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ABSTRACT

Structural, sedimentological, and provenance data from Paleogene
synorogenic deposits of the east-central flank of the Bighorn Moun-
tains provide new information about the development of footwall
growth synclines, the evolution of fault-related folds, and the erosional
unroofing history of intraforeland uplifts. Three conglomerate units,
the upper conglomerate member of the Fort Union Formation and the
Kingsbury and Moncrief Members of the Wasatch Formation, are in-
corporated within an asymmetric, east-verging growth syncline in the
footwall of the main range-bounding thrust system. Three stages of
footwall deformation are recorded within these conglomerates. Analy-
sis of mapped progressive unconformities, retrodeformed balanced
cross sections, and conglomerate clast composition data define these
stages as part of a continuum of deformation associated with the devel-
opment of footwall growth synclines.

Development of an anticline-syncline pair marked the earliest
stage of growth syncline formation (stage I). Rotation of the shared fold
limb resulted in amplification of the growth syncline. Fine-grained,
synorogenic sediment derived from easily eroded Mesozoic mudstone
bypassed the growth syncline during this stage. By the end of Lebo
Shale deposition, an average of 12.1% of shortening and 6.46 km of up-
lift had occurred along the range margin. Continued growth syncline
development was marked by the deposition of the Kingsbury Conglom-
erate. The Kingsbury Conglomerate was derived from resistant, mid-
dle and lower Paleozoic carbonate strata in the uplifted source terrane.
Intraformational unconformities, recording as much as 55° of bed ro-
tation, were developed within the Kingsbury Conglomerate as fold
limb rotation occurred coeval with deposition. Cross sections indicate
that during this early stage of fault-related folding, an average of 16.9%
shortening and 8.12 km of uplift occurred along the eastern flank of the
Bighorn Mountains (end of stage I). The intermediate stage (stage II)
of footwall growth syncline development involved partial truncation of
the growth syncline by the advancing thrust faults and deposition of the
Moncrief Conglomerate. The lower portion of the Moncrief Conglom-
erate was rotated basinward in the developing growth syncline. The fi-
nal stage of deformation (stage III) was dominated by the thrust fault-
ing of middle and lower Paleozoic strata eastward over steeply dipping
Mesozoic strata and rotated Eocene synorogenic conglomerate. During
this stage of deformation, the Moncrief Conglomerate was deformed,
as the initially blind thrusts propagated into the near-surface conglom-
erate deposits, truncated the entire footwall syncline, and overrode the
synorogenic conglomerate package. Cross sections in areas where this
final stage of deformation is well developed indicate that an average of

24.1% shortening and 9.7 km of uplift had occurred along the eastern
margin of the Bighorn Mountains.

The caliber of synorogenic deposition in the Powder River basin was
linked directly to the lithologic composition of the Bighorn Mountains.
Approximately half of the 3.6-km-thick source-stratigraphic section of
the eastern Bighorn Mountains was eroded prior to accumulation of
conglomerate. The majority of this eroded material was derived from
Mesozoic mudstone and poorly indurated sandstone that were incap-
able of generating coarse detritus. The first Paleogene conglomerates
deposited along the east-central Bighorn Mountains, therefore, do not
represent the initiation of Laramide uplift, but instead represent the
exposure of coarse-clast–forming rock types from the lower half of the
hanging-wall stratigraphic section (i.e., the Mississippian Madison
Limestone and Ordovician Bighorn Dolomite).

INTRODUCTION

For over a decade, there has been increasing interest in the relationship
between thrust fault deformation and synorogenic sedimentation within
foreland and intraforeland basins (e.g., Lawton, 1985; Steidtmann and
Schmitt, 1988; Heller et al., 1988; Jordan et al., 1988; Lawton et al., 1994;
DeCelles and Mitra, 1995). Several studies have shown the importance of
using synorogenic deposits in the structural analysis of foreland basins (De-
Celles et al., 1991; Burbank et al., 1992a; Burbank and Vergés, 1994). A few
studies have integrated both structural data and the provenance of synoro-
genic conglomerates to better determine the link between thrusting and dep-
osition (Graham et al., 1986; Lawton, 1986; Pivnik, 1990; DeCelles et al.,
1991). Several recent studies have also recognized the development of foot-
wall growth synclines adjacent to major thrust faults as a characteristic
structural element (DeCelles et al., 1987, 1993; Vergés et al., 1996; Ridg-
way et al., 1997). Footwall growth synclines, as defined here, are footwall
folds in which sedimentation took place during structural growth of the syn-
cline. Footwall growth synclines have been interpreted as forming in re-
sponse to fault-propagation folding (Suppe and Medwedeff, 1990; DeCelles
et al., 1991), fault-bend folding (Medwedeff, 1989), and detachment fold-
ing (Hardy and Poblet, 1994; Vergés et al., 1996; Espina et al., 1996). The
presence of rotated strata, progressive unconformities, and abrupt changes
in conglomerate clast composition, documented within growth synclines,
attests to the dynamic relationship between thrust fault deformation, fold
development, and synorogenic sedimentation.

One goal of this study is to develop a better understanding of the struc-
tural evolution of footwall growth synclines associated with fault-related
folds. The east-central Bighorn Mountains, deformed by west-dipping
thrust faults (Fig. 1), are a natural laboratory for studying the evolution of
growth synclines. Here, synorogenic conglomerates in the upper conglom-
erate member of the Paleocene Fort Union Formation and in the Kingsbury
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and Moncrief Members of the Eocene Wasatch Formation have been incor-
porated within an asymmetric east-verging growth syncline along the main
range-bounding thrust fault system (Figs. 1 and 2) (Ridgway et al., 1992;
Hoy and Ridgway, 1995). Mapping of progressive unconformities within
this footwall growth syncline and conglomerate compositional data provide
constraints needed for retrodeforming balanced cross sections that delineate
the various stages of fault-related fold development. 

Another goal of this study is to closely document the uplift and unroofing
history of an intraforeland uplift and associated sediment deposition within
the adjacent basin. Many recent studies have shown that coarse-grained
deposition in foreland and intraforeland basins may be controlled by a num-
ber of interacting variables (e.g., Flemings and Jordan, 1990). In some
cases, conglomerate deposition has been attributed mainly to uplift on
nearby thrust sheets (Burbank et al., 1988; Steidtmann and Middleton,
1991; Jordan et al., 1993; DeCelles, 1994; Pivnik and Khan, 1996). In other

cases, the rate of basin subsidence has been proposed as the controlling fac-
tor on synorogenic conglomerate deposition (Beck et al., 1988; Heller et al.,
1988; Burbank et al., 1992b; Heller and Paola, 1992). Results of our study
in the Bighorn Mountains indicate that an additional variable, the lithologic
composition of the intraforeland uplift, had an important influence on the
caliber of synorogenic sediment deposited in the adjacent basin.

STRUCTURE AND PRE-LARAMIDE STRATIGRAPHY OF THE
BIGHORN RANGE

The Bighorn Mountains of north-central Wyoming and south-central
Montana (Fig. 1) are part of the Laramide Rocky Mountain foreland (see
Brown, 1988, for a review). The Bighorn Mountains are an asymmetric,
basement-cored uplift and form the western margin of the Powder River
basin. Demorest (1941) subdivided the range into three segments on the
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Figure 1. General geologic map of
the east-central flank of the Bighorn
Mountains, Wyoming, showing ma-
jor structural features and location
of the study area (Hose, 1955;
Mapel, 1959). This part of the range
can be subdivided into four struc-
tural units (from north to south):
Piney Creek thrust block, Mowry
basin, Clear Creek thrust, and
Kingsbury Ridge. Paleozoic strata
(block pattern) crop out as flatirons
along the range margin. Mesozoic
strata (striped pattern) are exposed
in the Mowry basin and at Kings-
bury Ridge. Lines A–A′, B–B′, C–C′,
and D–D′ indicate locations of cross
sections shown in Figures 6, 9, 11,
and 12. Location of petroleum wells
with geophysical logs used for this
study: 1—Granite Ridge #1-2-9D;
2—Granite Ridge velocity test hole;
3—Arco Kenny Ranch well #1-4;
4—Buffalo Federal 1-1 well; 5—
Mapco I-30 Federal well.
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Figure 2. Stratigraphic column of
the western Powder River basin and
east-central Bighorn Mountains.
Pre-Laramide strata (pC-K)–Pre-
cambrian (pC): granite and gneiss;
Cambrian (C): Flathead Sandstone
(locally quartzitic, 105 m) and Gros
Ventre Formation (195 m); Ordovi-
cian (O): Bighorn Dolomite (110 m);
Mississippian (M): Madison Lime-
stone (190 m); Pennsylvanian–Per-
mian (IP-P): Pennsylvanian Amsden
and Tensleep Formations (75 and
83 m, respectively), Permian Goose
Egg Formation (55 m); Triassic–
Jurassic (Tr-J): Triassic Chugwater
Formation (240 m), Jurassic Gyp-
sum Spring (50m),Sundance (85m),
and Morrison Formations (55 m);
Cretaceous (K): Cloverly Formation
(45 m), Skull Creek Shale (50 m),
Newcastle Sandstone (15 m), Mowry
Shale (160 m), Frontier Formation
(150 m), Cody Shale (1080 m), Park-
man Sandstone (220 m), Bearpaw
Shale (60 m), and Lance Formation
(580 m). Tertiary synorogenic strata
(T): Paleocene Fort Union Formation (Tullock, Lebo Shale, and Tongue River Members; 360–1180 m) and Eocene Wasatch Formation (Kingsbury and
Moncrief Conglomerate Members; 300–910 m). Thickness of individual synorogenic conglomerates discussed in text: Fort Union conglomerate (430 m),
Kingsbury Conglomerate (240 m), and Moncrief Conglomerate (430 m). Thickness data from Hose (1955) and Mapel (1959).

basis of the configuration of dominant structural features. Uplift in the
northern and southern segments of the range was controlled by west-verg-
ing thrust faults, whereas the central segment, delineated by the Tensleep
fault on the south and the Shell lineament on the north, was controlled by
east-verging faults (Fig. 1). Initial geologic mapping (Darton, 1906; De-
morest, 1941; Hose, 1955; Mapel, 1959) identified the major faults and sub-
divided the east-central flank of the range into four structural units. These
are (from north to south) the Piney Creek thrust block, the Mowry basin, the
Clear Creek thrust, and Kingsbury Ridge (Fig. 1). Two roughly north-
south–striking fault systems are present along the east-central flank of the
Bighorn Mountains. The western fault is the Bighorn fault, but different
names have been applied to this fault in each of the subdivisions: the Piney
Creek thrust, the Mowry basin thrust, the Johnson Creek and Clear Creek
thrusts, and the Sisters Hill thrust at Kingsbury Ridge (Fig. 1). The eastern
fault, identified in seismic sections by Foster et al. (1969) and later named
the Buffalo Deep fault by Blackstone (1981), roughly parallels the range
margin (Fig. 1). This fault has been interpreted as a reactivated basement
fault with as much as 1.2 km of displacement (Foster et al., 1969).

Initial interpretations of the structures along the east-central part of the
Bighorn Mountains proposed thrust faulting as the dominant uplift mecha-
nism (Demorest, 1941). Later studies suggested a block-uplift mechanism as
the primary deformational style, particularly along the Piney Creek thrust
(Palmquist, 1978; Stearns, 1978). Seismic surveys (Foster et al., 1969; Rob-
bins and Grow, 1990) and wells drilled through the Precambrian rocks in the
hanging wall of the Bighorn thrust have demonstrated that the central part of
the range is structurally controlled by east-verging, relatively shallow dip-
ping thrust faults (approximately 30°W). More recent studies have inter-

preted horizontal compression as the primary deformational agent (Black-
stone, 1981; Jenkins, 1986; Brown, 1988; Hudson, 1992; Stone, 1993).

The pre-Laramide stratigraphy of the Bighorn Mountains can be divided
into three general rock types: Precambrian granite and gneiss, lower and
middle Paleozoic carbonate strata (610 m), and upper Paleozoic and Meso-
zoic mudstones (3020 m) (Hose, 1955; Mapel, 1959) (Fig. 2). The thickest
formations in the lower and middle Paleozoic carbonate package are the Or-
dovician Bighorn Dolomite (110 m) and the Mississippian Madison Lime-
stone (190 m). The thickest formation in the upper Paleozoic and Mesozoic
package is the Cretaceous Cody Shale (1080 m) (Fig. 2).

STRATIGRAPHY AND SEDIMENTOLOGY OF
SYNOROGENIC DEPOSITS OF THE POWDER RIVER BASIN

The Powder River basin is one of several nonmarine intraforeland basins
that formed in response to basement deformation during the Laramide orog-
eny (Dickinson et al., 1988). The lower Tertiary fill of the Powder River
basin is more than 2000 m thick and consists of the Paleocene Fort Union
Formation and the Eocene Wasatch Formation. The Fort Union Formation
has three members: the early Paleocene Tullock Member, the middle Paleo-
cene Lebo Shale, and the late Paleocene Tongue River Member (Fig. 2)
(Hose, 1955; Mapel, 1959). The Wasatch Formation has two members: the
Kingsbury Conglomerate and the Moncrief Conglomerate (Fig. 2). The two
formations contain three synorogenic conglomerates, the upper conglomer-
ate member of the Paleocene Fort Union Formation (Tongue River equiva-
lent), and the Kingsbury and the Moncrief conglomerates (Fig. 2). These
conglomerates are located along the western flank of the Powder River
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basin adjacent to the central segment of the Bighorn Mountains (Fig. 1)
(Sharp, 1948; Obernyer, 1979). They have been interpreted as alluvial-fan
deposits (Sharp, 1948; Obernyer, 1979), and contain proximal fan, medial
fan, and distal fan facies (Flores and Warwick, 1984; Ridgway et al., 1991). 

Isopach data indicate that initiation of the Powder River basin as a struc-
tural and depositional basin occurred during deposition of the middle Paleo-
cene Lebo Shale (Curry, 1971; Ayers, 1986). Several studies have shown
that basin subsidence was greatest adjacent to the thrusted east-central seg-
ment of the Bighorn Mountains (Curry, 1971; Obernyer, 1979; Ayers, 1986;
Flores, 1986), where the Lebo Shale and Tongue River Members of the Fort
Union Formation and the Wasatch Formation are thickest. Depositional en-
vironments during Fort Union and Wasatch deposition were predominantly
alluvial fan, fluvial, and lacustrine (Seeland, 1976; Ethridge et al., 1981;
Flores and Hanley, 1984; Ayers, 1986; Weaver and Flores, 1987). Major
Paleocene and Eocene fluvial systems flowed northward through the Pow-
der River basin toward the Williston basin (Flores and Ethridge, 1985).

METHODS

Sedimentological data collected from the three Tertiary conglomerate
units along the western edge of the Powder River basin include conglomer-
ate clast composition, paleocurrent directions, and maximum particle size.
These data were collected within the context of measured stratigraphic sec-
tions. Structural data used for construction of cross sections were collected
on traverses perpendicular to the range margin. These data include orienta-
tions of bedding units and faults in the Paleozoic and Mesozoic strata in the
hanging wall of range-bounding thrusts and also in the footwall synorogenic
Tertiary strata. Angular unconformities separating the three conglomerates
were mapped at a scale of 1:24 000 and the amount of discordance was
measured. This information, along with data obtained from petroleum well
logs, was used to construct four balanced cross sections. The cross sections
were both line and area balanced using the standard methods established by
Dahlstrom (1969) and Woodward et al. (1985). 

Each cross section was sequentially retrodeformed to show the relative
positions of the hanging wall and footwall during the various stages of syn-
orogenic deposition. Assuming a 10° depositional slope for the proximal
sections of the currently rotated alluvial-fan deposits, the strata can be re-
stored and the approximate structural level of the feeder canyon can be pro-
jected into the hanging-wall stratigraphy. This projection delineates which
stratigraphic units were exposed on the hanging wall of the thrust fault, and,
therefore, which rock types were available as source rocks for the synoro-
genic deposits in the Powder River basin during each stage of deformation.
Each interformational and intraformational angular unconformity mapped
in the synorogenic conglomerates was restored in a similar fashion during
the retrodeformation process. The match between measured conglomerate
clast composition in the footwall and the possible source stratigraphic sec-
tion (based on projection into the hanging wall) helped determine geologi-
cally plausible solutions during each stage of retrodeformation. This
method is similar to that developed by DeCelles et al. (1991) in their study
of the Beartooth Conglomerate of Wyoming and Montana.

Pinning point locations for the cross sections were chosen in the follow-
ing manner. The eastern pinning point in the footwall was located in the un-
deformed Powder River basin, close to the basin axis. Because the majority
of rocks exposed in the hanging wall are Precambrian crystalline basement,
there is no easily chosen location for the western pinning points based on
stratigraphy. To find a western pinning point, the Paleozoic sedimentary sec-
tions were projected from bedding attitudes on both flanks of the range un-
til the hinge of the fold was determined. Assuming concentric flexural-slip
folding where no slip occurs between units at the hinge, this location was
used as the western pinning point for each of the cross sections.

Balancing of the cross sections was based upon three assumptions. First, it
is assumed that all uplift along the current trend of the Bighorn Mountains oc-
curred during the Laramide orogeny. Central Wyoming has certainly under-
gone earlier and later episodes of deformation, but on the basis of previous
tectonic studies of the Bighorn Mountains (Demorest, 1941; Hoppin, 1961;
Curry, 1971; Jenkins, 1986), these other deformational events had little influ-
ence on the present structural configuration. The second assumption is that the
climatic controls on weathering of the source section did not significantly al-
ter the composition of detritus transported and deposited in the basin. Despite
the interpretation that the Paleogene synorogenic conglomerates were de-
posited by wet alluvial fans (Flores and Warwick, 1984), and that the annual
temperature increased from 10 °C at 58.5 Ma to 18 °C at 50.5 Ma (Hickey,
1980; Wing et al., 1991), the consistent abundance of pebble- to cobble-sized
limestone clasts within the synorogenic deposits indicates that chemical
weathering was not a controlling factor. The third assumption is that very lit-
tle longitudinal transport of sediment occurred in the alluvial-fan systems. Pa-
leocurrent data from this and previous studies (Flores and Ethridge, 1985; Flo-
res, 1986) support this assumption. Therefore, we would not expect
conglomerate clasts derived from adjacent erosional drainages along strike to
significantly influence clast composition data at a given locality. 

One cross section was constructed through each of the four structural seg-
ments of the east-central flank of the range (Fig. 1). Analysis of the stratig-
raphy, clast composition, and deformation of the synorogenic conglomer-
ates within the framework of cross sections is used to interpret the structural
evolution of each segment.

ANALYSIS OF STRUCTURAL EVOLUTION

Kingsbury Ridge

Stratigraphy. Kingsbury Ridge is the type locality of the Eocene Kings-
bury Conglomerate (Twk) (Fig. 1). At this location, the Kingsbury Con-
glomerate is 240 m thick. The conglomerates of this formation are massive,
clast-supported units with lenticular geometries (Fig. 3A). Maximum parti-
cle size data range from an average of 5–10 cm at the eastern edge of Kings-
bury Ridge to 25–30 cm in the west-central part (Fig. 4A). Pebble imbrica-
tions indicate that paleoflow was to the east-northeast (Fig. 4A).
Matrix-supported conglomerate units interpreted as debris-flow deposits are
present, but uncommon, and have an average maximum particle size of
80 cm. Sandstone beds are predominantly massive, but in some cases have
interbedded siltstones (Fig. 3A). The Kingsbury Conglomerate in this area
has been interpreted as middle to distal alluvial-fan deposits (Flores and
Warwick, 1984). 

Clast Composition. The composition of the Kingsbury Conglomerate
indicates derivation from the Cambrian through Mississippian formations,
and a minor contribution from Precambrian sources (Fig. 5A). At the base
of the Kingsbury Conglomerate section at Kingsbury Ridge, 80% of the
conglomerate composition is Mississippian Madison Limestone (Mm) and
Ordovician Bighorn Dolomite (Ob) (Fig. 5A). Approximately 11% of the
clasts were derived from Cambrian formations: the flat-pebble conglomer-
ate and purple limestone of the upper Gros Ventre Formation (Cgv), and the
Flathead Sandstone (Cf). Precambrian granite and gneiss constitute only
8% of the clast types. At the top of the section, only 30% of the clasts were
derived from the Mississippian Madison Limestone and Ordovician Big-
horn Dolomite, whereas the Cambrian and Precambrian contribution in-
creased to approximately 68% (43% Cgv and Cf; 25% pC). At the top of the
Kingsbury Conglomerate section, 2% of the conglomerate clasts are re-
worked basal Kingsbury Conglomerate (Twk in Fig. 5A). 

Deformation of Synorogenic Conglomerate. Growth strata are well
developed in the Kingsbury Conglomerate at Kingsbury Ridge. The con-
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tact with the underlying Fort Union deposits is an angular unconformity
with as much as 54° of discordance. A traverse perpendicular to the re-
gional strike of the Kingsbury Conglomerate reveals gradual rotation of
the strata (Fig. 6C). The steepest dip of the basal Kingsbury Conglomer-
ate is approximately 65°E, whereas deposits at the top of the ridge to the
east are dipping about 10°E (Fig. 6C). Assuming an initial 10° deposi-
tional slope, the conglomerates have undergone as much as 55° of pro-
gressive rotation.

Structural Evolution. Cross section A–A′ shows that two faults, the Sis-
ters Hill thrust (SHT in Fig. 6) on the west and the Buffalo Deep fault (BDF
in Fig. 6) on the east, controlled the deformation observed at Kingsbury
Ridge. The Mapco I-30 Federal well (well #5 in Figs. 1 and 6) provided
control for the footwall stratigraphy. Uplift calculated from cross section
A–A′ at the Precambrian-Phanerozoic contact is 8.10 km, and shortening is
calculated as 5.73 km (15.5%) (Fig. 6C). Cross section A–A′ was retrode-
formed in three stages. (1) Initial uplift of the Bighorn Range occurred along

Figure 3. Log of measured strati-
graphic sections from the Kings-
bury Conglomerate including
maximum particle sizes (MPS) and
paleocurrent directions. (A) Mid-
fan deposits at Kingsbury Ridge.
Location 3A in Figure 4A. (B) Mid-
fan deposits in the Mowry basin.
Location 3B in Figure 4C. Grain-
size abbreviations: m—mud, s—
silt, vf—very fine sand, f—fine
sand,m—medium sand,c—coarse
sand, vc—very coarse sand, p—
pebble, b—boulder. Arrows show
paleocurrent directions where
north is taken as the top of the fig-
ure. Paleocurrent directions from
imbricated conglomerate clasts
and trough cross-stratification.
Note scale changes between indi-
vidual sections.
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the Sisters Hill thrust (Fig. 6A). This uplift exposed the easily eroded Meso-
zoic and upper Paleozoic mudstones (Fig. 2), which are interpreted as the
source terrane for the Lebo Shale Member of the Fort Union Formation. Be-
cause displacement on the Sisters Hill thrust is approximately 300 m, uplift
associated with this fault cannot account for the unroofing of the entire sec-
tion of Mesozoic rocks (approximately 2 km) or the thickness of the Lebo
Shale (915 m). Uplift at the end of movement along the Sisters Hill thrust
was 1.85 km with 0.73 km of shortening (2.0%) (Fig. 6A). At this time,
most sediment eroded from the hanging wall bypassed the proximal region

of the basin. (2) Thrust displacement was transferred from the Sisters Hill
thrust to the Buffalo Deep fault (Fig. 6B). The Buffalo Deep fault is inter-
preted to be part of a large fault-related fold. Its high angle may be indica-
tive of reactivation of a basement fault (Foster et al., 1969), but its expres-
sion in the Phanerozoic units between the two range bounding faults is that
of a large hanging-wall anticline. This anticline is in part derived from a
basement fault (FS1 in Fig. 6), which is a splay of the Buffalo Deep fault.
During displacement on FS1, the hinge of this anticline migrated to the west
(e.g., rolling-hinge model of Schmidt et al., 1993). The initiation of uplift on
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Figure 4. Sedimentologic data of
synorogenic conglomerates from
each of the four regions in the study
area (Fig. 1). Data include the aver-
age maximum particle sizes (MPS,
dots) and average paleocurrent di-
rections (arrows) from imbricated
conglomerate clasts (average mea-
surement of 10 imbricated clasts per
station) and trough cross-stratifica-
tion. Circles containing numbers
show location of measured strati-
graphic sections. The letters in D
represent locations of conglomerate
clast compositions shown in Fig-
ure 5D. pC—Precambrian crys-
talline basement; Pz—Paleozoic
strata; Mz—Mesozoic strata; Tfu—
Fort Union Formation; Tfuc—Fort
Union conglomerate; Twk—Kings-
bury Conglomerate; Twm—Mon-
crief Conglomerate.
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the Buffalo Deep fault allowed for continued exposure and unroofing of the
nonresistant Mesozoic and upper Paleozoic units (deposited as the Lebo
Shale) until the more durable middle and lower Paleozoic carbonate rocks
were exposed in the hanging wall. Initial exposure of the Mississippian
Madison Limestone and Bighorn Dolomite marked the onset of Kingsbury
Conglomerate deposition; calculated uplift is 6.55 km and shortening is
2.13 km (5.8%) (Fig. 6B). During this stage of deformation, further devel-
opment of the growth syncline allowed for sediment deposition in the foot-
wall of the Buffalo Deep fault (Fig. 6B). Incorporation of fine-grained Fort
Union deposits into the steep limb of the footwall growth syncline, prior to
deposition of the Kingsbury Conglomerate, resulted in 54° of angular dis-
cordance between the two units. (3) As displacement on the Buffalo Deep
fault proceeded, uplift and shortening in the region increased, causing
deeper incision into the hanging wall. Deeper hanging-wall dissection is re-

flected in the Kingsbury Conglomerate clast composition by an upsection
increase in Precambrian and Cambrian clast types and a decrease in Missis-
sippian clast types (Fig. 5A). With continued deformation, proximal Kings-
bury Conglomerate deposits were incorporated into the steeply dipping
western limb of the growth syncline (Fig. 6C). The proximal Kingsbury
Conglomerate on the steep limb of the growth syncline became a source of
sediment for younger Kingsbury Conglomerate strata being deposited in the
hinge of the growing footwall syncline. This cannibalization is documented
by the introduction of conglomerate clasts of the Kingsbury Conglomerate
into younger Kingsbury Conglomerate deposits (Fig. 5A). With continued
rotation of the western limb of the growth syncline, progressive unconfor-
mities developed in the Kingsbury Conglomerate; 55° of syndepositional
bed rotation occurred within the Kingsbury Conglomerate during this
stage of deformation.

Figure 5. Histograms of conglomerate clast compositions in the four regions of the study area. (A) Upsection change in composition of the Kings-
bury Conglomerate at Kingsbury Ridge. Note the decrease in Mississippian Madison Limestone (Mm) and the increase in Cambrian Gros Ven-
tre (Cgv) and Precambrian basement clasts (pC) upsection. Cf—Cambrian Flathead, Ob—Bighorn Dolomite, Twk—reworked Kingsbury Con-
glomerate clasts. (B) Average clast composition of the Kingsbury Conglomerate (Twk) and Moncrief Conglomerate (Twm) exposed at North
Ridge along the Clear Creek thrust and at Johnson Creek. n—number of clasts identified. (C) Average composition of the Fort Union conglom-
erate (Tfuc) and Kingsbury Conglomerate (Twk) in the Mowry basin. Note the greater contribution of clasts from the Cambrian Gros Ventre
(Cgv) and Cambrian Flathead (Cf) Formations in the Kingsbury Conglomerate relative to the Fort Union conglomerate. (D) Composition of the
conglomerate outcrops A–D along the Piney Creek thrust block. See Figure 4D for outcrop locations. Note that the compositions are intermedi-
ate between those of the Kingsbury Conglomerate and those of the Moncrief Conglomerate exposed elsewhere along the range margin. Compo-
sitions of conglomerates at top of Moncrieffe Ridge (Twm) are shown for comparison.
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Clear Creek Thrust–North Ridge

Stratigraphy. Boulder conglomerates exposed west of Buffalo,
Wyoming, are part of a large Eocene alluvial fan system (Sharp, 1948; Nel-
son, 1968). The deposits are exposed along Clear Creek and along U.S.
Highway 16 at North Ridge (Fig. 1). This ancient fan system is composed of
the Moncrief Member of the Wasatch Formation (Twm) and is about 430 m
thick. The proximal deposits of the Moncrief Conglomerate are clast-sup-
ported, boulder conglomerates that are predominantly massive, although up-
ward fining is evident in some units. Mid-fan deposits are composed of thick,
upward-fining cobble conglomerate beds with thin interbeds of coarse sand-
stone (Fig. 7A). The more distal sandstone deposits are finer grained and

show evidence of channeling (Fig. 7B). Maximum particle size data in the
proximal deposits range from about 20 cm near the base of the section to as
much as 400 cm near the top of the section (Fig. 4B). Due to the large,
rounded clasts, imbrication is not well developed in the proximal deposits;
however, the distal deposits show paleocurrent directions ranging from
northeast to southeast (Fig. 4B).

Clast Composition. The clast composition of the Moncrief Conglomer-
ate shows that the majority of the clasts were derived from Precambrian
gneiss and granite (Fig. 5B). The conglomerate composition indicates that
even at the onset of Moncrief deposition, the source terrane was composed
predominantly of Precambrian rocks. Along the line of cross section B–B′
(Fig. 1), the Kingsbury Conglomerate is observed only in the ARCO Kenny
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Figure 6. Sequential restoration of
cross section A–A′ at Kingsbury Ridge
(see Fig. 1 for location of cross section).
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thrust (SHT) and beginning of Lebo
Shale deposition in the Powder River
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5—Mapco I-30 Federal well. Surface data
from Hoy (1996).
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Ranch well logs (well #3 in Figs. 1 and 9). Well cuttings indicate that its
clast composition is similar to correlative deposits located elsewhere along
the range margin (i.e., predominantly Paleozoic carbonates with a minor
Precambrian component). The Kingsbury Conglomerate is exposed along
the Clear Creek–Johnson Creek thrust fault to the north along Johnson
Creek (Fig. 1). Here, the majority of the conglomerate clasts are Madison
Limestone and Bighorn Dolomite (Fig. 5B).

Deformation of Synorogenic Conglomerates. The Moncrief Conglom-
erate exposed along U.S. Highway 16 is in fault contact with the Clear Creek
thrust fault (Fig. 8). Locally, directly beneath the Clear Creek thrust (within
15 m below the thrust fault), a thick sequence of upward-fining beds has been
rotated basinward to near vertical orientations. Fault gouge and fractured
clasts along bedding planes indicate flexural-slip folding. Directly below this
panel of vertically dipping beds is a panel of horizontal strata. Back thrusts
and bedding-plane faults have offset conglomerate clasts and locally caused
elongation of clasts due to shearing within this lower panel. The lowest ex-
posed and unfaulted proximal fan deposits dip 45°E. Overall, the Moncrief
Conglomerate in this area is interpreted to have undergone a minimum of 35°
of bed rotation (assuming an initial 10° depositional slope).

Structural Evolution. The two primary fault systems present in the
vicinity of North Ridge are the Clear Creek thrust system (CCTF1 and

CCTF2 in Fig. 9) and the Buffalo Deep fault (BDF in Fig. 9). The Clear
Creek thrust system is interpreted to have directly influenced both the dep-
osition and deformation of the synorogenic deposits. Uplift along cross sec-
tion B–B′ is 9.57 km; shortening is 9.30 km (26.3%) (Fig. 9D). Two wells,
the Arco Kenny Ranch well #1-4 (well #3 in Figs. 1 and 9) and the Buffalo
Federal 1-1 well (well #4 in Figs. 1 and 9), were used to determine the rela-
tive position of footwall stratigraphy. The Arco Kenny Ranch well (for
which a dipmeter survey is available) drilled through 731 m of basement
granite in the hanging wall before penetrating the CCTF1 and into 305 m of
Kingsbury Conglomerate (Fig. 9D). The well then penetrated an overturned
section of Fort Union shales (dipping 70° to the west) before crossing a sec-
ond fault (CCTF2) at a depth of 1707 m into a normal stratigraphic section
dipping 20° to the west (Fig. 9D). The hanging wall of the Clear Creek
thrust system places middle and lower Paleozoic carbonate strata on top of
the Moncrief Conglomerate (Fig. 8), which is composed of nearly 100%
Precambrian clasts.

Cross section B–B′ was retrodeformed in four stages. (1) The initial uplift
of the Bighorn Mountains in the North Ridge area began with displacement
along the Clear Creek thrust system (CCTF1 and CCTF2 on Fig. 9). This led
to the exposure and unroofing of the Mesozoic mudstones and poorly in-
durated sandstones in the hanging wall. The bulk of eroded hanging-wall

Figure 7. Log of measured
stratigraphic sections of the Mon-
crief Conglomerate with maxi-
mum particle size (MPS) and pa-
leocurrent data. (A) Mid-fan
deposits at North Ridge. Location
7A in Figure 4B. (B) Distal-fan
deposits at North Ridge. Location
7B in Figure 4B. (C) Mid-fan de-
posits at Moncrieffe Ridge. Loca-
tion 7C in Figure 4D. See Figure 3
for lithology key and grain-size
explanation.
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sediment was transported out of the most proximal part of the basin, result-
ing in the deposition of the Lebo Shale Member of the Paleocene Fort Union
Formation. At this stage, uplift was 3.96 km with 2.05 km of shortening
(6.0%) (Fig. 9A). During this initial stage of deformation, the footwall
growth syncline was an open fold hinged at the tip of CCTF2 (Fig. 9A).
(2) Continued displacement along the CCTF1 exposed the more durable
middle and lower Paleozoic units in the hanging wall. Unroofing of these
units led to the deposition of the Kingsbury Conglomerate observed in the
Kenny Ranch well logs. Uplift at the onset of the Kingsbury Conglomerate
deposition was 6.01 km, and shortening was 5.86 km (16.6%) (Fig. 9B).
During this stage of deformation, rotation of the steeper, western limb of the
growth syncline was caused by coeval displacement on the CCTF1 and the
CCTF2 as CCTF2 began to propagate through the fold hinge (Fig. 9B).
(3) After deposition of approximately 300 m of the Kingsbury Conglomer-
ate, displacement was transferred to a splay of the CCTF1 (FS1 in Fig. 9C).
Displacement along this splay resulted in the exposure of the Precambrian
basement rocks that were the source terrane for the Moncrief Conglomerate.
Uplift at the onset of the Moncrief Conglomerate deposition was 7.44 km,
and shortening was 6.65 km (18.8%) (Fig. 9C). During this stage of defor-
mation, the Moncrief Conglomerate was deposited along the hinge of the
footwall growth syncline above the Kingsbury Conglomerate (Fig. 9, C
and D). The Moncrief Conglomerate appears to have undergone 35° of east-
ward syndepositional rotation as it was incorporated into the growing foot-
wall syncline. (4) After deposition of the Moncrief Conglomerate, reactiva-
tion of the CCTF1 truncated the western limb of the footwall syncline coeval
with propagation of CCTF2 through the hinge of the syncline. This last
stage of deformation juxtaposed the lower Paleozoic strata over the Eocene
synorogenic deposits, as observed along the U.S. Highway 16 road cut
(Figs. 8 and 9D). Note that, unlike at Kingsbury Ridge, the Buffalo Deep
fault does not appear to directly influence synorogenic deposition, despite its
most likely displacement during the Kingsbury Conglomerate deposition.

Mowry Basin

Stratigraphy. Synorogenic conglomerates in the Mowry basin include
the Paleocene Fort Union conglomerate and the Kingsbury Conglomerate

(Fig. 1). The Fort Union conglomerate is predominantly a clast-supported,
channelized conglomerate interbedded with fine sandstone-siltstone pale-
osols (Fig. 10). In surface exposures, the Fort Union conglomerate is 430 m
thick, and maximum particle size data from the top 160 m show a progres-
sive upward-fining sequence, from around 20 cm at the base of the mea-
sured section to about 9 cm at the top (Fig. 10). Occasional matrix-sup-
ported conglomerate units, interpreted as debris-flow deposits, have a
maximum particle size close to 50 cm. Many of the conglomeratic intervals
exhibit pebble imbrication showing two directions of paleoflow alternating
between nearly due south and northeast (Fig. 4C). The Kingsbury Con-
glomerate overlies the Fort Union conglomerate in the Mowry basin and
contains mainly clast-supported, channelized conglomerates. The Kings-
bury Conglomerate has more trough cross-stratification than the Fort Union
conglomerate, as well as a greater abundance of interbedded sandstone and
mudstone (Figs. 3B and 10). Maximum particle size data show an upward-
coarsening package from 10 cm at the base of our measured section to near
20 cm at the top (Fig. 3B). Paleocurrent measurements from cross-stratifi-
cation and pebble imbrication show sediment transport directions to the
east-southeast (Fig. 4C).

Clast Composition. The Fort Union conglomerate consists of nearly
90% Mississippian Madison Limestone and Ordovician Bighorn Dolomite
clasts and 10% Cambrian Gros Ventre Formation and Cambrian Flathead
Sandstone clasts (Fig. 5C). There is little change in clast composition up-
section (Hoy, unpub. data). The Kingsbury Conglomerate in the Mowry
basin contains 75% Mississippian Madison Limestone and Ordovician Big-
horn Dolomite clasts (50% and 25%, respectively), 25% Cambrian Flathead
and Gros Ventre clasts, and <1% Precambrian basement clasts (Fig. 5C).

Deformation of Synorogenic Conglomerates. The synorogenic con-
glomerates in the Mowry basin have undergone significant progressive bed
rotation. In the Fort Union conglomerate, the basal strata are dipping as much
as 40°E, whereas strata at the top of the section dip about 20°E. An angular
unconformity of 10° exists between the Fort Union conglomerate and the
Kingsbury Conglomerate. Intraformational rotation in the Kingsbury Con-
glomerate is less evident than in the underlying Fort Union conglomerate.
The basal Kingsbury strata locally dip as much as 20°E, but the predominant
bedding attitudes at the base of the Kingsbury Conglomerate are 10°E.

Figure 8. Photograph of the Clear
Creek thrust fault along U.S. Highway 16
showing relationship between thrust-
faulted basin margin and synorogenic
Moncrief Conglomerate. View is toward
the north. Solid black line and large arrow
indicate thrust fault. Middle and lower
Paleozoic strata have been emplaced over
Eocene Moncrief Conglomerate. Note the
steeply dipping Moncrief Conglomerate
(Twm) in footwall (small arrow). Verti-
cally dipping hanging-wall units include:
Cgv—Cambrian Gros Ventre Formation,
Ob—Ordovician Bighorn Dolomite, and
Mm—Mississippian Madison Limestone.
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Structural Evolution. Deposition of the conglomerates in the Mowry
basin resulted from basinward rotation between the Mowry basin thrust
fault and the Johnson Creek thrust fault (MBTF and JCTF in Fig. 11). As at
North Ridge (Fig. 9), the Buffalo Deep fault is located farther east in the
Powder River basin, well away from the synorogenic deposits, and as a re-
sult did not influence conglomerate deposition in the Mowry basin. Uplift

along cross section C–C′ is 8.14 km, and shortening is 5.1 km (14.2%)
(Fig. 11D).

Cross section C–C′ was retrodeformed in four stages. (1) Initial move-
ment along the Mowry basin thrust resulted in deposition of the Lebo Shale,
which was derived from the erosion of Mesozoic and upper Paleozoic units.
During initial growth syncline development, the syncline was hinged at the

Figure 10. Log of measured
stratigraphic section of mid-fan
deposits of the Fort Union con-
glomerate in the Mowry basin
with maximum particle size (MPS)
and paleocurrent data. Location
10 in Figure 4C. See Figure 3 for
explanation of lithology key and
grain-size explanation.
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tip of the JCTF (Fig. 11A). Uplift at this stage was 4.25 km with 1.38 km of
shortening (3.4%) (Fig. 11A). Much of the sediment derived from the up-
lifted source terrane bypassed the proximal region and was deposited farther
out in the basin. (2) Continued displacement on the Mowry basin thrust fault

exposed the Mississippian Madison Limestone and Ordovician Bighorn
Dolomite and resulted in the deposition of the Fort Union conglomerate
(Fig. 11B). Uplift at this phase was 6.17 km, and shortening was 3.17 km
(7.9%) (Fig. 11B). During this stage the Johnson Creek thrust fault began to
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Figure 11. Sequential restoration of cross section C–C′ at the Mowry basin (see Fig. 1 for location of cross section). Amount of uplift and short-
ening is shown for each stage of retrodeformation. (A) Initial displacement along the Mowry Basin thrust fault (MBTF) and start of Lebo Shale
deposition in the Powder River basin. (B) Farther displacement along MBTF and the Johnson Creek thrust fault (JCTF) and onset of Fort Union
conglomerate deposition. (C) Continued displacement along the MBTF and the JCTF and onset of Kingsbury Conglomerate deposition. (D) Dis-
placement along the MBTF and the JCTF to present structural configuration. BDF—Buffalo Deep Fault.
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propagate through the hinge of the fold. Continued basinward rotation of the
strata between the Mowry basin thrust fault and the Johnson Creek thrust
fault produced the progressive unconformities found within the Fort Union
conglomerate. (3)Additional displacement and uplift along the Mowry basin
thrust fault allowed for the increased dissection of the hanging wall
(Fig. 11C). This accounts for the increased contribution of Cambrian clasts
within the Kingsbury Conglomerate. Uplift at the onset of the Kingsbury
Conglomerate deposition was 6.80 km, and shortening was 4.26 km (10.6%)
(Fig. 11C). During this stage the Johnson Creek thrust fault propagated
through the entire hinge of the growth syncline. (4) During the latest stages
of displacement, block rotation between the Mowry basin thrust fault and the
Johnson Creek thrust fault caused the western limb of the growth syncline to
become slightly overturned (Fig. 11D). As much as 10° of syndepositional
rotation occurred within the Kingsbury Conglomerate during this stage.

Piney Creek Thrust Block

Stratigraphy. The northernmost synorogenic conglomerates are exposed
adjacent to the Piney Creek thrust block, a large basement-involved thrust
block flanked on the north and south by northeast-southwest–striking tear
faults (Fig. 1). Two conglomerates, the Kingsbury Conglomerate and the
Moncrief Conglomerate, are exposed basinward of the Piney Creek thrust
(Fig. 1). The Kingsbury Conglomerate is exposed at the base of Moncrieffe
Ridge and in one location farther south along the Piney Creek thrust block
(Fig. 1). Maximum particle size data from the Kingsbury Conglomerate av-
erage between 15 and 30 cm (Fig. 4D). The best exposures of the Moncrief
Conglomerate occur on Moncrieffe Ridge (Fig. 1). This alluvial fan deposit
(Sharp, 1948; Obernyer, 1979) is lithologically very similar to that of North
Ridge (Fig. 1); clast-supported, boulder conglomerate facies in proximal fan
deposits grade laterally into finer mid-fan (Fig. 7C) and distal fan deposits.
Less-extensive deposits of Moncrief Conglomerate occur along the length of
the Piney Creek thrust block (Fig. 1). Maximum particle size data from the
Moncrief Conglomerate range from about 9 cm in the distal sections to as
much as 200 cm in the proximal deposits (Fig. 4D). The Kingsbury Con-
glomerate in this area has paleocurrent indicators that document north-north-
eastward and southeastward paleoflow, whereas paleocurrent indicators in
the Moncrief Conglomerate display southeastward paleoflow (Fig. 4D).

Clast Composition. Conglomerate clast composition is well defined on
Moncrieffe Ridge. A velocity test hole was drilled on Moncrieffe Ridge
(well #2 in Figs. 1 and 12) in association with the Granite Ridge well (well
#1 in Figs. 1 and 12) drilled through the hanging wall of the thrust block.
The test hole sample logs (i.e., mud logs) did not show an abrupt composi-
tional change from Kingsbury Conglomerate (predominantly Paleozoic
clasts) to Moncrief Conglomerate (nearly 100% Precambrian basement
clasts), but instead showed a gradual change from 100% sedimentary clasts
of Mississippian Madison Limestone, Ordovician Bighorn Dolomite, and
Cambrian Gros Ventre Formation at a depth of 533 m, to 100% basement
clasts of granite and gneiss at a depth of 232 m. Sample logs indicate that
the contact between the Kingsbury and Moncrief Members was arbitrarily
placed at the first appearance of sedimentary clasts in the drill cuttings. Out-
crops of the Kingsbury Conglomerate, adjacent to the Piney Creek thrust
(labeled A–D in Figs. 4D and 5D), also have clast compositions that docu-
ment a gradual transition from primarily sedimentary clasts to crystalline
Precambrian clasts.

Deformation of Synorogenic Conglomerates. The footwall synoro-
genic conglomerates of the Piney Creek thrust block show little deforma-
tion. The Kingsbury Conglomerate shows a maximum of 20° of rotation
(assuming an original 10° depositional slope), but deformed conglomerate
clasts were not found.

Structural Evolution. Uplift along the Piney Creek thrust block was

controlled by the two imbricate faults of the Piney Creek thrust fault system
(PCTF1 and PCTF2 in Fig. 12) that dip approximately 25°W. The Buffalo
Deep fault is located under the distal deposits at Moncrieffe Ridge (Figs. 1
and 12D). However, the fault does not appear to have influenced deposition
or deformation within these synorogenic deposits. Data from the Granite
Ridge well help determine the location of the Piney Creek thrust fault and
footwall strata (well #1 in Fig. 12D). This well was spudded in Precambrian
granite and drilled through 753 m of granite before it penetrated a thrust
fault (PCTF1). After crossing the thrust fault, the well entered an overturned
section of Upper Cretaceous strata, then crossed a second fault (PCTF2)
into nearly horizontal strata of the same age (Fig. 12D). Uplift along cross
section D–D′ is 9.90 km, and shortening is 8.89 km (21.9%) (Fig. 12D).

Cross section D–D′ was retrodeformed in four stages. (1) Initial dis-
placement and uplift along the Piney Creek thrust fault (PCTF1) initiated
unroofing of the Mesozoic and upper Paleozoic source section and deposi-
tion of the Lebo Shale in the Powder River basin (Fig. 12A). Uplift at this
stage was 5.1 km, and shortening was 2.61 km (6.6%) (Fig. 12A). During
this early stage of fold development, the growth syncline was hinged at the
top of PCTF2. (2) Continued thrust displacement and erosion exposed the
middle and lower Paleozoic carbonate rocks in the hanging wall and gener-
ated the Kingsbury Conglomerate (Fig. 12B). The fine-grained members of
the Fort Union Formation were rotated into the steeper limb of the growth
syncline during this stage. This rotation produced the unconformity be-
tween the Fort Union Formation and the Kingsbury Conglomerate. During
this stage the PCTF2 propagated partially through the hinge of the growth
syncline. Uplift at the onset of Kingsbury Conglomerate deposition was
6.49 km, and shortening was 6.15 km (15.5%) (Fig. 12B). (3) Additional
displacement along the Piney Creek thrust fault exposed Precambrian base-
ment rocks, resulting in the deposition of the Moncrief Conglomerate
(Fig. 12C). Uplift at this stage was 8.99 km, and shortening was 7.95 km
(19.2%) (Fig. 12C). (4) In the final stage of deformation, the Piney Creek
thrust block was thrust over the conglomerates at Moncrieffe Ridge, result-
ing in the configuration observed today (Fig. 12D). The change in con-
glomerate clast composition (Fig. 5D) suggests that the structural evolution
from stage 2 through stage 4 in Figure 12 was a gradual transition rather
than a series of discrete events, as indicated by angular unconformities be-
tween the Kingsbury Conglomerate and the Moncrief Conglomerate in
other areas along the range margin.

GENERAL IMPLICATIONS 

Structural Development of Growth Synclines

Our analysis of the configuration of the east-central Bighorn Mountains
identified three structural stages of footwall growth syncline development
associated with fault-related folding.

Stage I. The structural configuration of two areas, Kingsbury Ridge
(A–A′ in Figs. 1 and 6) and the Mowry Basin (C–C′ in Figs. 1 and 11), is in-
terpreted to be the product of deformation during the earliest part of fault-
related fold development. Our cross sections (Figs. 6 and 11) show that the
structural configuration of the range margin in both areas was controlled by
imbricate basement-involved blind thrusts. The surface expression of the
blind thrusts is an anticline-syncline pair (Fig. 13A). Paleozoic strata in the
shared fold limb dip between 20° and 65° toward the Powder River basin
(Fig. 14). Eastward, the Mesozoic strata show a steepening of dips upsec-
tion in the shared fold limb and locally become overturned (Fig. 14). Coarse
synorogenic sediments were deposited in the developing growth syncline
and in places onlapped the eroded, steeply dipping Mesozoic strata
(Fig. 14). The onlap relationship indicates that significant limb rotation and
erosion occurred prior to deposition of the conglomerates.
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Two depositional episodes occurred along the western margin of the
Powder River basin during stage 1 deformation. First, deposition of the
Lebo Shale occurred during the initial displacement on the range-bounding
faults. Our cross sections show that at the end of Lebo Shale deposition,

there was an average of 6.46 km of uplift and 4.60 km of shortening along
the eastern Bighorn Mountains (Table 1). During the second depositional
episode, the Fort Union conglomerate and the Kingsbury Conglomerate
were deposited (Fig. 13A). Fold limb rotation due to fault propagation in-
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Figure 12. Sequential restoration of cross section D–D′ at Moncrieffe Ridge (see Fig. 1 for location of cross section). Amount of uplift and short-
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fluenced coarse-grained synorogenic sedimentation in two ways. First, al-
luvial-fan deposits underwent a gradual eastward rotation that resulted, over
time, in a progressive fanning and decrease of dips upsection (Fig. 14). The
most proximal fan deposits were incorporated into the shared fold limb and
were uplifted, eroded, and redeposited basinward. Second, the continued
uplift of the proximal part of the growth syncline caused a basinward
progradation of subsequent alluvial-fan deposits (Fig. 13A). The Kingsbury
Conglomerate is the most widespread of all the synorogenic conglomerates
in the study area and was deposited along the entire east-central margin of
the Bighorn Mountains. Our cross sections and the distribution of the
Kingsbury Conglomerate indicate that the deformation represented by
stage I occurred throughout the study area. Stage I is interpreted as the ear-
liest stage of fault-related fold development. After Kingsbury Conglomer-
ate deposition, there was an average of 8.17 km of uplift and 6.36 km of
shortening (Table 1).

Stage II. The exposures on the north side of Johnson Creek (Fig. 1) are
representative of stage II (Fig. 13B). The Moncrief Conglomerate was de-
posited during stage II, and overlies the Kingsbury Conglomerate with as
much as 95° of angular discordance (Fig. 15). The lower portion of the
Moncrief Conglomerate has been rotated basinward in the developing
growth syncline in a manner similar to that of the Kingsbury Conglomerate
during earlier stages of deformation (Fig. 9, C and D). At Johnson Creek,
the Johnson Creek thrust has overridden the Kingsbury Conglomerate,
which is overturned in the footwall (Fig. 15). The overlying Moncrief Con-
glomerate, however, is undeformed and dips approximately 10°E (Fig. 15).
In this case, the advancing thrust fault partly truncated the footwall growth
syncline, but did not override the entire synorogenic package, as seen in
stage III at North Ridge (Fig. 8).

Stage III. The final stages of fault-related fold development are repre-
sented by the present configuration of the Clear Creek thrust fault (B–B′ in
Figs. 1 and 9D) and the Piney Creek thrust block (D–D′ in Figs. 1 and 12D).
Surface expressions of stage III are thrust faults that place middle and lower
Paleozoic strata in fault contact with the synorogenic Moncrief Conglomer-
ate of the Wasatch Formation (Fig. 13C). The Paleozoic strata are the lead-
ing edge of a large hanging-wall anticline and range in dip from 30°E in the
Cambrian Flathead Sandstone at the core of the fold, to as much as 50°W
overturned in the Mississippian Madison Limestone at the edge of the ad-
vancing limb. Hanging-wall Mesozoic strata had been removed by prior un-
roofing associated with earlier stages of deformation.

During the final stages of fault-related folding, the initially blind thrusts
propagated into the near-surface conglomerate deposits, truncated the foot-
wall syncline, and overrode the entire synorogenic package (Fig. 13C). Dur-
ing fault truncation of the growth syncline, adjacent footwall synorogenic
conglomerate deposits were deformed. Along U.S. Highway 16, for exam-
ple, beds of the Moncrief Conglomerate have been rotated to near vertical
(Fig. 8), and boulder-sized clasts have been deformed along numerous back
thrusts and flexural slip surfaces (Hoy, 1996). Cross sections through the
Clear Creek thrust fault and Piney Creek thrust block indicate that these ar-
eas, characteristic of stage III, have undergone an average of 9.74 km of up-
lift and 9.10 km of shortening (Table 1).

Implications for Fault-Related Fold Models

The deposition and deformation of the synorogenic deposits along the
east-central Bighorn Mountains are a direct result of the formation of folds
associated with basement-involved faults. The fold styles shown by our cross
sections are similar to “thick-skinned” folding styles associated with base-
ment faults that have propagated upsection into sedimentary cover rocks
(Brown, 1983, 1988; DeCelles et al., 1991; McConnell and Wilson, 1993;
Schmidt et al., 1993; Stone, 1993). The folds along the east-central Bighorn

Figure 13. Schematic cross sections illustrating various stages of
footwall growth syncline development along the east-central flank of
the Bighorn Mountains. (A) The end of stage I deformation as seen
at the Mowry basin represents the early development of the growth
syncline. Note the anticline-syncline pair above the blind thrust
faults and the deposition of synorogenic sediments along the hinge of
the syncline. Key for figure: jackstraw pattern represents Precam-
brian crystalline basement rocks; beds without patterns represent
Paleozoic and Mesozoic rocks; Tfuc—Fort Union conglomerate;
Twk—Kingsbury Conglomerate; Twm—Moncrief Conglomerate.
(B) Stage II represents the intermediate stage of growth syncline evo-
lution as documented at Johnson Creek. Note that the thrust system
partially truncated the growth syncline. Note rotation of Paleozoic
and Mesozoic strata in the shared fold limb to a steeper dip (relative
to stage I). Fold limb rotation resulted in development of progressive
unconformities (not shown) in synorogenic conglomerate within the
growth syncline. (C) Stage III deformation as represented by the
structural configuration seen along the Clear Creek thrust system at
North Ridge. Note that the thrust system has completely truncated
the footwall growth syncline and overrode the entire synorogenic
package.

 on January 26, 2010gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


FOOTWALL GROWTH SYNCLINES, BIGHORN MOUNTAINS, WYOMING

Geological Society of America Bulletin, August 1997 931

Mountains are different than those described by “thin-skinned” classic fault-
propagation fold models (Suppe, 1983; Mitra, 1990). In our study area, for
example, angular and progressive unconformities in the proximal limb of the
footwall growth syncline are evidence that the forelimb was progressively ro-
tated to a steeper dip. In the classic geometric models of fault-propagation
folding, limb dips are attained instantaneously and do not change after fold
growth begins (see Fischer et al., 1992, for discussion). These results support
a growing number of studies suggesting that limb rotation is an important
component in the growth of some fault-related folds (Anadon et al., 1986;
DeCelles et al., 1991; Holl and Anastasio, 1993; Poblet and Hardy, 1995;
Vergés et al., 1996; Zapata and Allmendinger, 1996).

McConnell (1994) proposed a basement-involved model in which the
thrust fault propagates through the forelimb of the fold. In his model, the
footwall syncline is hinged where the fault intersects the basement–sedi-
mentary cover contact. Continued fault propagation rotates the forelimb
strata in both the hanging wall and footwall. McConnell’s model describes
many of the structural features documented in the eastern Bighorn Moun-
tains, but does not include the imbricate fault pair observed in the study area.
Block rotation between imbricate fault pairs interpreted for the Bighorn
Mountains is similar to that discussed by Kellogg et al. (1995) for Laramide
uplifts in Montana.

Implications for Laramide Uplift and Unroofing of the Bighorn
Mountains

Estimates of the initiation of Laramide uplift of the Bighorn Mountains
have ranged from Late Cretaceous (Gries et al., 1992; Hansley and Brown,
1993), to late Paleocene (Sharp, 1948; Hose, 1955; Mapel, 1959; Merin and
Lindholm, 1986). Isopach maps of the members of the Fort Union Forma-
tion indicate that subsidence in the Powder River basin began in the early to
middle Paleocene, as indicated by thickening of the Lebo Shale member
from about 8 m in the eastern part of the basin to 915 m adjacent to the east-
central Bighorn Mountains (Curry, 1971; Flores and Ethridge, 1985, Fig. 4).

The Lebo Shale has been interpreted as an extensive fluvial-lacustrine facies
that formed along the western margin of the Powder River basin (Lake
Lebo) (Flores and Ethridge, 1985; Flores, 1986; Ayers, 1986). Previous
studies concluded that Lake Lebo was filled entirely by deltas prograding
from the ancestral Black Hills, Casper Arch, and Laramie Mountains. The
lack of coarse detritus in the lower Fort Union deposits was interpreted as
evidence that the adjacent Bighorn Mountains provided little sediment to
the forming basin (Curry, 1971; Tewalt et al., 1983; Flores and Ethridge,
1985; Ayers, 1986; Flores, 1986). These studies suggested that the first in-
dication of uplift and erosion of the Bighorn Mountains was contained in
the sandstones of the Tongue River Member and the Fort Union conglom-
erate (Fig. 2), and that major uplift began during the Eocene with deposition
of the Kingsbury and Moncrief conglomerates.

In contrast to the traditional interpretation outlined above, results of this
study indicate that, by the onset of middle Paleocene Lebo Shale deposition,
an average of 3.8 km of uplift and 4.50% of shortening had already occurred
(Figs. 6, 9, 11, and 12). The subsidence indicated by isopach data of the
Lebo Shale (Curry, 1971; Ayers, 1986) had to be accompanied by erosion
of approximately 2 km of mainly Mesozoic mudstone from the hanging

Figure 14. Shared limb of an anticline-
syncline pair characteristic of stage I de-
formation in the Mowry basin. View is to
the north. Tadpole symbols indicate dips,
and sinusoidal lines indicate unconformi-
ties. Paleozoic strata (Pz) in the shared fold
limb dip approximately 50°E (to right) to-
ward the Powder River basin. Eastward,
Mesozoic strata (Mz) show a steepening of
dips upsection and eventually become
overturned in the shared fold limb. Arrow
points to a well-exposed overturned Cre-
taceous outcrop dipping to the west (left).
Shallow-dipping synorogenic Tertiary
conglomerates, the Fort Union conglom-
erate (Tfuc) and the Kingsbury Conglom-
erate (Twk) were deposited in the hinge of
the developing growth syncline. Note that
the synorogenic deposits onlap the eroded,
steeply dipping Mesozoic strata with an
angular unconformity. This onlap rela-
tionship indicates that significant limb ro-
tation and erosion occurred prior to depo-
sition of the conglomerates. Continued limb rotation during conglomerate deposition produced an additional angular unconformity that separates
Tfuc and Twk (note the change in dip between the two units). Compare this figure with schematic diagrams shown in Figure 13 (A and B).

TABLE 1. RESULTS OF UPLIFT AND SHORTENING CALCULATIONS

Depositional Map location Cross Uplift Shortening Shortening
stage* section (km) (km) (%)

Onset Twk Kingsbury Ridge A–A′ 6.55 2.13 5.8
North Ridge B–B′ 6.01 5.86 16.6
Mowry basin C–C′ 6.80 4.26 10.6
Piney Creek thrust block D–D′ 6.49 6.15 15.5

End Twk Kingsbury Ridge A–A′ 8.10 5.73 15.5
North Ridge B–B′ 7.44 6.65 18.8
Mowry basin C–C′ 8.14 5.10 14.2
Piney Creek thrust block D–D′ 8.99 7.95 19.2

End Twm North Ridge B–B′ 9.57 9.30 26.3
Piney Creek thrust block D–D′ 9.90 8.89 21.9

*Twk—Kingsbury Conglomerate, Twm—Moncrief Conglomerate.
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wall of the Bighorn thrust system. The Permian through Cretaceous hang-
ing-wall stratigraphic-source section is composed predominantly of mud-
stone and subordinate poorly indurated sandstone (Fig. 2) that is incapable
of generating coarse detritus. Prior to the accumulation of the Kingsbury
Conglomerate, roughly 2.8 km of stratigraphic-source section had been
eroded from the eastern Bighorn Mountains. Stripping of these nonresistant
rocks from the Bighorn Mountains must be accounted for by deposition
within the Powder River basin, because it is unlikely that the sediments gen-
erated by erosion of the entire Mesozoic section bypassed the local depo-
center within the growing basin (i.e., Lake Lebo). Our results suggest that
the 914 m of Lebo Shale adjacent to the thrusted east-central segment of the
Bighorn Range is at least partly the product of unroofing of the Mesozoic
strata in the nearby hanging-wall section (Fig. 16A). The lack of coarse de-
tritus in the thick sections of the Lebo Shale along the western basin margin
is in fact what should be expected from the uplift of the Bighorn source ter-
rane. In addition, the presence of Lake Lebo adjacent to the east-central
Bighorn Mountains can be used to infer that there was enough local relief
to result in ponding of water. Our interpretation does not preclude the pos-
sibility of additional sediment contribution from other nearby uplifts into
Lake Lebo (Flores and Ethridge, 1985; Ayers, 1986). By the end of the
Paleocene, Lake Lebo had been filled and a regional fluvial system had de-
veloped (Tongue River deposits). During this time, the alluvial-fan system
that deposited the Fort Union conglomerate found in the Mowry basin was
active. The Fort Union conglomerate is found only in the Mowry basin, in-
dicating that the fan was of local significance (Fig. 16A). The initiation of
Kingsbury Conglomerate deposition marks the exposure of durable middle
and lower Paleozoic strata in the hanging wall along the entire east-central
range margin (Fig. 16B). The onsets of the later stages of fault-related fold-
ing were marked by the exposure of Precambrian rocks in the hanging walls
of Clear Creek and Piney Creek thrust faults, and deposition of the Moncrief
Conglomerate (Fig. 16C).

The calculated 8 to 10 km of maximum uplift for the east-central Bighorn
Mountains is in general agreement with estimates of 5 to 10 km of uplift as-
sociated with other Laramide uplifts (see Dickinson et al., 1988, for review).
Assuming that the Bighorn Mountains were at sea level at the end of the

Cretaceous, our cross sections indicate about 9.5 km of total rock uplift,
about 5.5 km of exhumation, and about 4 km of net surface uplift. Assum-
ing a 20 m.y. active tectonic period (middle Paleocene to middle Eocene),
bulk (rock) uplift of the Bighorn Mountains was on the order of approxi-
mately 50 cm/1000 yr.

CONCLUSIONS

(1) The earliest stage of growth syncline formation (stage I) along the east-
ern Bighorn Mountains was characterized by development of an anticline-
syncline pair. Initial uplift exposed easily eroded Mesozoic mudstones that
were transported through the embryonic growth syncline and deposited far-
ther out in the basin. An average of 6.46 km of uplift and 12.1% of shortening
occurred along the range margin during this earliest stage of fault-related fold
development. Continued growth syncline development was characterized by
uplift and exposure of resistant Paleozoic carbonate rocks. This resulted in
deposition of the Fort Union and Kingsbury conglomerates along the hinge of
the growth syncline. Fold limb rotation, development of progressive uncon-
formities, reworking of proximal facies along the steeper limb of the syncline,
and basinward progradation of alluvial-fan deposits are indicative of this
stage. An average of 8.17 km of uplift and 16.9% of shortening had occurred
along the range margin by the end of this stage (end of stage I).

(2) The intermediate stage (stage II) of footwall growth syncline devel-
opment involved partial truncation of the growth syncline by the advancing
thrust faults and deposition of the Moncrief Conglomerate. The lower por-
tion of the Moncrief Conglomerate was rotated basinward in the develop-
ing growth syncline in a manner similar to that of the Kingsbury Conglom-
erate during the early stage of deformation.

(3) A final stage of deformation (stage III) along the east-central Bighorn
Mountains was characterized by thrust faulting of middle and lower Paleo-
zoic strata over Eocene synorogenic conglomerate. The Moncrief Conglom-
erate was deformed during this stage of fault-related fold development, when
the initially blind thrusts propagated into the near-surface conglomerate de-
posits, truncated the entire footwall syncline, and overrode the synorogenic
conglomerate package. An average of 9.7 km of uplift and 24.1% of short-

Figure 15. Photograph of structural rela-
tionship exposed on Johnson Creek that is
characteristic of stage II deformation. View is
looking north at the Johnson Creek thrust
(thick solid white line). Tadpole symbols indi-
cate dip directions, thin sinusoidal line indi-
cates angular unconformity, and arrow indi-
cates displacement direction on thrust fault. In
the hanging wall, Mississippian Madison
Limestone (Pz) is dipping 70°E. In the footwall,
overturned Eocene Kingsbury Conglomerate
(Twk) is dipping 60°W. The Moncrief Con-
glomerate (Twm),which unconformably over-
lies the Kingsbury Conglomerate, dips ap-
proximately 10°E. The lack of deformation
and bed rotation in the Moncrief Conglomer-
ate indicates that it has not been overridden by
the Johnson Creek thrust (cf. Fig. 13B). In this
example, the thrust fault has partially trun-
cated the growth syncline but did not override
all of the synorogenic conglomerates in the
footwall.
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ening occurred along the range margin, where this final stage of deformation
is well developed.

(4) The type of synorogenic detritus deposited along the eastern margin
of the Bighorn Mountains was influenced by source terrane lithology. Ini-

tial uplift of the Bighorn Mountains occurred during the early to middle
Paleocene and is represented by deposition of the Lebo Shale in the Powder
River basin. The Lebo Shale is at least partly the product of unroofing of the
Mesozoic mudstones carried in the hanging wall of the Bighorn thrust fault
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Figure 16. Sequence of schematic block di-
agrams depicting the depositional and struc-
tural history of the east-central Bighorn
Mountains. (A) Middle to late Paleocene: Ini-
tial uplift along the Bighorn thrust system
caused unroofing of Mesozoic mudstones
(Mz) and deposition of the Lebo Shale in the
Powder River basin. The Fort Union con-
glomerate (Tfuc) of the Mowry basin was de-
posited in the late Paleocene when resistant
mid-lower Paleozoic strata (Pz) were locally
exposed in the hanging wall of the Bighorn
thrust. pC—Precambrian rocks. (B) Early
Eocene: Regional exposure of lower Paleozoic
strata in the hanging wall leads to deposition
of the Kingsbury Conglomerate (Twk) along
the east-central range margin. Tw—Wasatch
Formation. (C) Middle Eocene: Localized
shortening resulted in additional displace-
ment along the Clear Creek and Piney Creek
thrust faults, exposure of Precambrian rocks
(pC) in the hanging wall, and deposition of
the Moncrief Conglomerate (open circle pat-
tern) in footwall growth synclines.
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system. The late Paleocene–Eocene conglomerates do not represent the ini-
tiation of Laramide uplift, but instead represent the exposure of coarse-
clast–forming rocks in the hanging-wall stratigraphic section.
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