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ABSTRACT
Clark Canyon Reservoir occupies the northern Red Rock Valley in Beaverhead County,
southwestern Montana. The region is a part of the northern Basin and Range province of western North
America. It is characterized by a series of northerly trending extensional basins that have served as
sediment traps since their formation. The Red Rock Valley is drained by the Red Rock River, which flows
from Lower Red Rock Lake north to the Clark Canyon Reservoir at its confluence with Horse Prairie Creek
at the head of the Beaverhead River. This river system has been active in the Red Rock Valley since the
Miocene epoch.
This study characterizes gravels of the Miocene-Pliocene Sixmile Creek Formation, Quaternary
alluvial fans, and Quaternary fluvial terraces in the area of the NE Clark Canyon Reservoir. Nearly all
cobbles present within the Sixmile Creek Formation and Quaternary fluvial terraces are well rounded,
indicating extensive fluvial transport. Cobbles in the Quaternary fan deposits were recycled from the
Sixmile Creek Formation. The lithologies of randomly selected clasts in exposed Sixmile Creek Formation
and reworked alluvial fan gravels were dominated by quartzites that were likely derived from the
Proterozoic Belt Supergroup and Cambrian Flathead Formation, and basalt and rhyolite likely derived
from the underlying Eocene Dillon volcanics. Undisturbed Sixmile Creek Formation fluvial gravels form
deposits at least 100 m thick. Quaternary fluvial terrace gravels have smaller clast sizes and were
polymictic, containing minor gneissic pebbles.
A study of cobble orientations in undisturbed sedimentary deposits indicates paleoflow directions in
fluvial systems based on the dynamics of bed armor formation in active stream channels. Cobbles in the
Sixmile Creek Formation indicated fluvial flow to the SW in Miocene-Pliocene time. In situ outcrops
were rare for the alluvial fan deposits, but a single site indicated down-slope flow to the west. The
Quaternary fluvial terrace gravel was well imbricated and indicated paleoflow to the NE, as it is today.
These results were consistent with the lithologic provenance data, and show that the ancient
Beaverhead/Red Rock River system flowed SW during the Miocene-Pliocene but transitioned to NE
during the Quaternary. The change may have been related to faulting associated with tectonic uplift of
the Continental Divide, which presently forms the headwaters of the Red Rock River.
Geologic mapping and slope analysis demonstrated that the Monument Hill Fault and a newly mapped
"Clark Canyon Reservoir Fault" cut some Quaternary fans, but were buried by others and that the traces
of the faults trend to within 500 m of Clark Canyon Dam.
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1.0 Introduction
Clark Canyon Reservoir impounds the Beaverhead River at the confluence of the Red Rock River
and Horse Prairie Creek, at the head of the Beaverhead River in Beaverhead County, Montana. The
reservoir floods the active Monument Hill Fault zone in the Intermountain Seismic Belt (Stickney, 2007).
The fault zone juxtaposes Paleozoic limestone on the west abutment of Clark Canyon Dam against
Miocene-Pliocene and Quaternary gravel, underlain by Eocene volcanics, on the east abutment.
The reservoir lies within the northern part of the Basin and Range province of the western
United States (Figure 1). The region has experienced extensional faulting since the Eocene (Janecke,
1994). The most recent faulting began in the middle Pliocene when the modern topography was
initiated (Johnson, 1981). Current seismicity in the region indicates that faults within the vicinity remain
active (Stickney & Lageson, 2002; Stickney, 2007; Schmeelk, 2016) and play an important role in ongoing
geomorphic development.
The Red Rock Hills (RRH) occupy the east side of the reservoir. They are mantled by Cenozoic
deposits that constrain the local history of faulting and landscape evolution. Large Quaternary alluvial
fans blanket Miocene-Pliocene Sixmile Creek Formation gravel and Eocene volcanics on the west flank of
the RRH (Figure 2). This thesis tested the hypothesis that in-situ cobbles of the Sixmile Creek gravel
beds preserve information about the depositional systems that were active in the area at the time of
deposition. Sixmile Creek gravels, originally deposited by Miocene fluvial systems (Janecke et al., 2000;
Sears et al., 2009) are well preserved in the RRH north of Clark Canyon Dam. A detailed geologic map of
this area constrains the nature and composition of these fluvial gravel deposits for comparison to
reworked river gravels within the RRH alluvial fans, and on Beaverhead River terraces.
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Figure 1 – Field area in northern Red Rock Hills between Clark Canyon Reservoir and the east flank of the
Red Rock Hills.
2

Figure 2 – Locations of outcrops on east flank of Red Rock Hills where provenance data was measured.
Sites 1, 2, 3, 5, 4, 6, 7, 8, and 11 are in situ Sixmile Creek Formation outcrops. Site 9 is a Quaternary
alluvial fan. Site 10 is a Quaternary terrace deposit. Sites 12, 13, and 14 are Beaverhead Group
conglomerates.
3

Many of the fans have been incised by deep channels that feed into younger fan deposits
downslope. According to Harkins et al. (2005) similar inset alluvial fans on the west flank of the valley
are characterized by changes in slope and by segmentation of stream channels. Regalla et al. (2006,
2007) mapped distinct sets of alluvial fans in the southern Red Rock and adjacent Centennial Valleys,
noting as many as four sequential fans. They interpreted these as recording fault movements during
Quaternary fan evolution. This study expands on their work in the NE Clark Canyon Reservoir area by
defining and mapping the generations of fan deposits, measuring the incision of older fans linked to the
construction of younger fans downslope, and defining the relationships of the fans to the structure and
composition of the Sixmile Creek Formation gravel.
1.1 Previous Work
Becker (1948), Drexler (1949), Kupsch (1950), Scholten (1967), Wallace (1948), and Wilson
(1967), among many others, characterized the stratigraphy of the Red Rock Valley from Monida Pass
north to Kidd. The volcanic history of the Red Rock Valley and southwestern Montana been well
studied. The passage of the Yellowstone hotspot track and the formation of the Snake River Plain has
played a significant role in the geomorphology of the region over the past 10 m.y. Smedes and Prostka
(1972) carried out significant work on the regional deposition of basalt flows, tuffs and other volcanic
units across the area, while Perkins and Nash (2002) mapped regional ash deposition from eruptions
along the hotspot track. Moye et al. (1988), M’Gonigle & Dalrymple (1996), and Fritz et al. (2007)
studied the Eocene Challis and Dillon volcanics. Pierce & Morgan (1992) constructed an overview of the
effects of the passage of the Yellowstone hotspot on the region, expanded upon by Fritz & Sears (1993)
and Sears et al. (2009).
Studies of the tectonics of the Red Rock Valley region have included Ruppel et al. (1981), Anders
et al. (1989), Wallace et al. (1990), Constenius (1996), Stewart (1998), VanDenburg et al. (1998),
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DeCelles (2004), Stickney (2007), Payne et al. (2013), and Schmeelk (2016). Paleoclimate analyses have
been undertaken by Alden (1953), Howard (1958), Thompson et al. (1982), Janecke et al. (2000),
Beranek et al. (2006), Link et al. (2008), Chetel et al. (2011), and Mumma et al. (2012).
2.0 Geologic Setting
Clark Canyon Reservoir occupies a tectonically active region of southwestern Montana with a
complex geologic history. The region straddles the boundary between the North American craton to the
east and the rifted continental margin to the west. It is crossed by a northeast-trending embayment of
the rifted margin known as the Big Snowy trough (Peterson, 1991). During the Cretaceous, the region
experienced east-directed thin-skinned thrusting of the Sevier fold-and-thrust belt, as well as thickskinned basement uplifts of the Laramide foreland (Schmidt and Perry, 1988). During the Eocene, the
region became the locus of a north-trending rift system (Janecke, 1994), and was overlapped by the
Dillon volcanic field (Fritz et al., 2007). During the middle Miocene, the region was crosscut by
northeast-trending grabens that captured drainage systems (Sears et al., 2009). Finally, in the late
Miocene and Pliocene, northwest-trending grabens on the shoulder of the Yellowstone hotspot track
cross-cut the middle Miocene grabens and diverted stream flow. During the final phases, the Red Rock
Valley formed, and, near Dell, Montana, may have diverted runoff from the northeast-trending Ruby
graben into the modern Red Rock Valley (Sears et al., 2009). Seismically active faults cross the RRH, and,
significantly, trend toward the Clark Canyon Dam. RRH gravel deposits constrain recent faulting and are
a major focus of this study.
2.1 Structural Geology
Clark Canyon Reservoir lies on the dividing line between two contrasting structural geology
domains that resulted from the Cretaceous-Paleocene Sevier/Laramide orogeny. East of the reservoir,
northeast-trending basement-cored uplifts are characteristic. West of the reservoir are a number of
5

northwest-trending thrust sheets and tight folds (Scholten, 1967). Uplift first began along the BlacktailSnowcrest arch, which trends northeast from the Blacktail Mountains in the Red Rock region to the
Snowcrest Mountains. This uplift initiated erosion of massive quantities of Paleozoic rock that were
deposited in the Beaverhead Group as conglomeratic wedges around the flanks of the BlacktailSnowcrest arch. Thrusting west of the area associated with the formation of the Beaverhead Mountains
resulted in deposition of additional Beaverhead conglomerate, comprising a thickness of reportedly
more than 2700 m in some exposures (Ryder & Scholten, 1973). Late in the Sevier/Laramide orogeny
thrust faults west of the Red Rock Valley carried Paleozoic sedimentary rocks over the Beaverhead
conglomerate, truncating older structures (Scholten, 1967; Johnson 1981; Johnson and Sears, 1988;
Janecke, 1994).
By early Eocene time, southwestern Montana was characterized by interconnected graben
basins interrupted by isolated peaks. Since the middle Eocene, extensional processes have dominated
the tectonics of the region. An Eocene-Oligocene north-trending rift system trended from central Idaho
into southwestern Montana (Janecke, 1994). A deep rift filled with thick sequences of volcanics,
sandstone, and lacustrine deposits that were overlapped by coarse conglomerate derived from the
exposed footwall of a low angle extensional fault (M’Gonigle, 1991). As much as 2600 m of sedimentary
and volcanic rock accumulated in extensional basins within this system (Janecke, 1994), which resulted
from gravitational collapse of previously thickened crust within the Sevier/Laramide orogenic belt
(Coney and Harms, 1982). A distinct fluvial sandstone unit was deposited within the dominantly muddy
ash beds of the Renova Formation on the flank of the rift system. This unit systematically fines
eastward, and paleochannel measurements indicate generally eastward transport (Thomas, 1995).
Following deposition of the upper Eocene to lower Miocene Renova Formation, the region
experienced a major episode of extension, tilting, and erosion associated with initiation of the northern
Basin and Range Province. This is documented by a profound angular unconformity between the
6

Renova Formation and the overlying Sixmile Creek Formation in various half-grabens (Fields et al., 1985).
Sears (1995) suggests that this deformation correlates with major tectonic activity elsewhere in the
region including outbreak of the Columbia River flood basalts and initiation of the Yellowstone volcanic
hotspot. The propagation of the Yellowstone hotspot along the Snake River Plain during the late
Cenozoic generated an active extensional regime, of which the Red Rock Valley is a part (Anders et al.,
1989; Sears et al., 2009).
Drainage systems developed along and between the grabens, eroding much of the Paleogene
and older rock. Miocene valleys filled with fluvial, alluvial and, less-commonly, lacustrine deposits of the
middle-Miocene through Pliocene Sixmile Creek Formation (Fields et al., 1985; McLeod, 1987; Sears et
al., 2009). Distribution of distinctive gravel deposits indicates that the Miocene fluvial system continued
along graben trends for hundreds of kilometers, with a flow direction trending roughly northeast
(Dawkins, 1996; Sears, 2013). In southwestern Montana, some valleys are survivors of this Miocene
system while others, like the Red Rock Valley, follow younger grabens generated by late-Cenozoic
extension (Sears, 1995).
Displacement on some faults diverted stream channels in which the Sixmile Creek Formation
had been deposited, tilting thick beds of stream gravel (Fritz and Sears, 1993). Faults in the Red Rock
Valley area east of the Tendoy Range define small, closely spaced half-grabens (Harkins et al., 2005).
Tectonic activity continues in the region into the modern day. Within the last century the region
has experienced three significant earthquakes, the 1959 Hebgen Lake Earthquake, a magnitude 7.2
temblor that caused extensive damage, the 1999 magnitude 5.3 Red Rock Valley Earthquake, and the
magnitude 5.6 Dillon Earthquake in 2005 (Stickney, 2007). Johnson (1981) mapped fault traces along
both sides of the Red Rock Valley as northwest-trending linear features. These faults are discontinuous,
buried or otherwise obscured in places and fresh and clear in others (Johnson, 1981). Near Garr Canyon,
7

for example, the Red Rock fault scarp is buried by modern alluvial fan sediments, while two kilometers
to the south the Chute Canyon alluvial fan is offset 6 m by a scarp sloping 25 degrees toward the E. As
the Chute Canyon drainage is 1.5 times larger than the Garr Canyon basin it would be expected that the
scarp would be more rapidly obscured in that area.
A study of the kinematics of the region by Schmeelk (2016) indicates that although the
Centennial Tectonic Belt along the Continental Divide near Monida Pass is currently extending at a rate
of 2.6 ± 0.2 mm/year, the rate of extension across the Red Rock Fault is 0.3 ± 0.2 mm/year. Harkins et
al. (2005) calculate probable slip rates from paleoseismic data for the Red Rock Fault at Big Sheep Creek,
Little Sheep Creek and Chute Canyon of 0.57 mm/year, 1.33 mm/year and 2.0 mm/year respectively.
Based on slip rates and scarp morphology within the valley Harkins et al. (2005) identify the Red Rock
Fault as having been active for not more than 1 Ma. This is consistent with an overall eastward decrease
in age of faulting along the Yellowstone hotspot track (Stickney & Bartholomew, 1987; Fritz & Sears,
1993).
2.2 Tectonic Geomorphology
During the middle Miocene, late Oligocene block faults were reactivated, tilting basin-fill
sediments. A humid middle Miocene climate generated through-flowing streams that cut deeply into
the older basin fill. This activity had ceased by late Miocene, and basins refilled under arid conditions
with alluvial fan sheet sediments predominating this period of deposition. By early Pliocene,
southwestern Montana was again characterized by relatively featureless topography.

High-level

erosional surfaces present throughout the Tendoy Mountains and Red Rock Hills were formed during
the late Pliocene to Pleistocene (Alden, 1953).
Block faulting resumed in the late Pliocene or early Pleistocene under increasingly humid
conditions and the dissected intermontane basins of today began to take form. Evidence of recent and
8

historical faulting throughout southwestern Montana documents ongoing tectonic activity (Harkins et
al., 2002; Regalla et al., 2007; Schmeelk, 2016). The Late Miocene (6 Ma) Timber Hill basalt forms buttecapping outcrops in the southern Red Rock Valley near Lima, and for 50 km northeast, to the Ruby
Range (Sears et al., 2009). These basalts and associated fluvial gravel have been faulted and tilted by
extension.
2.3 Bedrock Sources for RRH Gravel Deposits
Clasts in the RRH gravel deposits are polymictic. Cobble lithologies, together with paleocurrent
measurements, constrain tectonically-induced changes in provenance areas and paleoflow directions.
Chapter 2.3 outlines the major recognizable clast lithologies in the gravel and their general source
regions. Chapter 5 documents percentages of various clast lithologies.
Archean and Paleoproterozoic high-grade metamorphic rocks crop out in the cores of foreland
basement uplifts in SW Montana, and distinctive pebbles of biotite gneiss occur in some RRH gravel
deposits.
The well-indurated argillites and red, feldspathic, cross-bedded quartzites of the Proterozoic
Belt Supergroup dominate the durable clast assemblages in the RRH gravel. These rock types form large
mountain ranges 30 km and more to the west.
Nearby mountains expose Cambrian Flathead Sandstone, Wolsey Shale, and Hasmark Dolomite.
Of these, the well-indurated, distinctly cross-bedded, white Flathead Sandstone forms common clasts in
the gravel. Most of these clasts were also noted in conglomerates analyzed by Pierce & Morgan (1992)
in the southern Red Rock Valley.
Overlying the Cambrian strata, the Paleozoic section is dominated by dolomite and limestone,
but carbonate clasts are rare in the gravel beds, possibly due to comminution by the more competent
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quartzites. The Devonian Jefferson Dolomite is the oldest unit directly exposed in the Red Rock Valley
and is characterized by black dolomite (Kupsch, 1950). The Jefferson Dolomite is overlain by thick,
fossiliferous, light grey limestones of the ridge-forming Mississippian Madison Group (Smith, 1948). The
Madison Group is overlain by weak limestones and shales of the Mississippian and Pennsylvanian
Snowcrest Group (Formerly the Amsden Formation, Becker, 1958).
The 800-m thick, well-lithified quartz arenite sandstone of the Pennsylvanian Quadrant
Formation overlies the Snowcrest Group, and forms resistant ridges and drainage divides. It forms a
significant percentage of clasts in the gravel. It is overlain by poorly-exposed shallow water limestones,
phosphatic shales and cherts of the Permian Phosphoria Formation (Smith, 1948). Rare chert clasts from
the Phosphoria Formation may occur in the gravel.
The Triassic Dinwoody, Woodside, and Thaynes Formations and the Jurassic Sawtooth and
Morrison Formations are exposed in the headwaters of the Red Rock River. These comprise weak shales,
sandstones and limestones that are rarely if ever recognized in the gravel. The Cretaceous Kootenai
Formation includes distinctive chert-pebble conglomerates and sandstones that are locally present as
clasts in the gravel. The thick, overlying Colorado Group is dominated by weak shales and sandstone and
rarely forms clasts in the gravel. The Cretaceous-Paleocene Beaverhead Group is very thick in the region
and is dominated by red, limestone-clast conglomerate, and lesser red quartzite-clast conglomerate. The
latter forms distinctive but rare clasts in the gravel. Cretaceous granite of the Idaho and Pioneer
batholiths provide important source rocks and feldspathic matrix materials in some Sixmile Creek
Formation deposits.
Overlying the sedimentary rocks in the region are thick Eocene volcanics, including rhyolite and
vesicular basalt. Clasts of these volcanics are common in the gravel. The youngest deposits that pre-date
the RRH gravel comprise Eocene through early Miocene Renova Formation mudstones and sandstones.
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Renova mud may comprise a significant proportion of the matrix of the overlying Sixmile Creek
Formation gravel. Quaternary gravel deposits are locally recycled from the Sixmile Creek Formation.
The Sixmile Creek Formation includes far-travelled fluvial gravel deposits that include clasts that
are exotic to Montana (Sears et al., 2009). These include distinctive cherty litharenite, vitreous white
quartzite, and quartz-veined black chert cobbles that may derive from as far away as the central Nevada
Antler orogenic belt (Sears, 2013). These exotic gravel deposits are abundant in the southern Red Rock
Valley between Dell and Lima, where they are interlayered with the 6-Ma Timber Hill basalt flow within
a faulted Miocene paleovalley that trends NE for 50 km across the Blacktail and Ruby Mountains. The
paleovalley was defeated by faulting and tilting in the hanging wall of the Red Rock Fault. The modern
Red Rock Valley post-dates deposition of the faulted fluvial gravels in the paleovalley.
3.0

Methods

The NE Clark Canyon Reservoir area was mapped to locate exposures of cobble-rich sediment. At each
outcrop location of in-situ cobbles, strikes and dips were measured for any cobbles with a sufficiently
planar shape. Orientations were measured with an iPhone 5s on which the Fieldmove Clino application
of the Midland Valley Co. was installed. This program uses the iPhone’s GPS receiver and inclinometer
functions to orient the phone, and this orientation data can be recorded when the iPhone is placed on
any planar surface.
A sample of 100 cobbles was randomly selected at each outcrop. Following the random
selection of a given cobble, a visual analysis was performed with the aid of a 10x hand lens to identify
the lithology of the sample. The lithologies encountered during this field investigation are provided in
Table 1.
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Table 1 - Lithologies Encountered
Quartzite
Rhyolite/Basalt
Kootenai Conglomerate
Phosphoria Chert
Limestone and dolomite
Sandstone
Petrified Wood

After completion of field observations, all cobble orientation data was plotted using Stereonet
10.1.6 by Richard W. Allmendinger. This program plots poles to the planes, which indicate the paleoflow
direction in the stream when the cobbles became imbricated on the bottom of the river channel. Bunte
& Abt (2001) describe the process of imbrication of cobbles in the direction of flow in a stream or river.
Cobble imbrication is a result of stream-armoring and indicates flow direction (Todd, 1996). The
orientation of the axes of the cobbles measured in the field is indicative of the of flow direction in the
paleo-fluvial deposits.
4.0 Stratigraphy of the Clark Canyon Reservoir Area
The study area includes Mississippian Madison Limestone, Cretaceous Beaverhead
conglomerate, Eocene basalt and tuff, Miocene-Pliocene Sixmile Creek Formation fluvial and alluvial
deposits, and Pleistocene-Holocene fluvial and alluvial deposits. The Madison Limestone mostly lies on
the northwest side of the valley, while the Beaverhead conglomerate occurs on the NW bank of the
Beaverhead River and forms the upper ridges of the RRH to the southeast. Eocene basalt and tuff
overlies the Beaverhead conglomerate, and is buried by the Miocene and younger deposits. The Sixmile
12

Creek Formation crops out near the dam and in the upper slopes of the Red Rock Hills. PleistoceneHolocene alluvial fan deposits extensively reworked the Sixmile Creek Formation on the east side of
Clark Canyon Reservoir. Pleistocene-Holocene terrace gravels occur near the Beaverhead River and the
reservoir. This study focuses on the Sixmile Creek Formation and the Pleistocene-Holocene deposits, in
the context of the reservoir site.
4.1 Sixmile Creek Formation.
The Sixmile Creek Formation forms a prominent hill on the NW corner of the map area, on the
NW side of the Beaverhead River. There, it is about 100 m thick, overlies Madison Limestone and
Beaverhead conglomerate, and is characterized by a series of massive diamict beds and fluvial gravels.
These beds descend from elevations of > 1800 m to 1645 m at river level. The diamict has a matrix of
gray clay and contains boulders and blocks of rock as large as 3 m in diameter. The blocks include
distinctive lithologies including red, pebbly, cross-bedded feldspathic quartzite of the Bonner Formation,
fine-quartz-arenite of the Quadrant Sandstone, and vesicular basalt and rhyolite of the Dillon volcanics.
Nearest sources for these lithologies crop out to the west, from nearby locations to sites more than 30
km away, as in the case of the nearest outcrops of Bonner Quartzite. Mixed with the blocks are streamrounded cobbles and boulders. The deposit is assigned to the Sweetwater Creek Member of the Sixmile
Creek Formation, which is characterized by bouldery diamict. Such deposits are interpreted as debris
flows of middle Miocene age (Barstovian), and commonly occur at the base of the Sixmile Creek
Formation. The deposits in this area evidently flowed easterly down a paleovalley for many kms into a
newly forming tectonic graben during the initiation of the Basin-Range Province (Sears et al., 2009).
Sixmile Creek diamict also occurs on the SE side of the Beaverhead River in the lower part of a
line of grassy, 100-150-m hills near Clark Canyon Dam. It is well exposed in a large railroad excavation at
the mouth of Clark Canyon, and on an isolated ridge 1 km east of the dam. In those locations, it directly
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overlies Eocene volcanics. Near the dam, the diamict is overlain by a thick section of clast-supported
fluvial conglomerates of the Big Hole River Member of the Sixmile Creek Formation. The clasts are well
rounded and well imbricated, and indicate SE-directed paleoflow. Paleoflow measurements and clastlithology counts were conducted at well-exposed sites, and are presented in Chapter 5. The gravel that
makes up the grassy hills dips gently to the SE and is down-dropped by at least 200 m against Eocene
basalt on the west side of a north-trending normal fault zone. Late Quaternary fans bury the fault
without apparent offset.
Sixmile Creek Formation also occurs in the upper slopes of the Red Rock Hills as a clastsupported fluvial gravel dominated by stream-rounded pebbles and cobbles, but with significant streamrounded boulders. It is approximately 100-150 m thick, and is gently tilted toward the west. It is
essentially of the same thickness and character as the Sixmile Creek Formation near Clark Canyon Dam,
and has been tectonically tilted and uplifted by 700 m in the RRH fault block, from elevations of 1645 m
near the river to >2300 m. The uplift and tilting is a component of the general uplift of the Blacktail
Mountains fault block, of which the RRH is a part. This material was previously mapped as Beaverhead
conglomerate (Vuke et al., 2010), but contains pebbles of vesicular basalt, and overlies Eocene volcanics
in several areas, and so is here assigned to the Miocene-Pliocene Sixmile Creek Formation. By contrast,
the Beaverhead conglomerate is finer-grained, contains abundant limestone pebbles and quartzite
granules, and has a red clay matrix. As shown on Map 2, the Sixmile Creek Formation onlaps the
Beaverhead conglomerate eastward from Eocene volcanics in the upper RRH. It is deeply incised by dry
gulches that lead downslope to broad, coalescing Quaternary alluvial fans that lead to the Beaverhead
and Red Rock Rivers. The fans are truncated by Pleistocene (Pinedale) floodplains.
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4.2 Quaternary Alluvial Fans
Southeast of Clark Canyon Dam, the west slopes of the RRH are overlain by Quaternary alluvial
fans that largely consist of reworked Sixmile Creek Formation fluvial gravel. These deposits occupy five
generations of successive alluvial fans, characterized by gently sloping surfaces that descend from the
topographic high to the east in the mid RRH, down to the valley bottom at the Clark Canyon Reservoir.
Characteristic landscapes in the region are shown in Photographs 1, 2, 3, and 4. The geomorphology is
characteristic of an active extensional setting with rising fault-blocks and subsiding grabens. Topographic
highs are partially covered with recently uplifted, poorly consolidated young sediments, whereas
grabens form storage basins where eroded sediments accumulate. This setting, combined with the wet
Quaternary climate, resulted in the erosion and redeposition of Miocene-Pliocene Sixmile Creek
Formation fluvial gravels into Quaternary alluvium.
Farther south in the RRH, the fans were mapped by Regalla et al. (2006) as having three distinct
facets, which represented a progression of ongoing tectonic uplift. They found that as tectonic activity
uplifted the RRH relative to the Red Rock Valley, destabilized sediment was eroded from the RRH and
deposited in alluvial fans at the margin of the valley. New episodes of tectonic uplift involving both the
RRH and alluvial fan deposits forced new equilibrium surfaces.

Subsequent erosion then incised

previously stable alluvial fan deposits, cutting through that material to elevations where erosion passed
into deposition that spread out on fans lower down the valley margins. This progression occurred in
three main episodes, leading up to the present. Slope analysis presented in Chapter 5 reveals these
features in the Clark Canyon Reservoir field area.
Undisturbed deposits of Miocene-Pliocene Sixmile Creek Formation fluvial gravels occur at midlevels of the RRH between the head of the Pleistocene-Holocene fans at about 2000 m elevation, and
bedrock outcrops of red Beaverhead conglomerate, beginning at about 2300 m. This boulder-rich
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Sixmile Creek Formation gravel is generally unconsolidated and does not erode into cliffs. It is gently
west tilted, although bedding is indistinct.

Photograph 1 – View east toward the Red Rock Hills. Rounded hills are in situ Sixmile Creek Formation near Clark Canyon Reservoir.

Photograph 2 – Incised drainage channel in the Red Rock Hills in gulch near mouth of Clark Canyon. Eocene basalt forms cliffs, Sixmile Creek
Formation forms overlying slope.
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Photograph 3 – View west from Horse Hill. Clark Canyon Reservoir in distance. Sixmile Creek Formation. Note cobbles in foreground.

Photograph 4 – View south along Red Rock Hill escarpment in Maurer Gulch. Large hill in mid-distance on right is Sixmile Creek Formation.
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4.3 Quaternary Fluvial Terraces
Two Quaternary fluvial terraces occur along the Beaverhead River north of the dam. The upper
one (Qt2) forms a bench at approximately 1700 m elevation, north of the mouth of Clark Canyon. The
lower one (Qt1) is at approximately 1665 m elevation, and stands 12 m above the modern floodplain.
The terraces are armored by well-rounded stream cobbles that are well-imbricated, and define northerly
flow, congruent with the modern flow of the Beaverhead River. The cobbles indicate a complete
reversal of flow between deposition of the Sixmile Creek fluvial gravel and the terrace gravel. The clast
composition also differs from the Sixmile Creek Formation fluvial gravel, with the distinct addition of
gneiss cobbles. The gneiss cobbles in the terrace gravel could have been sourced from the basementcored Armstead anticline, 3 km to the SW, whereas the Belt quartzite gravel in the Sixmile Creek
Formation could have been sourced from the Beaverhead and West Pioneer Mountains to the NW.
5.0 Provenance of Gravel Deposits
In the southern part of the study area, the topography changes from steep slopes and high relief
to low rolling hills intercut by incised drainages. Outcrops in this area are infrequent. In highly incised
channels Eocene basalt is exposed. Alluvial deposits are not cemented and are not cliff-forming;
consequently, soil slumping buries eroded faces.
Alluvial fan material is composed of rounded cobbles in a sandy or muddy matrix. This material
comprises eroded and reworked Sixmile Creek Formation that was redeposited along the flanks of the
RRH.
In situ exposures of RRH gravel are uncommon within the study area. The material is typically
non-cemented and does not maintain steep slopes. RRH outcrops located in the study area were
exposed by either tectonic activity or recent erosion. In most cases outcrops on hillslopes were
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characterized by opaline silica cementation in roughly vertical columnar deposits. Geothermal fluids
percolating through the sediment likely deposited this cementation.
5.1 Paleocurrents
In situ outcrops were very rare owing to down-slope cascades of cobbles and boulders from the
unconsolidated gravels. Most paleocurrents were measured in the Sixmile Creek Formation where
outcrops were opal cemented. After thorough field examination, nine in situ outcrops were found in
Sixmile Creek Formation gravel, a one in a Quaternary alluvial fan deposit, and one in a Quaternary
terrace gravel. Three were observed in Beaverhead conglomerate. The paleocurrent diagrams presented
in Section 5.1.1 are lower hemisphere, equal-area projections of the pole-normals to measured tabular
cobbles. The bulls-eye contours indicate the paleo-flow direction, since the pole-normal to a cobble
projects into the opposite hemisphere from the tilt direction of the cobble. Poles closer to the perimeter
of a diagram represent more steeply inclined cobbles, whereas poles near the center of a diagram
represent more gently inclined cobbles. Well-imbricated, clast-supported conglomerates generate tight
clusters of gently inclined poles.
5.1.1 SIxmile Creek Formation Paleocurrents (Sites 1, 2, 3, 4, 5, 6, 7, 8, and 11)
Site 1 (Figure 3) was the only conglomerate outcrop location found in the study area not directly
on top of the Tertiary volcanic basement. This site was located on a hilltop at an elevation of ~150 m
above the floor of the valley, and no basalt outcrops were observed above the base of the hill. This
outcrop was characterized by heavy opal cementation with no loose matrix material observed. Within
the opal cement coarse sand was observed indicating a high-energy depositional environment.
Paleocurrent measurements indicate a strong flow direction to the SW.
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Figure 3a – Site 1, view south. Opal-cemented Sixmile Creek Formation gravel at summit of Hill 5889 east of Beaverhead River south of mouth
of Clark Canyon.

Figure 3b. Cobble imbrication poles N=29. Site 1. Sixmile Creek Formation. SW-directed paleocurrent.

Paleocurrent direction at Site 2 was found to be in a SW direction (Figure 4). At this location
Eocene volcanics were directly beneath the gravel layer, with measured cobbles occurring not more
than 6m above the volcanic contact. These deposits were moderately cemented although extensive
scree slopes typically characterized exposed faces.
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Figure 4a – Site 2, view north. Small outcrop of Sixmile Creek Formation typical for this area.

Figure 4b. Cobble imbrication poles N=25. Site 2. Sixmile Creek Formation. SW-directed paleocurrent.

Site 3 was located in the lower section of fluvial material at an elevation similar to Site 2. The
location of this site is marked on Figure 2. Flow direction measured from in-place cobbles indicates flow
to the west and southwest (see Figure 5).
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Figure 5a – Site 3, view east. Outcrop of Sixmile Creek Formation in low cliff in middle distance.

Figure 5b. Cobble imbrication poles N=16. Site 3. Sixmile Creek Formation. SW-directed paleocurrent.

Site 4 is located at the eastern edge of the study area in the Red Rock Hills. The location is marked on
Figure 2. Pebble inclination data shows paleoflow to the west. This location is on the west side of a
basin-bounding normal fault, and some tilting may have occurred (Figure 6a). These measurements are
plotted in Figure 6b.
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Figure 6a – Site 4, view south. Basal diamict conglomerate of Sixmile Creek Formation. Note poor sorting of well-rounded cobbles in brown finegrained matrix.

Figure 6b. Cobble imbrication poles N=16. Site 4. Basal Sixmile Creek conglomerate. SW-directed paleocurrent.

Paleocurrent data from Site 5 indicates a flow direction to the north (Figure 7). This deposit was
in undisturbed conglomerate material with significant cementation, most likely deposited by geothermal
processes. Clast sizes at this location were much finer than at other conglomerate exposures and cobble
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orientation was difficult to measure. This deposit was more than 10 m above underlying basement
material.

Figure 7a – Site 5, view south. Sixmile Creek Formation, well-imbricated cobbles.

Figure 7b. Cobble imbrication poles N=14. Site 5. Sixmile Creek Formation. NE-directed paleocurrent.

Paleocurrent data at Site 6 indicates a flow direction to the SW (Figure 8). This sedimentary deposit was
directly on top of Tertiary volcanic material. The material at this location was not cemented and came
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loose easily. Underlying basalt was not visible at this location but nearby exposures indicate that this
outcrop was not more than 5 m above the basement contact.

Figure 8a – Site 6, view east. Sixmile Creek Formation, silica cement.

Figure 8b. Cobble imbrication poles N=13. Site 6. Sixmile Creek Formation. SW-directed paleocurrent.
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Flow direction at Site 7 was to the east. This location was observed to be in contact with basalt
basement material, and cobbles were heavily cemented into place (Figure 9a). Flow data is presented in
Figure 9b.

Figure 9a – Site 7, view northeast. Sixmile Creek Formation coarse and medium gravel. Note bedding.
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Figure 9b. Cobble imbrication poles N=15. Site 7. Sixmile Creek Formation. E-directed paleocurrent.

Cobble orientation measurements from Site 8 show flow oriented to the SW (see Figure 9a). This
location was found near site 7, and is marked on Figure 2. Data from this location is presented in
Figure 9b.

Figure 10a – Site 8 looking west. Sixmile Creek Formation diamict rounded boulders in fine matrix.
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Figure 10b. Cobble imbrication poles N=21. Site 8. Sixmile Creek Formation. SW-directed paleocurrent.

Paleocurrent data from Site 11 indicates a flow direction to the SW. This outcrop was the
thickest exposure encountered in my field area, with a total thickness of more than 10 m exposed, from
the basalt contact on up (Figure 10a). The top of the basalt basement was exposed here by excavation
of overlying material related to the construction of the railway line, which passes through this site, and
the smooth surface of the basalt layer seems to indicate scouring by steam flow. No flow features were
observed on this erosional surface.
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Figure 11a – Site 11, view south. Basal Sixmile Creek Formation in large railroad cut near mouth of Clark Canyon. Note railroad tracks on right.

Figure 11b. Cobble imbrication poles N=37. Site 11. Sixmile Creek Formation. SW-directed paleocurrent.
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Figure 12 – Composite of cobble orientation data from sites 1,2,3,4,6,7,8 and 11. Flow direction during deposition of Sixmile Creek gravels was
to the southwest.

Taken as a whole paleocurrent data from the Sixmile Creek Formation fluvial gravels indicates
that at the time of deposition the flow direction from northeast to southwest (Figure 12), the opposite
of the flow direction of the modern Beaverhead River.
5.1.2 Quaternary Fan Paleocurrents (Site 9)
Site 9 is an alluvial fan deposit located in the center of the study area, in an incised drainage
channel directly atop scoured basalt basement (Figure 13).

The location is marked on Figure 2.

Paleocurrent indicators measured at this location show wide variability. A majority of measured cobbles
indicate flow to the west, but a large minority indicates a southerly flow direction. Data points are
plotted on Figure 13.
3
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Figure 13a – Site 9, view south.

Figure 13b. Cobble imbrication poles N=14. Site 9. Quaternary Fan. W-directed paleocurrent.
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5.1.3 Quaternary Terrace Paleocurrents (Site 10)
Gravel outcrops not cemented by opal material have a dense sand matrix supporting variegated
cobbles (Photograph 15a). The coarse sand matrix observed at the Quaternary fluvial terrace at Site 10
had observable cross-bedding visible (Photograph 15b). The orientation of the cross-beds indicated a
generally northward paleocurrent direction at time of deposition (Figure 14). This orientation is similar
to the paleocurrent flow direction observed in cobble orientation at the same location. Paleocurrent
data from Site 10 indicates a flow direction to the northeast. This site was located approximately 15m
above tertiary volcanic basement material. Distinct zones of sand without cobbles were observed, and
maximum cobble diameter was typically less than 10 cm. This deposit is unlike other outcrops found in
my field area, and is likely of a different provenance. This sand material was a Pleistocene bar deposit
placed against a slope of eroded conglomerate by the modern Red Rock River prior to its changing base
level and drop to its current position. As the youngest deposit measured in my field area this site serves
to constrain the Red Rock River’s northern flow for the last ~1.6 m.y.

Figure 14a – Site 10 cobbles, view west. Quaternary fluvial terrace Qt1, near mouth of Clark Canyon. Same location as Figure 14b.
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Photo 14b – Site 10 crossbeds, view west. Quaternary fluvial terrace Qt1, near mouth of Clark Canyon. Same location as Photo 14a.

Figure 14c. Cobble imbrication poles N=55. Site 10. Quaternary Fluvial Terrace. NE-directed paleocurrent.
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5.1.4. Beaverhead Conglomerate Paleocurrents (Site 12, 13, 14)

Figure 15a – Site 12, view north. Well-cemented Beaverhead Group conglomerate with red matrix. Note boulder at base of outcrop.

Figure 15b. Cobble imbrication poles N=15. Site 12. Beaverhead conglomerate. Vaguely N-directed paleocurrent.
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Site 12 located at the eastern edge of the study area in the Red Rock Hills. The location is marked on
Figure 2. Pebble inclination data shows paleoflow to the north, although current orientations at this
location are not well focused. This location is on the north side of a basin-bounding normal fault, and
some tilting may have occurred (Figure 15). Results of these measurements are plotted in Figure 15.

Figure 16a – Site 13 looking south. Beaverhead Group conglomerate with clear cobble imbrication . It is well-cemented with red matrix.

Figure 16b. Cobble imbrication poles N=23. Site 13. Beaverhead conglomerate. N-directed paleocurrent.

35

Site 13 located at the eastern edge of the study area in the Red Rock Hills. The location is marked on
Figure 2. Pebble inclination data shows paleoflow to the north. This location is on the north side of a
basin-bounding normal fault, and some tilting may have occurred (Figure 17a).
measurements are plotted in Figure 17b.

Figure 17a – Site 14, view south. Typical exposure of Beaverhead Group conglomerate.

Figure 17b. Cobble imbrication poles N=12. Site 14. Beaverhead conglomerate. S-directed paleocurrent.
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Results of these

Site 14 located at the eastern edge of the study area in the Red Rock Hills. The location is marked on
Figure 2. Pebble inclination data shows paleoflow to the south. This location is on the south side of a
basin-bounding normal fault, and some tilting may have occurred (Photograph 17a). Results of these
measurements are plotted in Figure 17b.
5.2 Pebble Counts
Pebble count data from all observed outcrops was used to provide a secondary analysis of
paleocurrent direction. Examination of clast lithologies combined with position in stratigraphic section
serves to illustrate stream origin and flow characteristics. This examination was repeated anywhere that
relatively undisturbed outcrops of in-situ cobbles were encountered.
Lithologies encountered during pebble counts were predominantly quartzites at all locations.
Three primary quartzites were observed: Bonner Formation, Flathead Formation, and veined quartzites
were found at all sites and in clast sizes ranging from pebbles to boulders. Quartzite was the lithology
most resistant to weathering, having a Mohs scale value of approximately 7. All other lithologies, even
basalt, are much less resistant to weathering and breakdown, particularly in an active river system.
Clasts of basalt, rhyolite or chert were not observed in boulders or even large cobbles. All sites, except
Beaverhead conglomerate outcrops (Sites 4, 12, 13, and 14) contained significant percentages of
volcanic clasts. One Beaverhead conglomerate site, the Quaternary Fluvial Terrace site, and the
Quaternary Fan site had the most lithologic diversity. The abundance of quartzite indicates that the
origin of the gravel was in the mountains northwest of the study area, likely the Beaverhead Range and
west Pioneer Mountains, regions dominated by resistant Belt Supergroup quartzite bedrock.
The presence of well-rounded cobbles, matrix-supported in coarse sand, indicates that the
alluvial system that was active in the Red Rock Valley in the late Miocene and early Pliocene Sixmile
Creek Formation was a highly energetic one. This interpretation is in line with the work of Sears et al.
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(2009) who pointed to the formation of extensional basins forming storage sinks for easily eroded
sediments, mostly derived from exposed Belt material.
One hundred clasts were counted and identified at each site.
5.2.1 Sixmile Creek Formation pebble counts (Sites 1, 2, 3, 4, 5, 6, 7, 8, and 11)
Pebble counts at Site 1 were dominated by quartzites, chert, and volcanics. Notably, white
petrified wood was also observed (but not encountered in the random count) (Figure 18). Such petrified
wood

is

common

in

the

basal

Eocene

volcanics

of

the

region.

Figure 18. Site 1 Pebble count. Sixmile Creek Formation.

Lithology analysis of cobbles at Site 2 found quartzite represented 85% of the total clasts
sampled. Basalt comprised most of the remainder. Minor chert was observed among the cobbles at
this location. Beaverhead pebbles occurred. Small pebbles of dolomite were also observed, but not in
the count. Pebble count data is presented as Figure 19.
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Figure 19 - Site 2 Pebble count. Sixmile Creek Formation.

Lithologic analysis of cobbles at Site 3 found that 88% of material was classified as quartzite,
with most of the remaining cobbles comprised of basalt material eroded from underlying Tertiary
volcanic deposits (Figure 20). Pebble counts from sites 2 and 3 contain significant concentrations of
quartzite cobbles and a smaller number of basalt cobbles.
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Figure 20. Site 3 pebble count. Sixmile Creek Formation.

Figure 21. Site 4 pebble count. Basal Sixmile Creek Formation.

Site 4 consisted of reworked alluvial fan deposits along the flank of the upper Red Rock Hills.
Cobbles at this location were a mixture of all lithologies with a particularly high number of limestone
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and sandstone cobbles observed. Clasts at this location were overwhelmingly quartzite, with trace
counts of chert, limestone and sandstone. These clasts were noted as being gravel-sized, while the
quartzite cobbles tended to greater diameter. Results are presented in Figure 21.
Site 5 was another cemented deposit of fluvial cobbles, and its clast composition analysis was
similar to other lower Sixmile Creek Formation sites. The predominance of quartzite cobbles seems
significant. Cobble orientations at this location do not support a southern flow direction as would be
expected of this location, however I hypothesize that adjacent fault movement has reoriented the
cobbles and so no analysis of their original orientation is possible. Lithologic analysis of cobbles in this
deposit is presented in Figure 22. Clasts observed were predominantly quartzites with 14% basalt and
two chert pebbles also noted. This location was directly above the underlying basalt basement material.

Figure 22. Site 5 pebble count. Sixmile Creek Formation.

Pebble count data from Site 6 was similar to those made at sites 1, 2, 3, and 5 (Figure 23). The
material at this location was not cemented and came loose easily.. Observed cobbles were quartzite,

41

with 5% basalt cobbles and 3 gravel-sized chert clasts also logged. Minor limestone was observed.

Figure 23. Site 6 pebble count. Sixmile Creek Formation.

A lack of chert clasts and inclusion of basalt cobbles is indicative of deposition by the southflowing Red Rock River.
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Pebble count data for site 7 is presented in Figure 24 and includes predominantly quartzite
clasts

with

some

basalt

and

trace

limestone

Figure 24. Site 7 pebble count. Sixmile Creek Formation
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and

chert

gravel.

Pebble count data for site 8 is presented in Figure 25 and includes quartzite with some basalt
material

interspersed

Figure 25 - Site 8 pebble count. Sixmile Creek Formation.

Figure 26. Site 11 pebble count. Fluvially reworked diamict of basal Sixmile Creek Formation.
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throughout.

Lithologic analysis results for site 11 are presented in Figure 26 and include mostly quartzite with 26% of
cobbles consisting of either basalt basement material or chert and dolomite in gravel-sized clasts. The
carbonate likely derived from the large ridge to the west, over which the diamict deposit is draped.
Pebble count data from sites 4, 7 and 8 show clast concentrations representative of a southflowing river system, but paleocurrent indicator orientations seem to indicate that flow direction was to
the west. I hypothesize that this orientation is a result of tilting related to motion along the strand of
the Monument Hill Fault I observed passing alongside these locations (see Map 2).
5.2.2 Quaternary Fan Pebble Counts (Sites 4, 9)
Pebble count data from Site 9 is also highly variable, containing predominantly quartzite clasts
but with inclusions of chert, dolomite, reworked clasts of Beaverhead conglomerate as well as reworked
basalt material. This data is plotted in Figure 27.

Figure 27. Site 9 pebble count
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5.2.3 Quaternary fluvial terrace pebble counts (Site 10)
Pebble count data from Site 10 indicates a somewhat different depositional history. This
outcrop is characterized by thick beds of fine to medium sand interspersed with gravel- and cobble-rich
beds of coarser sand. The cobble deposits are composed of a mixture of quartzites, cherts, basalts and
petrified wood fragments (Figure 28).

The deposit also had gneiss cobbles, but they were not

encountered in the pebble count. This blend of material indicates that these cobbles are reworked and
redeposited fluvial material. The mixture of clast types means that this material was deposited after
fluvial deposition from the north and south had ended, and after the Red Rock River had time to erode
and degrade the previously deposited cobbles into finer pebbles.

Figure 28. Site 10 pebble count. Quaternary terrace gravel.
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5.2.4 Beaverhead conglomerate pebble count (Sites 12, 13, 14)
Site 12 was located in the Beaverhead conglomerate along the base of the Red Rock Hills at the
eastern edge of my study area. Cobbles here were almost entirely quartzite, with a few chert pebbles
observed. There was a notable absence of volcanic clasts. The location of this site is shown on Figure 2,
and pebble count data is shown as Figure 29.

Figure 29. Site 12 pebble count

Site 13 was a second outcrop of Beaverhead conglomerate at the same location, elevation and
with the same composition as Site 12. The location of Site 13 is marked on Figure 2. Pebble count data
from this location is presented as Figure 30 and consists of 92% quartzite and 8% chert. No basalt
material was observed.
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Figure 30. Site 13 pebble count.

Similar results were observed at sites 12, 13 and 14, although site 14 was not formally counted.
Clast lithologies in these sites are almost entirely quartzites; these deposits are typical of some facies of
Beaverhead conglomerate found in the Red Rock area. However, exposures of Beaverhead in the field
area are located adjacent to large-scale fault structures. Faults in the area are normal, caused by
regional spreading in the northern Basin and Range province. These faults produce some tilting, with
the result that original paleocurrent direction cannot be determined.
6.0 Structural geology of Clark Canyon Reservoir area
The Clark Canyon Reservoir area is a primarily erosional/depositional environment. As discussed
above, local topography is draped with a layer of Quaternary alluvial material derived from MiocenePliocene fluvial sediments. The thick alluvial fans descend from the RRH and reach as far as the channels
of the Red Rock and Beaverhead Rivers, which have dissected the toes of the fans.
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6.1 Monument Hill Fault
The Monument Hill and Red Rock Faults are the major active normal faults of the area. The Red
Rock fault dips NE and the Monument Hill Fault dips SW. The Red Rock Fault may transfer displacement
over to the Monument Hill Fault near Kidd, 20 km south of the field area (Stickney & Lageson, 2002).
Previous studies by have mapped the Monument Hill Fault as trending NW along the upper slopes of the
RRH, toward the Clark Canyon Dam. Triangular facets are visible in the upper RRH about 9 km to the SE
of the dam, and infrequent springs mark a generally linear track along the fault trace through the RRH.
However, the exact location of the Monument Hill Fault is poorly constrained near the dam, and many
maps show it terminating several km south of the study area. However, fan incision reveals the muted
expression of the fault in the map area. (Map 2).
The gradient and dissected geometry of a 4-km long, continuous, west-sloping fan in the
northern RRH locates the trace of the Monument Hill Fault and the relative timing of its most recent
displacement. The fan exhibits a smooth, exponentially increasing profile. The toe of the fan is at the
east abutment of Clark Canyon Dam, where it rests on the lower Quaternary fluvial terrace (Qt2) at 1670
m elevation. The head of the fan onlaps the upper remnants of the Sixmile Creek Formation in the
middle slopes of the RRH, at 1950 m elevation. A low ridge of Eocene basalt bounds the fan on the
north, but the south margin is truncated by 70-m deep gullies near the trace of the Monument Hill Fault.
The interior of the fan is incised by 10-20 m deep gullies. The elevation of the head of the fan is
concordant with four alluvial fan remnants that occur along the margin of the Sixmile Creek Formation,
continuing for 1.5 km to the south of the fan. These remnants are incised by 60-m gullies that pass
abruptly downhill into a broad, smooth, slightly incised, gently sloping fan. The topographic change
marks the projected trace of the Monument Hill Fault. The long fan north of the fault is 25% steeper
than the broad one south of the fault. The fault trace defined by the break in slope trends NW. It leads
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to an apparent 50-m fault displacement of Sixmile Creek Formation on a gravel hill within 500 m of the
dam.
Timing of the most recent displacement of the Monument Hill Fault is recorded by the surficial
deposits of the study area. The large fan discussed above grades down to a Quaternary fluvial terrace
that directly overlies Madison Limestone bedrock cliff 10 m above the Beaverhead River. It is likely a
Pinedale terrace, as it is the lowest one above the modern floodplain. Therefore, the fan is likely of
Pinedale age, ~ 12,000 years ago. Therefore, in the past 12,000 years, the fault has shifted by 70 m, with
the NE side rising and increasing in slope. Gravel eroded from the footwall fan was shed onto the
adjacent, lower-sloping hanging wall fans. The tilt of the fan is a component of the uplift of the greater
Blacktail Mountain block, which has a steep faulted NE face, and tilts to the SW toward the Red Rock
Valley. The Blacktail fault exhibits scarps that cut Quaternary alluvial fans, so is part of the regional
kinematic tectonic pattern.
Clark Canyon Dam spans a knick point where the Beaverhead River cut a 30-m channel through
the toe of the fan, the Pinedale (?) terrace, and the underlying bedrock. Upstream from the dam, the
valley rapidly widens into a broad floodplain, as shown by a contour map that pre-dates the filling of the
reservoir (Figure 30). The town of Armstead was built on a 2-km-wide valley floor, 3 km upstream from
the dam site. The Monument Hill Fault projects approximately to the knick point. Uplift of the footwall
may have constricted the river, leading to deposition of a broad floodplain upstream of a narrow knick
point canyon.
6.2 Other faults
A fault, here named the Clark Canyon Reservoir Fault, branches southward from the main trace
of the Monument Hill Fault near Clark Canyon Dam. It has a 1-2 m scarp that cuts a Quaternary alluvial
fan. A line of grass and sage follows the fault, suggesting groundwater seepage. The faulted fan is made
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up of redeposited gravel that was eroded from older alluvial fans that were over-steepened on the
uplifted footwall of the Monument Hill Fault. The faulted alluvial fan appears to be incised by the
modern floodplain as suggested on the pre-reservoir topographic map (see Figure 30). The fault scarp is
buried beneath an adjacent alluvial fan that was derived from a large gulch that cuts into the Sixmile
Creek Formation of the upper slopes of the RRH. Farther south, the fault is exposed in several deep
gullies that cut through alluvial fans that otherwise bury the fault. Seeps or springs occur in these gullies
along the projected trace of the fault. Some of the overlying fans extend nearly to the modern
floodplain of the Red Rock River, but others are incised by the floodplain, and are likely latest
Pleistocene. This suggests that the fault was last active in the late (but not latest) Pleistocene. It further
suggests that the Monument Hill Fault scarp was extensively degraded prior to movement on the
secondary Clark Canyon Reservoir Fault (which cuts the redeposited gravel that was eroded from the
Monument Hill Fault scarp).
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Figure 31. Topography of floor of Clark Canyon Reservoir. Note Clark Canyon Dam at 30-m deep knick point canyon, and broad
floodplains to south along Red River Valley, and to west along Horse Prairie Creek.
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Field mapping in the Clark Canyon Reservoir area identified several faults that offset map units,
but which lack apparent fault scarps (Map 1). These faults appear to be extensional in nature, which is
in keeping with regional tectonics. Offset on these faults appears to be on the order of 10 to 50 meters.
Tilt is variable and seems to increase nearer to the RRH. Immediately south of the mouth of Clark
Canyon, columnar basalt cliffs more than eight meters high are faulted against Sixmile Creek Formation
cobbles and boulders in a fine sand matrix. (Photograph 5).
Orientation of faults is highly variable across the study area. The Monument Hill and Clark
Canyon Reservoir Faults trend generally northwesterly as do other basin-scale fault structures in the
region. Schmeelk (2017) noted basin-bounding extensional faults at the margins of most of the valleys
in the northern Basin and Range province of southwestern Montana and southeastern Idaho. Smallerscale structures observed within the study area were varied in their orientations. Faults with the largest
measured offset trend north-south while east-west trending faults typically have total observable throw
on the order of 10 to 20 meters. Observed or inferred fault traces are marked on Map 2.
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Photograph 5 – Basalt/Sixmile contact obscured by bush. Site 8 is located in the center right of the photograph. View is to the northeast. Gulch
leads north to mouth of Clark Canyon.

6.3 Landslides
Diamict of the Sweetwater Creek Member of the Sixmile Creek Formation is especially prone to
landslides, due to its clay matrix. Large landslides from this unit occur on both sides of the Beaverhead
River near the mouth of Clark Canyon at a narrow restriction of the valley. The landslides periodically
dammed the river, leading to deposition of a broad, marshy floodplain upstream, and bouldery rapids
where the river cut through the dam. The boulders within the diamict remain behind as the clay matrix
is washed away.
6.4 Alluvial Fans
Alluvial fan deposits comprise much of the surface topography along the lower slopes of the Red
Rock Valley west of the Red Rock Hills. The specific ages of the fans are uncertain, but they are likely
Quaternary, as they represent erosional products largely derived from Miocene-Pliocene Sixmile Creek
Formation. A map of slope angle built from 10m-resolution elevation data contained in a digital
elevation model (DEM) obtained from the United States Geological Survey’s National Geospatial
54

Program ( Map 1) shows that there are at least five generations of fan deposits present in the valley (see
Map 2).
The oldest alluvial fan deposits in the area are those with slope greater than 9 degrees. These
deposits form the foothills of the Red Rock Hills and are typified by heavy channel incision and erosional
truncation. According to Blair & McPherson (1994) slope angles on mature alluvial fan deposits are
typically 2 to 5 degrees. Fans with slopes of exceeding 9 degrees are typically dominated by debris flows
and rock fall deposits.
Lower fan deposits comprise a broad terrace sloping down toward the Clark Canyon Reservoir.
These broad fans have slope angles of 0.2 to 3.57 degrees, much more typical values for mature alluvial
fan deposits. The broad alluvial plain formed by the lower fan is incised by drainage channels that lead
to the Clark Canyon Reservoir, another indication of a mature fan (Blair & McPherson, 1994).
The Red Rock River is currently incising into the toe of the RRH lower alluvial fans. This can be
seen in Map 1 where shallow-sloping fan deposits are truncated by the flat (<0.2 degree) plain of the
floor of the Red Rock Valley. This abrupt slope change is indicative of an incised river channel. The
nearly constant slope across the valley floor indicates that the active stream channel is currently
depositing new sediment within its previously incised course. This change from incision to deposition is
most likely due to the Clark Canyon Dam and Clark Canyon Reservoir. The historic channel of the Red
Rock River flowed through the northern Red Rock Valley where the reservoir new sits to join the
incipient Beaverhead River, which flows north from Clark Canyon Dam toward Dillon. Base level of the
Red Rock River is now the fill elevation of the reservoir, roughly 147 feet higher than the elevation of the
Beaverhead River north of the reservoir.
In detail, the preliminary annotated DEM Slope map indicates at least five generations of alluvial
fans along the lower slopes of the RRH. The youngest fans (Qf5) are slightly incised by gullies that lead
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to small fans built on the modern floodplain of the Red Rock Valley. The heads of the Qf5 fans lead to
gullies that incise older fans. The transition from erosion to deposition of Qf5 fans coincides with the
trace of the Clark Reservoir Fault, which cuts Qf2 fans, but is buried by Qf3 fans. Springs and seeps occur
in these gullies at the fault trace. Qf4 fans were only recognized at the southern end of the map, where
they were incised by erosional gullies at the head of a Qf5 fan.
The Qf2 and younger fans on the hanging wall of the Monument Hill Fault are developed in the
Sixmile Creek Formation, whereas in the footwall of the Monument Hill Fault, the Qf2 fans directly
overlie Eocene basalt, and represent thin gravel overlying a bypass surface that leads steeply down from
the erosional scarp of the Sixmile Creek Formation in the middle elevations of the RRH. On the bypass
surface, all in situ Sixmile Creek gravel has been removed. Two older fan remnants (Qf1 and Qf0) occur
at the north edge of the bypass fans. The correlations between the fans on the footwall and hanging
wall of the Monument Hill Fault are tentative.
The Qf2 fan may have graded down to the Qt1 Quaternary Fluvial Terrace remnant exposed on
the shore of the reservoir at the southern boundary of Section 5. That remnant is highly deformed with
crushed and pitted cobbles. It is tilted to the NE and is cut by several NW-striking faults that parallel the
Clark Reservoir Fault and may be components of the same fault zone. The terrace is at 5560 feet
elevation, 80 feet above the modern floodplain at 5480 feet, as shown on the topographic map of the
reservoir floor.
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Map 1 – Slope of landscape in northern Red Rock Valley derived from elevation change of 10m resolution Digital Elevation Map (DEM)
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Map 2 – Fault traces and lithologies overlying slope map of northern Red Rock Valley.
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7.0 Discussion
The observations outlined in this thesis lead to the following summary of geologic events in the
Clark Canyon Reservoir area.
1. Faulting formed a graben in which debris-flow diamict of the Sweetwater Creek Member of
the Sixmile Creek Formation was deposited from uplifted blocks to the west. The diamict was deposited
on Eocene basalt and was likely of Middle Miocene age (by lithologic correlation with other such
deposits in SW Montana that have good vertebrate fossil control).
2. The graben captured a south-flowing fluvial system that deposited clast-supported fluvial
gravel on top of the diamict. The gravel aggraded at least 150 m of sediment in a ~ 7 km wide graben
valley, suggesting that accommodation space was generated during deposition. The gravel was
deposited as far south as Dell and Lima, where the fluvial channel joined a through-going NE-flowing
river in the Blacktail-Ruby graben, known to have existed from middle Miocene to Pliocene time (Sears
et al., 2009). Field observations characterize the depositional environment as a braided river system.
This fluvial system was active throughout deposition of Sixmile Creek gravel, with the result that all
observed and measured deposits of undisturbed Sixmile Creek had similar paleocurrent direction
preserved. In contrast, a meandering river system would have deposited a more varied stratigraphic
section including bars and riffles, with corresponding variations in paleocurrent direction indicated.
Additionally, the presence of cobbles with predominantly shared orientations preserved indicates that
debris flow deposition was not active during deposition of Sixmile Creek gravel material. Debris flow
deposits would be highly randomized in cobble orientations.
3. The south-flowing fluvial system reversed its flow, likely when faulting raised the Continental
Divide near Monida Pass, and associated faulting defeated the NE-flowing river in the Blacktail-Ruby
graben. The faulting on the Continental Divide tilted units as young as the 2 Ma Huckleberry Ridge Tuff,
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and was likely an early Quaternary event. The new, north-flowing Red Rock and Beaverhead Rivers
dissected the gravel bed of the older south-flowing fluvial system.
4. The faulting that defeated the river in the Blacktail-Ruby graben raised and tilted the Blacktail
Mountains fault block toward the Red Rock graben and tilted the Sixmile Creek gravel fill of the valley.
The gravel then eroded and was re-deposited in large, coalescing fans on the west flank of the RRH. As
tilting continued, a succession of newer fans incised older fans to maintain equilibrium profiles. This
occurred through Pleistocene time. In the northern RRH, headward erosion stripped most of the Sixmile
Creek Formation off the lower slopes, so that fans became surfaces of gravel transport from the eroding
upper Sixmile Creek Formation remnants down to the valley bottom. The toes of the succession of large
alluvial fans were truncated by erosion along the modern (Holocene) floodplain of the Red Rock River,
and therefore the fans are Pleistocene. Small gullies currently dissecting the fans build small Holocene
fans on the floodplain south of the reservoir.
5. The Monument Hill and associated faults became active on the east side of the Red Rock
graben and periodically cut the alluvial fans. The uplifted footwall of the Monument Hill fault zone
formed a knick point at site of the Clark Canyon Dam, and the Beaverhead River cut a narrow, 30-m
deep canyon through an alluvial fan and its underlying limestone bedrock. Continued erosion
destabilized the Sixmile Creek Formation along the Beaverhead River, leading to large-scale landsliding
that periodically dammed the river, creating upstream marshes in Holocene time. Fault movement
uplifted a likely Pinedale terrace at the knick point and crushed Bull Lake (?) and Sixmile Creek gravel
near Clark Canyon Dam. The crushed gravel is cut by several steep NW-trending faults. The crushed
gravel is buried by an alluvial fan that is, itself, offset by the small Clark Canyon Reservoir fault scarp.
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8.0 Conclusions
This project discerned the geologic and geomorphic history of the NE Clark Canyon Reservoir,
Beaverhead County, Montana. Diverse sedimentary deposits of river cobbles, with identifiable
lithologies defined source localities for these deposits and from this information conclusions about
paleocurrent directions could be made. Cobble-rich sediment was deposited by a south-flowing
Miocene-Pliocene river system. Paleocurrents reversed direction from south-flowing to north-flowing in
the Pleistocene period. This change is most likely related to the formation of the modern Continental
Divide and uplift focused to the south, and the passage of the Yellowstone Hotspot track at this same
time. This change is observable in both paleocurrent data and the results of pebble provenance
observations.
Unique chert, banded quartzite, and gneiss clasts were found in Pleistocene deposits where
paleocurrent data indicates northward flow. These clasts originate in the Beaverhead Mountains south
of the Red Rock and are not found in outcrop form farther to the north. Similarly, the Miocene-Pliocene
deposits where paleocurrent direction indicated southern flow contained Madison limestone clasts.
This material is too weak to survive extended flow transport and can only have originated from the
northwest.
This flow change caused erosion and subsequent redeposition of fluvial deposits already in the
area, and ongoing Basin-and-Range extensional faulting elevated those poorly consolidated sediments
and initiated mass sediment transport down the flanks of uplifting horst mountains and producing
alluvial fans, which currently drape the flanks of basin-bounding mountains.

61

9.0 References
Alden, W.C., 1953, Glacial geology of western Montana and adjacent areas: US Geological Survey PP
231, 210 p.

Anders, M. H., Geissman, J. W., Piety, L. A., Sullivan, J. T., 1989. Parabolic distribution of circum-eastern
Snake River Plain seismicity and latest Quaternary faulting: Migratory pattern and association with the
Yellowstone hotspot. Journal of Geophysical Research, 94, B4: 1589-1621.

Beard, T. (1949). Geology of part of the Blacktail Range, Beaverhead County, Montana: submitted in
partial fulfillment for the degree of Master of Science in Geology, University of Montana.

Becker, R. W., Geology of a part of the Tendoy Mountains west of Lima, Beaverhead County, Montana.
M.S., 1948, University of Michigan.

Beranek, L.P., Link, P.K., Fanning, C.M., 2006, Miocene to Holocene landscape evolution of the western
Snake River Plain region, Idaho: Using the SHRIMP detrital zircon record to track eastward migration of
the Yellowstone hotspot: Geological Society of America Bulletin, v. 118, p. 1027-1050.

Blair, T.C., and McPherson, J.G., 1994, Alluvial fan processes and forms, in Abrahams, A.D., and Parsons,
A.J., eds., Geomorphology of desert environments: London, Chapman and Hall, p. 354–402.

Brunelle, A., Whitlock, C., Bartlein, P., Kipfmueller, K., 2005. Holocene fire and vegetation along environmental gradients
in the Northern Rocky Mountains. Quaternary Science Reviews 24, 2281–2300.
Chetel, L. M., Janecke, S.U., Carroll, A.R., Beard, B. L., Johnson. C. M., and Singer, B.S., 2011,
Paleogeographic Reconstruction of the Eocene Idaho River, North American Cordillera: Geological
Society of America Bulletin, v. 123, p. 71-88.

Coney, P.J. and Harms, T.A., 1984, Cordilleran metamorphic core complexes: Cenozoic extensional relics
of Mesozoic compression. Geology, v. 12, p. 550-554.

Constenius, K., 1996, Late Paleogene extensional collapse of the Cordilleran foreland fold and thrust
belt: Geological Society of America Bulletin, v. 108, p. 20-39.

Dawkins, R.G., 1996, Paleocurrents in the Miocene Big Hole River gravel, southwest Montana: Effect of
62

the Yellowstone hotspot on sedimentation: Atlanta, Georgia State University, M.S. thesis, 89 p.

DeCelles, P.G., 2004, Late Jurassic to Eocene evolution of the Cordilleran thrust belt and foreland basin
system, western USA: American Journal of Science, v. 304, p. 105-168.

Fields, R.W., Tabrum, A.R., Rasmussen, D.L. and Nichols, R., 1985, Cenozoic Rocks of the Intermontane
Basins of western Montana and Eastern Idaho, in eds. Flores, R.M. and Kaplan, S.S., Cenozoic
Paleogeography of West- Central US Rocky Mountain Paleogeography, Symposium 3.

Flores, R.M., 2003, Paleocene paleogeographic, paleotectonic, and paleoclimate patterns of the
northern Rocky Mountains and Great Plains region, in Raynolds, R.G., and Flores, R.M., eds., Cenozoic
systems of the Rocky Mountain region: Rocky Mountain Section SEPM, Denver, CO, p. 63-106.
Foster, D.A., and Fanning, M., 1997, Geochronology of the northern Idaho batholith and the Bitterroot
metamorphic core complex: Magmatism preceding and contemporaneous with extension: Geological
Society of America Bulletin, v. 109, p. 379-394.
Foster, D.A., Grice, W.C., Jr., and Kalakay, T.J., 2010, Extension of the Anaconda metamorphic core
complex: 40Ar/39 Ar thermochronology and implications for Eocene tectonics of the northern Rocky
Mountains and the Boulder batholith: Geosphere, v. 2, p. 232-246.

Fritz, W.J. and Sears, J.W., 1993. Tectonics of the Yellowstone hotspot wake in southwestern Montana.
Geology, v. 21, p. 427-430.

Fritz, W.J., Sears, J.W., McDowell, R.J., and Wampler, J.M., 2007, Cenozoic volcanic rocks of SW
Montana, in Thomas, R.C., and Gibson R., eds., Geologic history of Southwest Montana: Northwest
Geology, v. 36, p. 91-110.
Hanneman, D.L., Wideman, C.J., 1991. Sequence stratigraphy of Cenozoic continental rocks,
southwestern Montana. Geological Society of America Bulletin, v. 103, p. 1335-1345.
Harkins, Nathan W., 2002, Tectonic geomorphology of the Red Rock fault, segmentation and recent
rupture history in the northern arm of the Yellowstone Topographic Parabola: Lehigh University, Theses
and Dissertations. 745. https://preserve.lehigh.edu/etd/745
Harkins, N. W., Anastasio, D. and Pazzaglia, F. 2005. Tectonic geomorphology of the Red Rock fault,
insights into segmentation and landscape evolution of a developing range front normal fault. Journal of
Structural Geology, v. 27. p. 1925-1939. 10.1016/j.jsg.2005.07.005.

63

Hodges, K.V., and Applegate, J.D., 1993, Age of Tertiary extension in the Bitterroot metamorphic core
complex, Montana and Idaho: Geology, v. 21, p. 161-164.
Howard, A.D., 1958, Drainage evolution in northeastern Montana and northwestern North Dakota:
Geological Society of America Bulletin, v. 69, p. 575-588.
Hyndman, D.W., Alt, D., and Sears, J.W., 1988, Post-Archean metamorphic and tectonic evolution of
western Montana and northern Idaho, in Ernst, W.G., ed., Metamorphism and crustal evolution of the
western United States: Prentice-Hall, N.J., Rubey Volume VII, p. 332-361.
Janecke, S.U., 1994, Sedimentation and paleogeography of an Eocene to Oligocene rift zone, Idaho and
Montana: Geological Society of America Bulletin, v. 106, p. 1083-1095.

Janecke, S.U., VanDenburg, C.J., Blankenau, J.C., M’Gonigle, J.W., 2000. Long-distance longitudinal
transport of gravel across the Cordilleran thrust-belt of Montana and Idaho. Geology, v. 28: 439-442.

Johnson, P.P., 1981, Geology of the Red Rock fault and adjacent Red Rock valley, Beaverhead County,
Montana: Missoula, University of Montana, unpublished M.S. thesis, 88 p., 2 pls.

Kuenzi, W.D., and Fields, R.W., 1971, Tertiary stratigraphy, structure, and geologic history, Jefferson
basin, Montana: Geological Society of America Bulletin, v. 82, no. 12, p. 3373-3394.

Kupsch, W. O., 1950. Geology of the Tendoy-Beaverhead Area, Beaverhead County, Montana. [Place of
publication not identified]:[publisher not identified].

Link, P.K., Fanning, C.M., and Stroup, C.S., 2008, Detrital zircon U-Pb geochronologic data for selected
Cretaceous, Paleogene, Neogene and Holocene sandstones and river sands in southwest Montana and
east-central Idaho: Montana Bureau of Mines and Geology, Open file report MBMG - 569.

O'Neill, J.M, Lonn, J.D. Lageson D.R., and Kunk, M.J. 2004, Early Tertiary Anaconda metamorphic core
complex, southwestern Montana: Canadian Journal of Earth Sciences, v. 41, p. 63-72.
McLeod, P.J., 1987. The depositional history of the Deer Lodge basin, western Montana. [M.S. thesis]:
University of Montana, Missoula. 61 pp

64

M'Gonigle, J.W., and Dalrymple, G.B., 1996, 40Ar/39Ar ages of some Challis Volcanic Group rocks and the
initiation of Tertiary sedimentary basins in southwestern Montana: US Geological Survey, Bulletin 2132,
17 p.

Moye, F.J., Hackett, W.R., Blakley, J.D., and Snider, L.G., 1988, Regional geologic setting and volcanic
stratigraphy of the Challis volcanic field, central Idaho, in Link, P.K., and Hackett, W.R., eds. Guidebook
to the Geology of Central and Southern Idaho: Idaho Geological Survey Bulletin 27, p. 87-97.

Mumma, S., Whitlock, C., and Pierce, K. (2012). A 28,000 year history of vegetation and climate from
Lower Red Rock Lake, Centennial Valley, Southwestern Montana, USA. Palaeogeography,
Palaeoclimatology, Palaeoecology. v. 326–328. 30–41. 10.1016/j.palaeo.2012.01.036.

Pardee, J.T., 1950, Late Cenozoic block faulting in western Montana: Geological Society of America
Bulletin, v. 61, p. 359-406.

Payne, S.J., McCaffrey, R., and Kattenhorn, S.A., 2013, Extension-driven right-lateral shear in the
Centennial shear zone adjacent to the eastern Snake River Plain, Idaho: Lithosphere, v. 5, no. 4., p. 407419. Doi:10.1130/L200.1

Perkins, M.E., and Nash, B.P, 2002, Explosive silicic volcanism of the Yellowstone hotspot: The ash fall
record. Geological Society of America Bulletin, v. 114, p. 367-381.

Peterson, J.A., 1991, General stratigraphy and regional paleotectonics of the western Montana
overthrust belt, in Peterson, J.A., ed., Sedimentation and tectonics, American Association of Petroleum
Geologists, Memoir 41, p. 57-86.

Pierce, K.L., and Morgan, L.A., 1992, The track of the Yellowstone Hotspot: Volcanism, faulting, and
uplift: Geological Society of America, Memoir 179, p. 1-54.

Regalla, C.A., Anastasio, D.J., Pazzaglia, F.J., 2007, Characterization of the Monument Hill fault system
and implications for the active tectonics of the Red Rock Valley, Southwestern Montana, Journal of
Structural Geology, v. 29, n. 8., p 1339-1352.

Regalla, C.A., Reyman, D.K.S., Anastasio, D.J., Pazzaglia, F.J, 2006, Bedrock and Surficial Geologic Map of
the Red Rock 7.5’ Quadrangle, Beaverhead County, Southwestern Montana, Montana Bureau of Mines
and Geology, Open File Report 533, scale 1:24,000, 21p.

65

Ruppel, E.T., Wallace, C.A., Schmidt, R.G., and Lopez, D.A., 1981, Preliminary interpretation of the thrust
belt in southwest and west-central Montana and east-central Idaho: Montana Geological Society Field
Conference Guidebook, p. 139-159.
Ryder, Robert T. and Scholten, Robert, 1973, Syntectonic conglomerates in Southwestern Montana:
Their nature, origin, and tectonic significance: Geological Society of America Bulletin, v. 84. - GEOL SOC
AMER BULL. 84. 10.1130/0016-7606(1973)84<773:SCISMT>2.0.CO;2.
Schmeelk, D., 2016, Kinematic constraints on tectonics of the northern Basin and Range: University of
Montana, Graduate Student Theses, Dissertations, & Professional Papers. 10799.
https://scholarworks.umt.edu/etd/10799

Schmidt, C.J., and Perry, W.J., 1988, Interactions of the Rocky Mountain foreland and the Cordilleran
thrust belt: Geological Society of America, Memoir 171, 582 p.

Scholten, R., Keemon, K.A.., and Kupach, W.O., 1955, Geology of the Lima region, southwestern
Montana and adjacent Idaho: Geologic Society of America, Bulletin, v. 66, p. 345-404.
Scholten, R., 1967. Model for evolution of Rocky Mountains east of Idaho Batholith,
Tectonophysics, Volume 6, Issue 2, Pages 109-126, ISSN 0040-1951,
Sears, J.W., 1995, Middle Miocene rift system in SW Montana: Implications for the initial outbreak of the
Yellowstone hotspot: Northwest Geology, v. 25, p.43-46.
Sears, J.W., and Ryan, P., 2003, Cenozoic evolution of the Montana Cordillera: Evidence from
paleovalleys, in Raynolds, R., and Flores, J., eds., Cenozoic Paleogeography of western US: Denver, CO,
Society of Exploration Paleontologists and Mineralogists, p. 289-301.
Sears, J. W., Hendrix, M. S., Thomas, R. C., and Fritz, W. J., 2009, Stratigraphic record of the Yellowstone
hotspot track: Neogene Sixmile Creek Formation grabens, Southwest Montana: Journal of Volcanology
and Geothermal Research, v. 188: p. 250-259.

Smedes, H.W., and Prostka, H.J., 1972, Stratigraphic framework of the Absaroka volcanic supergroup in
the Yellowstone National Park region: US Geologic Survey, Professional Paper 729-C, 43 p.

Smedes, H.W., 1966, Geology and igneous petrology of the northern Elkhorn Mountains, Jefferson and
Broadwater Counties, Montana: US Geological Survey Professional Paper 510, 116 p.

66

Smith, W. T. 1948. Geology of part of the Tendoy-Medicine Lodge area, Beaverhead County, Montana:
Pennsylvania State U, MS thesis.

Stewart, J.H., 1998, Regional characteristics, tilt domains, and extensional history of the late Cenozoic
Basin and Range province, western North America, in Faulds, J.E., and Stewart, J.H., Accommodation
zones and transfer zones: The regional segmentation of the Basin and Range province: Geological
Society of America, Special Paper 323, p. 47-74.

Stickney, M. C. 2007. Historic earthquakes and seismicity in southwestern Montana.
Geology, v. 36, p. 167-186.

Northwest

Stickney, M. C. and Bartholomew, M. J.; Seismicity and late Quaternary faulting of the northern basin
and range province, Montana and Idaho. Bulletin of the Seismological Society of America v. 77 (5), p.
1602–1625.
Stickney, M.C., and Lageson, D.R., 2002, Seismotectonics of the 20 August 1999 Red Rock Valley,
Montana Earthquake: Bulletin of the Seismological Society of America, v. 92, p. 2449-2464.
Thomas, R.C., 1995, Tectonic significance of Paleogene sandstone deposits in southwestern Montana, in
Mogk, D.W., ed., Field Guide to Geologic Excursions in Southwest Montana: Northwest Geology, v. 24, p.
237-244.

Thompson, G. R., Fields, R. W., and Alt, D., 1982, Land-based evidence for Tertiary climatic variations:
Northern Rockies. Geology, v. 10, p. 413-417.

VanDenburg, C.J., Janecke, S.U., and McIntosh, W.C., 1998, Three-dimensional strain produced by >50
m.y. of episodic extension, Horse Prairie basin area, southwest Montana, U.S.A., Journal of Structural
Geology, v. 20, p. 1747-1767.

Wallace, Stewart Raynor. 1948. Geology of part of the Tendoy Mountains, Beaverhead County,
Montana: Pennsylvania State U, MS thesis.

Wallace, C.A., Lidke, D.J., and Schmidt, R.G., 1990, Faults of the Lewis and Clark line and fragmentation
of the Late Cretaceous foreland basin in west-central Montana: Geological Society of America Bulletin, v.
102, p. 1021-1037.

67

Wilson, M.D., 1967, The stratigraphy and origin of the Beaverhead Group in the Lima area, southwestern
Montana: Evanston, IL, Northwestern University, Ph.D. dissertation, 171 p.

68

