
\itch CIS inl~onrd of the rtrain Carnbrian dtyoct~rrtt~r; or 2 )  
the Tintic seqtlencc 1s partly s111-rift, but eapa~~clcd see- 
tio~ls are present in this iircia only in tlre s t~ l~s t~ r f i t c~  ill 

Parleys C;an!lotr syncl~ne (Fig. 7C:). 

Oti:SCHIPTION OF TRAVERSES 

In thc follo.vcir~g guide,, cbacli cl,~y is arntngetl irk tlrt, form 
of a tri~versc, drawing attention to specific aspects of the 
geology at vitriour locatiorls or sections, but \vitl~or~t .t for- 
mal sericj of "stops." Elt3vations arc given in metres (;mi1 
feet), .urtl travcxrse dist,tncc.s in kilometres (anti rnilcc). 
Ilistances along highwdys ,we quoted in miles only as this 
is the converitiond unit for vcihicles arid road ntiys. Stops 
for the first part of Day 3 in i?ig Cottonwood Canyon arc 
descrihrtl itr Elilers et al. (1997; their stops 1 to 5) .  

DAY 1: FRIDAY, 17 OCTOBER, 1997 
Slreeprock Mountains (Harker Canyon to Dutch Peak) 

Overview. Day I is cfevotctl to a traverse at tfrr north- 
ern flank of'tlic Sheeprock Sloi~ritnins (Figs. 1 and :3), with 
a focus on the. interval frortr t11t. 1):tse ofthe glaciatl-marine 
Ilt~tch Pmk Fi)miation, through the Kclley C:anyon 
Forniation (lrasinal ,iltstone), to the l~asal pi& of tlre 
Catftly Chnyon Quartzite (Irraiclecl-fluvial pebbly qnartzite 
artci siltstonck). 'Themes artA c~vi~lel~ce for Stllrtiurr glaciittiorr 
(-750 XIn), glacial-rnarirre setlimentology and sequence 
stratigraplty and Neoprott.ror,oic rifting (Shcvprock 
Group). 

Location of Traverse. Tatke 1-80 west froirr Salt 1,ake 
City to exit 99, and then fi)llow State IIiglrway 36 sorith 
tllrot~gir Tt)oclc to Vernoit (45 nliles fi-om exit 99). Xirn 
right (south) 0.7 trrile bcyontl the gas station onto the 
gracletl gr,tvtbl roacl towartls the S\tcekrroclt hforrritai~is. 
Continue for 5.0 miles to Ucrrriiorc, ant1 turn right (wcst) 
at tlic T-jtiitction. After 2.0 taiies, turn le(i {south). 
Coritirrnc~ for a fi~rther 2.7 miles into Ilarkcv <:an>oti, and 
park at tlrch slrarp right-har~tl 1)crlcl in the track (Figs. 3 arrd 
8; Ilrttch Ptlitk 7 1/2' topographic map: 39' 58' -16" N., 
112" 28' 48" \Y). iZ vehicltb with good ground clcitntncc. is 
needcd for the final segment into f-larkcr Canyon. 

Traverse. Procetstl up the ridge loi~atecl in~nictliately to 
t l ~ c  west of the, parking plncc. (Fig. 8). The tr;t\crre leads 
do1v11 sthctiorr, fi.om the poorly c ~ p o s c ~ l  l o \v t~  C;T:i~Itly C::tit- 

yon Quart~ite, tlirough thc h:cllCy C;in> on 1;i)rrt-ratiorr artti 
the gre>~vackc rricn1l)er of the Dl~tclt Peak Formation. (:on- 
tiui~c cast along tlie r~tlgc towards Dutch Peak, 'ilitl aeross 
a fjult into tlrc h)wer part of the cliantictite rrtc~~i~!>c~r of the 
Dutch Pi& Formation. The r~rrcl<.rlying conglomci.ate ittic1 

1Jrgur.r h' C:t~oiogtcrrZ rrzrcp oj rltc Iln?Xt,t C~tlrryrir~-lJrrtc/i P f d  
/oc.nlrtl/, Slrc>r.)irnc k llorrtttntrt\ <ltorc tng the rorrti. of ti-clt cJr\cJ fi~r 
13n!y I [/i.orrr Rlrc,L, 1979, C'/irrstr~-13llt L ,  19&2. 1983nl SIY Eigtrre 
3 Jor lorafzori clntl ctnrzrloi rl gcwlogrcrrl ,tjrrtbolc Abhrrt rcrtiorls for 
~ 9 )  rrruts (15  1 1 1  c(ipttov1~ fir IGgrir~~ 5 (111r1 6 OtJl(~t 1i11lt5 POI/(!, 
r/rczhcl,cz r r t  t/rt~ rcppt7r ((/rctrrt;rtt~) tttc.rr~bc,r- 14 the Oftr ('rrnyotz 
t;onrtntrrttt, 6'11, rtr~tlrfjrr.rc~>ltt~1tc~(l <'nrrtl)rlcrrz mrl~o~intc~ roch~,  ()ill. 

t r t ~ ~ l l f ( ~ r - c ~ r t t ~ ~ r f ~ ~ ( l  Qrcc~tcr~tcrrr/ (rllrrl rrtr~r Stzj~/)lr,tl nrc'n, t r r  fh(, 
grrr/zcrrc'Lr rrtrrrzltcr of die, 1)ctlc.lt Pecrk I%rlt~nttorr (I l t l t~)  clrtp 
q~r(rr-t;rtr' horl~cs 
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Figure 9. Stratified diamictite and conglomer(~te (A) and striated felsic oolcanic cobble (B) in the conglornemte ineinl~ei- of t l ~ e  Dzitch 
Peak Formation in tlae vicinity of Dutch Peak, Slzeeprock Mountains. T l ~ e  scale in A is 1 5  cm. Tlw striated clrrst in B is I 1  cm long. 

"laminite" members are well exposed in the vicinity of 
Dutch Peak, together with the contact with the Otts 
Canyon Formation. The return journey to the vehicles 
allows us to walk through a complete section of Dutch 
Peak Formation, at its type location and in correct strati- 
graphic order. At the end of the day, we will briefly exam- 
ine outcrops of the lower Caddy Canyon Quartzite imme- 
diately southeast of the parking place. The round trip to 
Dutch Peak (elevation, 2732 m or 8964 ft) is 7 km (4.4 
miles), with an elevation change of about 650 m (2150 ft). 

The Dutch Peak Formation is representative of glacio- 
genic deposits of Sturtian age (-750 Ma) that are widely 
exposed in the Cordillera of western North America 
(Stewart, 1972; Blick, 1979; Christie-Blick, 1982; Critten- 
den et al., 1983; Eisbacher, 1985; Link et al., 1994). It con- 
sists of as much as 1,750 m of crudely bedded to well- 
stratified diamictite, conglomerate, greywacke, sandstone, 
quartzite and siltstone (Fig. 9A). The matrix of the diamic- 

tite is typically olive green to grey, chloritic, moderately 
phyllitic and mineralogically, chemically and texturally 
heterogeneous at virtually all scales. Major clast types are 
dolomite, granitic rocks and quartzite (including a rare 
but distinctive green fuchsite quartzite). Subordinate 
types include various igneous, metamorphic and sedimcn- 
tary rocks. Twenty-nine clast counts in the Sheeprock area 
indicate pronounced lateral and stratigraphic variations in 
the proportions of clast types over short distances (Rlick, 
1979), but some gross generalizations can be made. Dolo- 
mite clasts are most co~nmon in the diamictite member of 
the Dutch Peak Formation; quartzite clasts are most abun- 
dant in the greywacke member; and igneous and ~neta- 
molphic clasts predominate in the conglomerate mernl~er. 
Representative clast counts for the Dutch Peak section are 
shown in Figure 10. Clasts are predominantly 2-5 cm in 
diameter, although rarely as large as 3 m. The size of clasts 
decreases stratigraphically upwards from 1,oulder con- 
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Figure 10. Clctst cotir~fs (pie tliagrctrt~s) jbr cor~glotnertrfc atld 
rliatnietitr' in the Dutch PcnL section oj-the DrttcJl Pt.crk For-trration 
jlocalitirs 4 to 8 in Rlblc 7 crnd Platcl 7 c!f'Rlick, 1979) Mil~i~rzzdnt 
clast s i x  eoz~ntc.d, 1 ern, Abbre~intions ji)r tiorninclnt rlast s i x  
arid cotrcc~rrtr-atinr~. I?, p ~ b h l ~ s ,  c, rohhlcs, cgl., cotzglotrzri-cite, crd 
rind sp (1, cr'icitnictitc. crowdetl with c,/c~sfr N P I ~  t~ i f l r  r c k t f i ~ ( & ~  
sptzrstl cia sf,^, r~,rpc.c.fit ely 

glotneritte (conglomerate rnenlher) to sparwly pel,l,ly 
diarnictite (gre>??;ackc tr~er~thcr), i t  has been po\sil)lc to 
rrteasrirc only a few paleocurrent\: these arc directed 
towdrds the south\vest, approximately trartster\c to the 
rlirection of rtratigrllpliic thickening irt the upper plate of 
the Pole Carryon thrust. 

Evidcrice supportirlg a glacial origirt for these rocks 
includc~s the pre\crict. throughout thc C2ordillera of thick 
incce\sioni of sirnil;rr diartiictite. \trlattcl arid f~reeteti cl,ists, 
drop\tone\ and isolated scclinlent pods in larninatecl firle- 
grailled secti~nerlt~try n~cks (inferrcd to Irave lteen ice-raft- 
ed), arid beneath the hlincral Fork lkrmation of the cen- 
tral \il!ti,itch Range, a grooved pavernent o\..crlilin 1,)' 
dianrictitc. (Christie-Ulick, 19831); Idink et al., 1994). The 
Dutch Pe,ik Forrnation contain\ sporaclic cx:t~~iplei of 
dropstones, espc.cially in firtely laminatecl siltstone dt~cl 
Lery fine-grained s;tridsto~ie at the 1)ase of the fontlation 
("l:trrii~iitc." men11)er). Exarnples can I)c obscrvccl ,ii.io 1r1 

fine- to very fine-grained larninatc~tl qtiart~~tc. m the 
uppernlost part of the Otts Canyon t~itrrnatiori at Dr~tch 
Peak (Fig. 1lA). iZ \it& striated co1,l)le of fel\ic volcanic 
rock i \  present itear the base of tht, coridorneratc Itrcvn- 
bel; approximately 20 nr south-\outhea\t of the top of 
Dutch Pc.ak (Fig. 9U). (Striated cl,tsts art. very r'ire i r k  tlie 
Shceyrock hfo~~ntains. t'lcase Icavt this one in place for 
other\ to exitinine!) The recent cli\co\ ex?, in IGuker C'u~yon, 
of a clast of cpartzitc with shock larnellae led Oberbeck et 
$11. (1994) to suggest that the Dutch Formatio~i ~tlight 
not be glacioge~lic afier all. but an impact ejecta blanket. 
Civerr the overall srdirrler~tological :u1d 5trntigraptlic con- 
text of the rocks, a Inore plausible intcb~pretation i\ that an 
indetcrniinate quar~tity of inlpaet ~riaterial was iiniply 
erotled by the ice rheet. 

A hasi~t~ll glacial-nrari~~e setting i 4  ir~li>rred for rrirrcll or 
,ill of the Shecproelc (:rottp, although it1 placer the ice 
slicbct appears to have Iwen groutzdecl I)elo\t iea ltxvel. As 
outlinetl 'xl~ove, rock\ of the conglorrrcratt. rnernl>c>r of the 
I>utch Peak Formation oterlie a deep-water iecluencc 
bortridary, 'tnd arcs tr~ltati\ely i11terprt.t~d as <in ice-proxi- 
rnal sr~l)aqrteous f:,m that developed during glacial :rdtancc. 
T11e rrn~ainder of the Dlrtch Peak licmiratiou accu~~rtil~lted 
during glacial retrc'lt, although sedirnt.ntation wai punc- 
tuated by a wconct serlr~~nce botlrrdary that car1 t ~ e  tr,iceci 
to near the contact between the dianrictite and grcy~vacke 
~riernl)rr\. This contact is be\t exarrlined on the tr'iver~e 
towards Ilritclz Peak, wl~ere the lower part of thr. grey- 
wackc member contaitir scvc>ral pro~rlir~erlt lenscs of t j~~urt- 

hc'rtl interpreted as ice-proxiural glacial-marine out- 
wash. The diarnictite 111ernl)er appt.ius to pinch o11t (per- 
haps by onlap) towarcl\ the nortl~wc\t in the .ialtlt3 ,n.ea, 
although stratigraphic clctails are ol-tscitred I.)? fiit~ltir~g. 

The Dutch Peak Eitrrnation arltl tht, ri~iderlying Otts 
Canyon fir ma ti or^ itre characteri~i~l 1)y some ~nitrked 
ctlarzge\ in tlticknes5 a~rd f:,lcie\ frorri tiarker U,iri)on to 
the wcb\tcrrl \ idt of tfic. range (tlr\cril)c.c-1 al>o\*r). Tltcsc 
change\ are difficult to de~nonstratrx in a single d'ry on the; 
outcrop. IIowcver, sonlc apprcciatio~l call Ijc gained tiom 
the vantage of I>ritch Peak: the I3rrtcli Peak Ei,matron 
thins 1)) a filetor of thrt,c~ in a dist,lncc that is appro~irr~~rtcly 
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I siltstone 
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204 1 -  - g g  - Diffuse stratiflcation 
;j: 5: It Shrinkagecracks 

E c  , 8 @ Sandstone dikes -- Argillite ciasts ' 8 * Dropstones 

Figrtrt~ I 1 Sztrz)~(ific~cl rfrafigr(j~)!tir rrrkorir t l t~r>ngl~ l?lc trctrl 5itiort 
bcfrci~c~n thc O t f s  (:ntlt/~rl (19'td I)tltch &itX fi~rttiiltzotls ( t t  I ~ I S C I I  
PttnX (.\) cl11c1 crt the contnct l?c~ftc~c~rw tlzc, Avlk~tl ('(inrlotz lorstrcttror~ 
cttttl C'cltlrlzj Cnnyort Qt~mrfzitc (rrcfzrrncc Ooztrirlco-y 6. R )  i ~ t  the 
VM/ (11 tlli' i>uq I tr(11 ( T S C  OCP btg C:) Colzrrtln z~ldIJ2 rtfi>t 5 to dw 
~ ~ ~ ' ~ 2 f l ~ O t f h  gl~ilt?l-SlZf' \c(l/f' ($1, 5 ! / f 5 f O t ' l C ,  t f  f f t l ,  C [lild I C ,  Wltl(/- 
\ to~t i> rclngcJ, g and ( g ,  gmrzrilc crilrl (octt ccr ccti1g2orru~mf~~) 

hvici. the di5tunoc to thr J~cacl of H'ukf~r C,trtyoi, 0 1 1  the 
\k\,lirle to ~ h c  t~orth\ve\t. In tlr:it same area it is po\\~hlc to 
rt>cogrriz;c tlortl~we\t\vartl t1tintritrg of tlhr gri~y~v~ichr 
nrclrr1,c.r; 'tncl rt\ 1,1tcral cllange in f'1cic.5 to clu'ut~itc rn the 
sanit, dlrt~ctiorl. 'l'lrtl ovrrdl pattcnl is 'i9eriltcd to tlrfkrcii- 
tial \~~l>siclencv adlacent to eute~rsiotl;ll gro\vtlr fiirrlts, 
altliough thc Lniltr theni\elvc\ are not cxposed 111 avatl- 
,il)lr otlterop. \l,tfjcs \ill\, co~t tc~r r~por~u~ei f~~s  with drposi- 
tion, and perIiap4 rchlated to crrl\t,d eutcnsron, arc c*uposctt 
rwar t11~' to13 of tl-re Ott5 Can) on Forriiatiorr at D~rtcEx t'reak 
(Fig. 11 A )  

TIlv traxlsition firm the D ~ ~ t c l l  14,ah 1;or rliatroti to  l,i~nt- 
iwtetl siltstone of the E;ellc,\ (:a~icon XTo~~~-i,drorl r \  t~rorrglii 
to fr)c' clue to ,i rr~(1~tehoxi in tilt. \rrppl\ of tixrlrgrliou\ \ctlr- 

rrte~it, pcrlt'ips eoru1)rrlt~tX \tltll CI gldc~,iI-~~~st,it~c i7wC Si111rl,i1 
rock, overlie Stnrtrari-,tgc glactal tlcpo\rt\ tJln)ughont tltc 
Corclillcr,i ('ultl in Ltct, glol,,rlltj 111 rn,trr\ I ) , r \ ~ n \ ,  tlrc t r m -  
\itiotr is marhcbd Ir! a d(hthp-\\attkr larn~n,~ti>tl ~nrur~tt. or 
ctolonlicrite (a \o-ectllc~tl "?all c'ar1)on'ttc.'") Exdrn~,li'\ arc. 
prr5- tAnt I I I  Ilttxlr ,tt tltnrt5i t l l t a  'tntl rlrx Aritchlopr I \ l , t r l d  rrl  

the Great SAt Lahc iFrg I\ ,  1,uk liot rn tllc S1ic~c~proc.k 
\ f  otlnt,iins. 

Irr trl,tn) pl'rces.. tire corlt,lct I ~ t ~ t ~ ~ t ~ < ~ r i  tht' I.;t"lle\ C l c t t i \ < ) ~ i  

Fbrrnatlon ant] C6ttld> t ; ' t t~> ort Qu,rt t ~ l l c .  1 5  tr,ari\~txt~rr,rl, 
repru\crlting gr,icIrr'il \ho~tlirrg thlsrng l~n?gr,tti,tt~o~t of 
nc,nrsIrore st~drrrrttrts (Cht ~\tic~-Blick ,tr~cl lic~\ 1. 19h'3,\, !,(L\T 

and Clln\ttc-Ulich, 1991,11 iZ 11laip cont<tcl ri-i lhi. r io t  th- 
err1 p'trt of t l ~ r  Slrc~c~l)roel\ Ilt)t~t\t,urls r \  ~irli.~l>it>tc'ii to 
rel?rt ' \(~t loc\dll> CIC\ cloptbct \eqrrcnce I>trnr~ti,tr., i w r  Lice* 
6 tn Figs "mil 11B) l u  ll'trkcr Chn\ ort. tl~c Itcis;ll f,ctf\ of 
t l r ~  C,ttIify (:,trr~on Q,)rl,trr~rte r,onrr\t of t ) t , u t k r l - t l r l \  i,tl 

pebbly cluartzite ,ind \rlt\tont,, rnel~rclrr-rg \ontc ~ r i ~ p x ~ \ > r \ r  
\,irrtlstone c f i h c b \ .  7't11\ oritcro~~ torc\h,ictot.is t2ic sccorld 
,uld tlrird ilaj s of t t r e  excrrr\ion, 1x1 wll~clr \rlurl,.tr I,rtves 
(rriirrrrs tile &kc\) 11111 1w fonntl to 1~ r~hz,raetrrrst-rc of  
irrcisctl vallcy fill\ I\ itl111-r tlrc rtt2pcr p x t  of r h ~  131 1gli~111 
(:roup 

DAY 2: SATCJRDAY. 18 OGTOREK, 1997 
Sheeprock illouritnins (Eiorse Valley) 

Overview. ?'flcl foctr, of 2 1s the st~tlirnentoirt~~ <,rntl 
srclrrenee \trat~gr,y)h> of the itrtcn ,i1 trt~rtl thc* Irirl,cr part 
of thcl C:acidt, (:<itij 01% Q I I ~ I * L ~ ~ P ,  thro~lgh thtx I t l k o l ~ )  Fi)nl~i- 
tion il~r,\idc~tl-fln\~,tl coiigloxtieratt. ,ind iri't~ii~c illt\toiie). 
to thc h,is,d part ol the \Irtt~rd lbrltt,ttro~r LJ4o l)rii l<icb(I- 

f l ~ l \ i , ~ l  co~rglonicratt~) T l t t ~ ~ ~ r t ~ s  .up rrrc~st*tl \ .~llt.\ \ ,~r lc l  111- 

ci\ctl ,ille\ fill\ In br,titl-dc~lta~e rcttrng. tltc 01 igrn ,mtf 111- 

terprct'ttlon of Ekrotcaro~oir rlic,ct qlr,irt/~tc\ (1)rnldct-l flri! i d  

\ f S 1  5115 \lr'lIl<)\% I ~ ~ ~ I I ~ ~ c ~ ) ,  <illd t1lP c \ ~ ) ~ I ~ \ 5 1 0 ~ ~  t)j I<ir<l$lgt>l 

glaciation i-(iOO \la) 117 ~10~1-gldet~il f~eit?\ 
L,crcation of Traverse. Procc~t~d wirtlt\z ,tr rl ,tlonq ht,ttc> 

IIigh\\d) 35 &orn the i)\cnlrgl>t it011 rn 'tbock to Iif~liloi) 
(d,ont 32 nrilc~s). .Z\ 01% 13,~) 1. turn rrg11t (\orltli\ O 7 ttrrlc 
I)?) orrtl [lie g,n \~itlon onto t21c1 gr,rdrcf gr,nc~l r o d  toc$<tr tls 

thc Shtlcprod \lour~t,irri\ (:or-rtrrrrlc~ f o r  S O ntllcx\ to I-Evrr- 
nrclrc, arrd tlit'n tun1 lcfi (c,i\t) ' i t  I-JI(, *l'-!rrrtetion (:trnkrntrt, 

for 9.G n111e'i \o11tll\$~irt1 ctl~)ng \ . l t%~-r~t~~l  ( : t ivkh,  t t i ~ ~ r ~ ~ ~ g  I 1g11t 
jioutl~wcbst) oCI't1tc grac1rtI qrLivc4 to,rd 0 2 rnrlct he\ o11t1 the 
dry f ~ r m  'Lim right at thtt next jitnctrtrir (O i! inrl<>j ;tntl 
eor~trrrue 'ilong tit,rt track. fi)r ,nl ,ult~itrorr,tl I O tt~tlc " l i r r l  

right cig, i i~~ i~rortlr\, at~tl  c.orrtrnnt~ for 10 I I I I ~ C " ~ ~  '1 $,itt> i r k  

lIor\c-> Vallc~ After L 1 rnrle, turn lctt isouth) throrrgh 
,iuotl~c~ g'rte, ,tnd ~ O T ~ ~ I I I ~ I ~ ~ J O ~  O 9 11111t~ilot1g &i jetlp trS~ck 
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Park at the crest in the track, and continue on foot 
towards the south (Figs. 3 and 6; Dutch Peak 7 1/2' topo- 
graphic map; 39" 53' 26" N., 112' 23' 59" W.). The jeep 
track is over level country, but requires a vehicle with 
good ground clearance. 

Traverse. Follow the track for 2 km (about 1 mile) 
towards the southwest, to the adit at the contact between 
the Caddy Canyon Quartzite and Inkom Formation (sec- 
tion f and surface 7 in Fig. 6A and C). All of the rocks are 
overturned and dip at about 25' towards the west. Trace 
the top of the quartzite southwards to section g, noting the 
facies of the quartzite, evidence for erosional truncation, 
and onlap of the basal Inkom conglomerate. Walk through 
section g (downhill), as far as the lower part of the Mutual 
Formation. Trace the upper siltstone unit of the Inkom 
Formation northward to section e. Compare the stratigraphy 
of section g with that at sections b and a (Fig. 6A). The 
upper Inkom siltstone is unusually thin at section b (4 m) 
owing to erosional relief at the base-Mutual sequence 
boundary (surface 9 in Fig. 6A and C). The underlying 
conglomerate unit is unusually thin at section a (3.5 m), 
and pinches out between sections e and c where the track 
crosses the outcrop. The round trip is about 5 km (3 miles) 
from the specified parking place, at an elevation of about 
2,125 to 2,250 m (7,000 to 7,400 ft). It is possible to drive 
as far as section f (Fig. 6A) with a four-wheel-drive vehicle. 

The contact at the base of the Inkom Formation is asso- 
ciated with local erosional relief of several tens of metres 
and a very pronounced change in facies (Figs. 12 and 13A; 
Levy et al., 1994). The upper part of the Caddy Canyon 
Quartzite is composed of vitreous white to grey coarse- to 
fine-grained quartzite with indistinct trough cross-stratifi- 
cation. The (stratigraphically) overlying Inkom Fopation 
consists at the base of greyish-red pebbly quartzite and 
pebble conglomerate with outsized clasts of liver-colored 
and bluish-grey argillite (< 3 m). The rocks are broadly 
channelized, with diffuse stratification picked out primari- 
ly by alignment and variations in the size and abundance 
of clasts. One large clast of laminated argillite contains a 
layer of pebble conglomerate, itself containing clasts of 
argillite. Evidently, fine-grained sediments accumulated 
in the vaheys during times of low discharge, only to be 
reamed out during times of flood. Rounded pebbles con- 
sist primarily of vein quartz, but with approximately 30% 
quartzite resembling the underlying Caddy Canyon Quart- 
zite (Fig. 6D). This, and the absence of deformation at the 
valley walls, suggests that the Caddy Canyon Quartzite 
was consolidated or lithified at the time of valley incision. 
Similar although less coarse-grained conglomerate is pre- 
sent at incised valleys in the upper part of the Inkom 
Formation and at the base of the Mutual Formation, in both 
cases cutting into predominantly fine-grained deposits 
(surfaces 8 and 9 in Figs. 6 and 12; Fig. 13B). 

The abundance of stratification and channels in con- 
glomerate and pebbly quartzite, and the absence of tur- 
bidites in associated siltstone, indicates that the coarse- 
grained deposits accumulated in a fluvial to shallow marine 
environment, and primarily as a result of river floods. (We 
cannot exclude a debris-flow origin for some of the beds.) 
The depth of the valleys (30-160 m), and the fact that those 
within the Inkom and at the base of the Mutual cut into 
marine siltstone, is consistent with large-amplitude sea-level 
change during a time of glaciation (elsewhere). These val- 
leys are also not consistent with the standard model in 
which valley incision is attributed to headward erosion 
from a break in the depositional pofile near the shoreline 
(see Posamentier et al., 1988; Levy et al., 1994; Christie- 
Blick and Driscoll, 1995). Evidently, the valleys within the 
Inkom Formation and at the base of the Mutual Formation 
extended well seaward of the highstand shoreline. 

The Caddy Canyon Quartzite is representative of huge 
thicknesses of Proterozoic and Lower Cambrian rocks that 
are commonly interpreted as having accumulated in a 
shallow marine environment. Some of these quartzite 
units display good evidence for tidal activity (e.g., Big 
Cottonwood Formation) or for deposition on wave-domi- 
nated shelves (e.g., Lower Cambrian Campito Formation, 
California; Mount, 1982). However, thick successions that 
extend areally for hundreds of kilometres and consist vir- 
tually entirely of quartzite may be better interpreted as 
braided fluvial deposits. This is especially the case when 
paleocurrent trends appear to be transverse to regional 
shorelines (as in the Brigham Group; Levy and Christie- 
Blick, 1991a). Moreover, sequence stratigraphic studies 
show that the sheet-quartzite facies of the Caddy Canyon 
Quartzite seen at Horse Valley is paleogeographically 
intermediate between fluvial deposits to the east and 
northeast and marine deposits to the west (Levy and 
Christie-Blick, 1991a). The facies of such quartzites tend 
to change gradually, both vertically and laterally, from 
channelized, with thinning- and fining-upward succes- 
sions (fluvial), to thin- and tabular-bedded, with interstrat- 
ified siltstone and (in many Cambrian examples) marine 
trace fossils (e.g., Lower Cambrian Wood Canyon Forma- 
tion, California; Diehl, 1976). The model that best fits the 
intermediate facies is that of a braid delta in a ramp set- 
ting, in which distal braided rivers are characterized by 
broad shallow channels, and the shallow marine environ- 
ment is strongly influenced by fluvial input during times 
of flood. 

DAY 3: SUNDAY, 19 OCTOBER, 1997 
Central Wasatch Range (Big Cottonwood Canyon) 

Overview. The final day of the excursion is divided into 
two parts. The first part consists of stops 1 to 5 of Ehlers 
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Figure 12. Strc~tigr-cr~~\tic sections ti.trotigh t l ~ e  Ittkolr~ Ei,r-inotiorr arlil bascrl pirr-t o f  rhf. Altctuol Forrtzcifion at I l o r r ~  \+rlle!/, zc'itlt location 
ofsrttrrc~tlci~ bot~i~tkizrii~s 7 to 9 /sea Fig. 6fir locntiort ( f f~ f~c l io t l s )  D(rtu~tls iirc, i)rott~irt~r~t tnnrineflo~(lir~g srqfares Bl(zrk triiingle~ intli- 
ci~tc fining-ttyrcor-ti srtr.ctbssions. Coluintt rcitldl r-r<jkcr to the LG~nftr~or-tlz groin-six st-crle (we rnpfion for Fig. 11). The, loti.rr ports of 
sectitrti%\ j'mttd g t c c w  nlt~asrirt.d with JI  Lez !I (\cJc 1,c.t-y iincl Cjtristir-Blirk, I9Ylti, Crc rt (11, 1994). The ot?~c,r .scJctions rctJrc ineu- 
,srrr-cd ?i~ l  tlrc irrrfhor in 1996. 
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Figure 13. A. Pebble conglomerate with abundant outsize clasts of liver-colored urgillite, approximately 40 m stmtigmphically above 
the base of the lnkom Formution, Horse Valley loculity (section g in Figs. 6 and 12). The horizontal dimension of the outcrop is ahout 1 
m. B. Parallel-stratified quartzite and peblde conglomerate above sequence houndunt 8, in the middle part of the Inkom Formation 
(near section g in Figs. 6 and 12). The rocks in both photographs are overtzcrned. 
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I,er\c.,~tl\ thc 'l'ltltrc fjikat trrtel 
1,ocation of Stopr and li-;I\ cr\e. 'l;~kcx I-h0 c%,tst f r  o r r i  

tlrc o x  cl-n~gllt i t t ip  trl rli?oilca to\;\ a i d 4  \,)It L,,tl\t% <'it\ \ftc,r 

p't\\ltIg Sdlt i #'iI\i, c -It\ ! l l !(*t  ~ ~ < ~ t ~ O ~ i ' l i  i n  pol t #O~IO\! i -2 15 
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Figure 17. A. Grooves of inferred Proterozoic glacial origin at the contact between the Big Cottonwood Formation and Mineral Fork 
Formation, Mill B North Fork of Big Cottonwood Canyon (section c in Figs. 14 and 15). B. Linear ridges parallel to the grooves are 
interpreted as roches moutonneds, with glacialflow towards the northwest (308 after correction for tectonic tilt). 

The contact between the Mineral Fork Formation and 
underlying Big Cottonwood Formation is knife-sharp, 
with no sign whatsoever of soft-sediment deformation in 
spite of local paleogradients as great as 40". This, the scale 
of the valleys, and the presence of rounded clasts of Big 
Cottonwood quartzite in diamictite indicates that the Big 
Cottonwood Formation was lithified at the time of glacia- 
tion, consistent with an age significantly older than the 
Mineral Fork Formation. At section c (Fig. 15), the contact 
is characterized by erosional ridges up to 2 m high (inter- 
preted as roches moutonn6es), with grooves as much as 1 
m long oriented approximately parallel to the ridges (Fig. 
17; trend corrected for tectonic tilt, 308"). The grooves are 
also approximately parallel to the traces of cross-stratifica- 
tion in the Big Cottonwood Formation, but unlike the 
cross-stratification they pass through bedding planes. The 
grooves are oriented transverse to the local flow direction 
of Pleistocene glaciers. I infer that the surface was glacial- 
ly striated in Neoproterozoic time. 

The contact between the Mineral Fork and Mutual for- 
mations is characterized by erosional relief of more than 
15 m, and is overlain at section b by a 4-m-thick disorga- 
nized polymictic boulder conglomerate that appears to 
have been derived primarily from the underlying diamic- 
tite (Figs. 15 and 18A). The conglomerate is overlain in 
turn by a fining-upward succession, a few metres thick, of 
fine- to very fine-grained quartzite and siltstone with even 
parallel laminae and current ripples. Above this level, the 
rocks coarsen upwards over several metres to a second, 
rather thicker interval of conglomerate and quartzite 
(Figs. 15 and 18B). This upper conglomerate is crudely 
stratified, in places channelized and characterized by fin- 
ing-upward successions up to a few metres thick. The 
coarse-grained rocks are interpreted as primarily fluvial 

(and possibly debris-flow) deposits corresponding with 
the upper Caddy Canyon and base-Mutual sequence 
boundaries of the miogeocline (surfaces 7 and 9 in Fig. 2). 
That is, the feather edge of the Inkom sequence is present 
in the lower part of the Mutual Formation at Mill B North 
Fork. The lithostratigraphic base of the Mutual (the upper 
Caddy Canyon sequence boundary) corresponds here 
with a hiatus of more than 100 m.y., and is thought to 
reflect a combination of late Sturtian glacial-isostatic uplift 
and Varanger-age glacial-eustatic drawdown (Fig. 7B). 

The terminal Proterozoic rift-onset unconformity at the 
base of the Tintic Quartzite may be reached further along 
the trail approximately 600 m (2,000 ft.) from the base of 
the Mutual Formation. Angular relations with the under- 
lying Big Cottonwood-Mutual succession are best seen at 
the mountain front north of Big Cottonwood Canyon (Fig. 
19). The most favorable lighting for this view is late after- 
noon; in October we shall undoubtedly have run out of 
daylight before reaching the Salt Lake Valley. 
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Figure 18. A. Disorgt~nizerl borrltler conglomerate at the lmse of the Mz~tz~al Fonnation, iinrnediatel!l aboue sequence bounrlor?/ i: Mill 
B North Fork (section b in Figs. 14 and 15). B. Fine- to oelyfine-grainer1 quartzite and siltstone in the Mutual Fonnation, iin~nediately 
below sequence bounrlary 9 (section a in Figs. 14 and 15). The quartzite bet1.s are eoent layers, u;ith sul?tle normc~l grarling, and rlifftise 
to well rleoeloped parallel lamination in lower pc~rts of l?ecl.s and 3 0  current ripples in the upper parts of beds. The scale in each photo- 
graph is 15 cm. 
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Figure 19. The mountain front of the Wasatch Range, iinmediate- 
ly north of Big Cottonwood Canyon. The contact between the Big 
Cottonwood Formation and Mutual Formation (tree-filled gully in 
the center of the photograph) is concordant, in spite of a hiatus in 
sedimentation of up to several hundred million years. The Mutual 
Formation is overlain with angular unconformity, to the left, by 
less steeply dipping beds of the Tintic Quartzite (Cambrian). The 
base of the Tintic is interpreted as a n$-onset unconformity. 

and southern Sheeprock Mountains, respectively. Sequence 
stratigraphic studies in the Proterozoic of Utah and adja- 
cent Idaho were undertaken in the late 1980s in conjunc- 
tion with Ph.D, student Marjorie Levy (now at Chevron 
Petroleum Technology Company). Co-editor Paul K. Link 
(Idaho State University) has collaborated on Proterozoic 
geology in the western U.S. over a span of 20 years. Todd 
A. Ehlers, Marjorie A. Chan, Linda E. Soh1 and Paul Link 
are thanked for helpful reviews of the manuscript. This 
guide was stimulated by the activities of IGCP Project 320 
(1991-1995) and the International Commission on Strati- 
graphy Worlang Group on the Terminal Proterozoic System. 
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