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Abstract:

The Neogene Horse Camp Formation of east-central Nevada is a thick, well-exposed extensional
basin-fill sequence composed of conglomerate, sandstone, mudrock, and limestone. The lowest
member of this formation, Member 1, was examined to develop a tectono-sedimentary model for the
initial phases of an extensional basin evolution. Nine stratigraphic sections were measured. Sixteen
lithofacies and five lithofacies assemblages were described. Spatial and temporal distribution of these
lithofacies assemblages provide the basis for determining the paleogeography and depositional
environments that characterized the area while Member 1 was being deposited.

Fifty-three samples of volcaniclasdc sandstone analysis were collected for petrographic analysis. Clast
counts were completed in order to determine conglomerate compositions. Conglomerate and sandstone
compostion provide infomation about the provenance of Member 1. The paleogeography of the area
was determined by calculating the paleoflow and paleoslope directions from measured trough axes in
sandstone and folds at the base of megabreccias.

Member 1 is composed of two distict petrofacies which record a temporal change in sediment source
areas. The lower portion is composed of sediment deposited on the medial to distal portions of a large
radius alluvial fan derived from a western source terrain composed of volcanic rocks. The upper
portion is composed of sediment deposited on large alluvial fans shed from a hangingwall block to the
north and small alluvial fans deposited off of a football block to the south. Both source terrains were
composed of Oligocene volcanic rocks and Paleozoic sedimentary rocks. Mudrock was deposited in a
lacustrine setting between these alluvial fans.
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ABSTRACT

The Neogene Horse Camp Formation of east-central Nevada is a thick, well-
exposed extensional basin-fill sequence composed of conglomerate, sandstone, mudrock,
and limestone. The lowest member of this formation, Member 1, was examined to develop
a tectono-sedimentary model for the initial phases of an extensional basin evolution. Nine
stratigraphic sections were measured. Sixteen lithofacies and five lithofacies assemblages
were described. Spatial and temporal distribution of these lithofacies assemblages provide
the basis for determining the paleogeography and depositional environments that
characterized the area while Member 1 was being deposited.

Fifty-three samples of volcaniclastic sandstone analysis were collected for
petrographic analysis. Clast counts were completed in order to determine conglomerate
compositions. Conglomerate and sandstone compostion provide infomation about the
provenance of Member 1. The paleogeography of the area was determined by calculating
the paleoflow and paleoslope directions from measured trough axes in sandstone and folds
at the base of megabreccias.

Member 1 is composed of two distict petrofacies which record a temporal change in
sediment source areas. The lower portion is composed of sediment deposited on the medial
to distal portions of a large radius alluvial fan derived from a western source terrain
composed of volcanic rocks. The upper portion is composed of sediment deposited on
large alluvial fans shed from a hangingwall block to the north and small alluvial fans
deposited off of a footwall block to the south. Both source terrains were composed of
Oligocene volcanic rocks and Paleozoic sedimentary rocks. Mudrock was deposited in a

lacustrine setting between these alluvial fans.




INTRODUCTION

Patterns of sedimentation in extensional basins are fundamentally related to local
normal fault geometry and kinematics. The spatial and temporal geometry of the basin and
its surrounding orogen must be analyzed in order to understand the evolution of extensional
basins. This study represents the initial phase of an ongoing research project of James G.
Schmitt and others focused on the tectono-sedimentary development of the Neogene Horse
Camp basin of east-central Nevada and its surrounding extensional orogen: the northern
Grant, Horse, and southern White Pine Ranges (Figures 1 and 2). This area was selected
for study because of the presence of an unusually thick (3000 meter), well-exposed,
Neogene basin-fill sequence of conglomerate, sandstone, mudrock, and limestone called
the Horse Camp Formation. Seismic data reveal that many Oligocene to Recent basin-fill
sequences in the northern Basin and Range province reach thicknesses of 2000-3000
meters beneath modern valleys (Effimoff and Pinezich, 1981, 1986; Anderson and others,
1983; Gans and others, 1989). However, continuing late Cenozoic extension and basin
subsidence cause exposures of basin-fill to be relatively uncommon. Therefore, field-
based studies of extensional basin-fill sedimentology and stratigraphy are inhibited and the
tectono-sedimentary history of extensional orogenic systems is obscured. From this
perspective, the Neogene Horse Camp Formation provides,an unusual opportunity to
examine the development of a synextensional basin.

A detailed analysis of the sedimentology and stratigraphy of the basal member
(Member 1) is described and related to local structures in order to develop a tectono-

sedimentary model for the initial phases of development of the Horse Camp depositional
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basin(s). The results of this research are compared to various sedimentary and structural

models of extensional basins which are described below.

Sedimentary Models of Extensional Basins

Integration of sedimentology and structural geology have advanced our
understanding of relations between development of extensional sedimentary basins and
mechanics and style of continental lithospheric extension (e.g. Sclater and Celerier, 1987;
Schlische and Olsen, 1990). Numerous models describing the development of extensional
sedimentary basins have been developed in the last 15 years. The earliest models describe
these basins as relatively simple grabens bounded by high-angle normal faults (Stewart,
1978; Tllies, 1981). Because of the structural symmetry of this type of basin, sediment
dispersal patterns are also symmetrical with coarser sediment deposited nearest to the
adjacent highlands and finer sediment near the center of the basin (Reading, 1982).
However, detailed analyses of sedimentology and stratigraphy of actual extensional basins
indicate that these types of models are over simplified (Bally and Snelson, 1980).

Advancements in structural geology and geophysics have led to the identification of
half grabens that develop in response to block rotation on listric normal faults which sole at
depth into low-angle detachments or crustal shear zones (e.g. Wernicke and Burchfiel,
1982; Jackson and others, 1982; Jackson and McKenzie, 1983; Gibbs, 1§84; and
Rosendahl and others, 1986). Gibbs (1984) has identified several structural complexities
of listric normal fault systems including hanging wall folds, transfer structures which act as
accommodation zones between areas which have undergone different amounts of
extension, and intrabasinal antithetic and synthetic normal faulting. The asymmétry of

basins bounded by listric normal faults within continental rift systems is not consistently




unidirectional (Bally, 1982; Gibbs, 1983) and segments with opposing structural polarity
have been recognized (Bosworth, 1985; Rosendahl and others, 1986; Faulds and others,
1992).

The asymmetry of listric normal fault-bounded basins has a strong influence on
sediment dispersal patterns in the basin fill. Tectono-sedimentary models for internally and
axially drained basins developed by Leeder and Gawthorpe (1987) take these effects into
account. Internally drained basins such as Death Valley of southern California have small,
steep gradient alluvial fans adjacent to the tectonically active footwall. Large, low-gradient
fans and bajadas on the opposite side of the basin extend from the hanging wall block and
prograde towards the more active side thereby restricting the location of playas and saltflats
close to the steeper, smaller fans. In externally drained half grabens such as the Aegean
area of Greece, Rhine Graben of Germany, Rio Grande Rift of Texas and New Mexico,
and Madison Valley of southwest Montana, axial drainage systems occupy a narrow belt
close to the active basin bounding fault. Fluvial systems draining the active footwall block
have steep gradients whereas those draining the tilted hanging wall block have lower
gradients. Both the internal and external drainage models provide much insight into the
characteristics of drainage systems in half grabens; ' however, neither takes into
consideration the effects-of synthetic and antithetic faulting, transverse structural elements,
erosion of hanging wall rollover anticlines, or segmentation of major basin bounding
faults.

Recent studies suégesting that the East African Rift Zone is dominated by listric
normal faulting and half graben basins (Reid and Frostick, 1986; Cohen and others, 1986;
Tircelin, 1986; Williamson and Savage, 1986; Frostick and Reid, 1987) lend credence to
the internally and externally drained tectono-sedimentary basin models of Leeder and
Gawthorpe (1987). These studies suggest that sediment eroded from the zone of hanging

wall rollover is transported towards the active basin bounding fault and into an axial




drainage system. Similar evidence has been found for sediment transport from the eroded
hanging wall towards the tectonically active side of the basin by axial drainage from the
Miocene Espanola basin of New Mexico (Cavazza, 1989). Mack and Seager (1990)
suggest that axial fluvial facies are restricted to a narrow belt along the locus of maximum
subsidence in the Pliocene - Pleistocene Palomas and Mesilla half graben subbasins of the
Rio Grande Rift while, in contrast, axial fluvial facies occupy almost the entire width of the
symmetrical Hatch - Rincon graben. Blair (1987) reports that the position of axial drainage
relative to regions of active faulting changes as a function of rates of basin subsidence in
the Jurassic - Cretaceous Todos Santos half grabens of Mexico. With increased rates of
subsidence lacustrine and axial fluvial drainage systems migrate towards the active basin-
bounding fault. Axial drainages and lacustrine systems are then displaced away from the
fault by progradation of alluvial fans into the basin from the fault-bounded margins during
periods of decreased subsidence. In their study of the Oligocene - early Miocene Soledad
basin of California, Hendrix and Ingersoll (1987) use detailed lithofacies analysis to
demonstrate that an asymmetrical distribution of alluvial facies was indicative of deposition

in several tectonically active half graben subbasins.

Structural Models of Extensional Basins

Improved understanding of mechanisms of lithospheric extension have resulted in
the need to advance tectono-sedimentary models of extensional basins. Within the last ten
years researchers have recognized the importance of two structural features in extensional
terranes: isostatic uplift within the extensional footwall due to tectonic denudation

(Spencer, 1984; Wernicke, 1985; Barr, 1987; Wernicke and Axen, 1988; Lister and Davis,
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1989; Bartley and others, 1990) and the role of transverse structures in effecting local
changes in extension (Gibbs, 1984, 1987, 1990; Faulds and others, 1990, 1992).

During periods of extension along major normal faults the lithosphere is thinned
resulting in isostatic uplift of the extensional footwall due to tectonic denudation. Uplift of
the footwall results in the arching of the normal fault trace and generatidn of a shallow-
dipping detachment. Buck (1988), Hamilton (1988), and Wernicke and Axen (1988)
recognize that the hinge separating the shallow dipping portion of the fault from the more
steeply dipping segment “rolls” through the footwall as it migrates with the trailing edge of
the hanging wall. As slabs spall off the trailing edge of the hanging wall, this migration
results in the sequential stranding of fault blocks and basins that are separated by low-angle
detachment fauits.

Although, it is generally agreed that this “rolling hinge”” model fits many known
extensional scenarios, disagreement exists concerning the attitude of the master fault during
extension. Wernicke (1981), Spencer (1984), and Davis and Lister (1988) suggest that as
the footwall is uplifted, displacement is actively accommodated by the low-angle master
fault. Indeed, initiation and continued motion is documented along the low-angle
Chemeheuvi detachment of southeastern California (which presently dips less than 15°) by
Miller and John (1988). However, absence of earthquakes along modern low-angle faults
(Jackson and McKenzie, 1983; Jackson, 1987) and limitations imposed by rock mechanic
considerations (Buck, 1988; Hamilton, 1988; Wernicke and Axen, 1988) indicate that the
master faults are active when they are in a high-angle position through the seismogenic
zone and subsequently tilted passively to low angles by footwall uplift. The tilting of the
master fault by migration of isostatic uplift causes abandonment of fault bounded blocks
separated by half-graben basins.

Faults oriented at high angles to the strike of major normal fault systems, termed

transverse structures or transfer zones, play a significant role in extensional tectonics. The
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transverse. orientation of these fault systems may exert significant influence on patterns of
sediment dispersal and distribution of depositional environments in extensional basins.
Unfortunately, the development of transverse structures is not well understood.
Transverse zones may be reactivated structures which act as regional barriers to
propagating normal faults (Bartley and others, 1992). Gibbs (1984) recognizes transverse
fault systems as accommodation zones between areas of opposing structural polarity or
differing amounts and rates of extension . Because these structures potentially have a
strike-slip component, any transpression would produce contractional structures and any
transtension would produce extensional structures within the normal fault hanging wall and
hence, basin-fill sequence (Gibbs, 1984, 1987, 1990). However, Faulds and others
(1990) suggest that any strike-slip displacement is rare and instead, scissor-like torsional
offset on a transverse fault is more common. In any event, transverse structures may be
the longest lived fault element in any extensional setting because acﬁvity along these faults
must continue as displacement is transferred along strike to younger normal faults. The
transverse orientation and long-lived nature of a transfer zone can potentially enhance the
complexities of any extensional basin-fill sequence associated with it. This is particularly

true of such parameters as sediment dispersal patterns and facies distributions.

Integration of Sedimentologic and Structural Médels

Complexities in the geometry, provenance, and sedimentology of basin-fill
sequences arise When considering the role played by the rolling hinge model in extensional
settings. Isostatic footwall uplift results in the development and abandonment of numerous
fault-bounded basins. These basins evolve into a complex series of subbasins separated by

tilted fault-bounded blocks with internal or integrated drainage. Temporal changes in the




drainage patterns occur as the basin complex evolves with continued footwall uplift (Mack
and Seager, 1990)'. As low-angle fault blocks are stranded, subsidence rates decrease.
This eventually can cause a drainage direction reversal (Buck, 1988; Hamilton, 1988;
Miller and John, 1988; Wernicke and Axen, 1988). As the hinge zone migrates, basin-fill
is topographically inverted and intrabasinal unconformities develop as the older strata are
cannibalized (Miller and John, 1988). Eventually, the complex of half-graben basins
becomes integrated into a single sedimentary basin behind the area of active uplift and fault
blocks are buried in their own erosional detritus (Lister and Davis, 1989). Stewart and
Diamond (1990) interpret isostatic footwall uplift and erosion during detachment faulting as
the cause of basin dismemberment of the Miocene Esmeralda basin of western Nevada.
Isostatic uplift of the Chemeheuvi Mountains metamorphic core complex in California
resulted in erosional removal of the hanging wall fault block as well as basin-fill sequences
(Miller and John, 1988).

The influence of transverse structures on extensional basin-fill sequences has not
been well defined. Nielson and Beratan (1990) and Beratan (1991) recognize the
importance of an extensional transfer fault on sedimentation patterns and facies in the
Whipple Mountains detachment system of California. Kinematic coupling of the Saddle
Island detachment with the transverse Las Vegas Valley shear zone has strongly influenced
the evolution of the geometry, provenance, and sedimentology of Miocene extensional
basins in the Lake Mead region of southern Nevada (Duebendorfer and Wallin, 1991).
Gibbs (1990) recognizés that similar kinematic coupling at a smaller scale characterizes
many transfer fault zones.

As extensional basins evolve they are controlled by complexly interrelated structural
elements. To understand both basin and orogen evolution, field-based analyses of basin-
fill sequences must be completed to determine the significance of isostatic extensional

footwall uplift and transfer structures on the history of basin infilling.
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Objectives of Study

In order to determine the relations between extensional tectonism and patterns of
sediment dispersal during early phases of development of the Horse Camp basin complex,
a detailed analysis of the stratigraphy, sedimentology, provenance, and structure of
Member 1 of the Neogene Horse Camp Formation was undertaken. This investigation

addresses three questions:

1) What depositional environments characterized the Horse Camp basin complex during its

early history?
Studies of both the spatial distribution and temporal changes in depositional

environments during eaﬂy phases of Horse Camp basin evolution provide a better
understanding of Neogene paleogeography and help delineate areas of active uplift and
subsidence. Changes iq the style of extension during basin evolution are recorded by
changes in composition and distribution of sediment deposited in alluvial fan, sandflat, and
lacustrine environments that characterize Member 1 (Anderson and others, 1983; Effimoff
and Pinezich, 1986; Alexander and Leeder, 1987). In general, understanding the spatial
and temporal relations between mapped lithofacies distributions and consideration of
regional fault trends facilitates synthesis of basin evolution (Leeder and Gawthorpe, 1987).
Therefore, mapping of lithofacies and their ;elaﬁons to possible faults which may have

controlled lithofacies distribution is given special attention.
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2) What is the provenance of the lower Horse Camp Formation deposits?
Although Moores (1968) suggests possible source areas for Horse Camp deposits,

detailed provenance investigation has not been completed until now. This study uses
conglomerate clast composition trends (Graham and others, 1986), sandstone petrofacies
(Stanley, 1976), sedimentary structures (DeCelles and others, 1983), and deformational
structures at the base of megabreccia blocks to determine paleoslope and sediment source
areas (Yarnold and Lombard, 1989). Knowledge of sediment provenance adds to the
understanding of basin evolution by determining the composition, location, and duration of

the adjacent highland uplifts.

3) Which tectono-sedimentary model best describes the earliest phase of basin development
in the Horse Camp basin complex?

Existing geologic maps (Moores and others, 1968) and associated interpretive
structural cross-sections of the Horse Camp basin and the surrounding area based on field
studies (Moores, 1963; Scott, 1965; Lumsden, 1964; Fryxell, 1984, 1988; Bartley and
Gleason, 1992) and available published seismic data (Vreeland and Berrong, 1979;
Anderson and others, 1983; Effimoff and Pinezich, 1986) aid in determining basin
geometry and sequence of faulting. Integrating these daté with sedimentary facies
distribution patterns and provenanée information contributes toward de&eiopment ofa
three-dimensional tectono-sedimentary model for the early phase of Horse Camp basin
development (Leeder and Gawthorpe, 1987; Beratan and others, 1990). Comparisons are
made of the Horse Camp conceptual model with existing tectono-sedimentary models
developed for detachment fault basins (Frost, 1981; Spencer, 1984; Wernicke and Axen,
1988; Buck, 1988; Lister and Davis, 1989; Bartley and Fletcher, 1990; Li and others,
1990; Beratan and others, 1990; Nielson and Beratan, 1990; Perry and Schamel, 1990;
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Dubendorfer and Wallin, 1991), listric normal fault basins (Rehrig and Ot-hCI‘S, 1980;
Vendeville and Cobbold, 1988), and planar/domino or half-graben fault basins (Leeder and
Gawthorpe, 1987; Axen, 1988; Alexander and Leeder, 1990; Schlische and Olsen, 1990)
in order to determine the applicability of these ‘models to the Horse Camp basin area.

The Horse Camp basin complex is a particularily favorable setting to examine the
influence of transverse structures and footwall uplift on sediment dispersal because of the
presence of major transverse strutural elements and low-angle normal faults in the adjacent
extensional orogen, as described below. As such, provenance, paleogeographic
information, and the nature of intraformational unconformities are potentially useful to
evaluating the importance of transverse structures and isostatic footwall uplift in controlling

sedimentation during early phases of Horse Camp basin development.

. e 1 e 3
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GEOLOGIC SETTING

The Basin and Range province of western North America has a complex
extensional deformational history. During Cenozoic time there were at least two episodes
of differing extensional styles that partially overlap, both temporally and spatially (Zoback
~and others, 1981; Glazner and Bartley, 1984; Gans and others, 1989).

The first episode of lithospheric extension began as early as 39 - 38 Ma and was
characterized by extensional faulting and caldera-centered ash-flow tuff eruptions.
Extension during this time was characterized by low-angle detachment faulting and
associated high-angle normal faulting in the hanging wall of the detachments (Coney,
1987). Faulting was generally not synvolcanic (Taylor and others, 1989; Best and
Christiansen, 1991) as it either preceded or followed volcanism in different areas. In east-
central Nevada, caldera-style volcanism was most prolific during the Oligocene to early
Miocene. These eruptions collectively deposited one kilometer of ash-flow tuffs on folded
and faulted Paleozoic rocks.

The second well-defined period of extension began as early as 27 - 17 Ma
(depending on location) and was characterized by bimodal volcanism and low- and high-
angle faulting (Wernicke and Burchfiel, 1982). This phase of extension may continue to be
active today or may be temporally distinct from a later extensional phase that has created the
modern Basin and Range physiography. In any case, seismic information suggests that
different fault geometries generated during this period have controlled the evolution of
different styles of extensional sedimentary basins. Anderson and others (1983) recognize
three different relations between faults of different geometries and adjacent basins. Steeply

dipping planar normal faults are associated with basins that resemble simple sags. Tilting




14

of the hanging wall by listric normal faults result in the development of sedimentary prisms
overlying bedrock ramps. Planar normal and sharply curving, shallow listric faults that
sole into detachments produce assemblages of complexly deformed subbasins.

Because of the nature of rock exposures in extensional orogens, the timing and
evolution of structures are typically better understood than is the associated basin-fill
stratigraphy. Therefore, the relations between structural development of extensional fault
systems and the depositional history of the basins are not clear. A field-based analysis of
the sedimentology of basin-fill sequences can be a powerful tool in providing temporal and
kinematic constraints important for determining the structural evolution of an extensional
orogen (Duebendorfer and Wallin, 1991).

In east-cen&al Nevada, exposures of Cenozoic basin-fill sequences are rare. Basin-
fill sequences that have been investigated include the Oligocene to Recent strata of Pine
Valley (Regnier, 1960; Gordon and Heller, 1993), the Oiigocene Sacramento Pass
Conglomerate in the Snake Range (Grier, 1983, 1984), the Miocene Humbolt Formation in
the Ruby Mountain - East Humbolt Range area (Sharp, 1939; Snoke and Lush, 1984), and
Quaternary sediments in White River Narrows at the south end of White River Valley
(DiGuiseppi and Bartley, 1991).

The focus of this investigation is on the well exposed basin-fill strata of the
Neogene Horse Camp Formation of east-central Nevada. The Horse Camp basin is located
80 kilometers southwest of Ely, Nevada at the intersection of the White Pine, Horse, and
northern Grant ranges (Figure 1). This region is characterized by north-trending folds that
involve Paleozoic and/or mid-Tertiary rocks cut by north-striking high- and low-angle
normal faults (Moores and others, 1968). The Horse Camp basin and surrounding three
mountain ranges constitute four structural domains: the White Pine Range, Horse Range,

Grant Range, and Horse Camp Basin (Figure 2).
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. The White Pine Range is underlain by a north-trending, doubly-plunging anticline
with Cambrian rocks exposed in the core. The anticline is dissected by a series of high-
and low-angle faults that display up to 3.3 kilometers of stratigraphic throw (Moores and
others, 1968). A high-angle normal fault with approximately 2 kilometers of dip offset
bounds the west side of the range and lies along strike of the Railroad Valley fault to the
south. The overall geometry of the White Pine Range suggests that it represents a region of
major footwall uplift due to tectonic denudation via normal faulting.

The Horse Range is separated from the White Pine Range by the Currant Summit
fault zone (Moores and others, 1968). This dominant east-west striking feature is
interpreted as a left-lateral oblique slip fault accommodating the differential extension
experienced by the White Pine and Horse ranges. The Horse Range is made up of two
north-trending ridges of Paleozoic rocks separated by a fault-bounded valley underlain by
east-dipping Oligocene volcanic rocks. The east ridge is the overturned limb of an anticline
- syncline pair in upper Paleozoic rocks. The west ridge is composed of complexly folded,
east-dipping Cambrian to Ordovician rocks which are autochthonous with respect to the
east ridge (Moores and others, 1968).

At the southern termination of the west ridge of the Horse Range, Moores and
others (1968) mapped five allochthonous blocks overlying lower Paleozoic rocks. These
blocks were interpreted as low-angle normal fault klippen and gravity slide masses by
Moores and others (1968) . The two blocks that lie north aﬁd west of the arcuate Ragged
Ridge fault, a high-angle normal fault separating the Horse Camp basin from the Grant and
Horse ranges (Figure 2), were interpreted as slide masses moving over an erosional surface
and incorporated into the Horse Camp basin fill (Moores and others, 1968).
Reconnaissance mapping of these two blocks suggests that the larger of the two blocks,

Gnat Hill, composed of faulted Paleozoic rocks, is a tilted fault block. The other block,
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Red Hill, is a slide block composed of Oligocene volcanic rocks which overlies strata of
Member 2 of the Horse Camp Formation.

The northern Grant Range is composed of Paleozoic and Tertiary rocks deformed
by younger-over-older low-angle faults interpreted by Moores and others (1968) and
Taylor (unpublished mapping) as late Cenozoic faults related to Basin and Range
extension. Similar structures further south were previously interpreted as Mesozoic thrust
faults by Cebull (1970) and Hyde and Hutter (1970). Both Mesozoic contractional and
Cenozoic extensional structures were recognized through detailed remapping of portions of
the Quinn Canyon Range (Murray, 1985; Bartley and others, 1988), the west side of the
Grant Range from Little Meadow Creek to Grant Canyon (Fryxell, 1988, 1991,
unpublished mapping), the east side of the Grant Range from the southern end to Schofield
Canyon (Janecke, unpublished mapping; Fryxell, unpublished mapping; Gleason, 1988;
Bartley and Gleason, 1992), and the central Grant Range (Lund and others, 1987, 1988;
Camilleri, 1989, 1992).

The Horse Camp basin lies south of the White Pine Range, west of the Horse
Range, and north of the Grant Range (Figure 1). In this area, Paleozoic strata are overlain
by Oligocene volcanic rocks, the Neogene Horse Camp Formation, and Quaternary
gravels(Figure 3). As mapped by Moores and others (1968), the Horse Camp basin is
separated from the Horse and Grant Ranges by the arcuate trace of the Ragged Ridge fault
and from the White Pine Range by the Currant Summit fault zone (Figure 2). They
interpret the north-south segment of the Ragged Ridge fault to be a high-angle, down-to-
the-west normal fault with as much as 10 kilometers of stratigraphic throw. Field relations
indicate that the east-west segment of this fault has a left-lateral strike-slip component in
addition to any rotational component. The Stone Cabin fault lies along strike and east of
the Ragged Ridge fault. Together these east-west striking faults delineate a transverse zone

that may represent a transfer fault system.
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Although the mapping of Moores and others (1968) indicates that an angular
unconformity separates the Oligocene volcanic section from older Paleozoic strata, they
suggest that there was little deformation prior to Tertiary volcanism. However, this angular
relationship is indicative of the presence of older deformational structures involving the
Paleozoic section. Thrust faults and associated folds have been recognized in the Grant and
Quinn Canyon Ranges to the south (Murray, 1985; Lund and others, 1987, 1988; Bartley
and others, 1988; Fryxell, 1988, 1991, unpublished mapping; Janecke, unpublished
mapping; Camilleri, 1989; Gleason, 1988; Bartley and Gleason, 1992) and in the Pancake

Range to the west (Quinliven and others, 1974).




19

HORSE CAMP FORMATION

Moores (1968) divides the Horse Camp Formation into four stratigraphic units
using lithologic differences and unit-bounding unconformities (Figure 4). Distribution of
these units is delineated by the mapping of Moores and others (1968) (Figure 2). The
lowest unit, Member 1 is a north striking sequence (Figure 5) composed of 300-600 meters
of yellow, red, gray, and green volcaniclastic conglomerate, sandstone, siltstone, and
megabreccia derived mostly from older Oligocene volcanic and Paleozoic miogeoclinal
rocks (Moores, 1968). These strata unconformably overly the Oligocene Windous Butte,
Needles Range, and Shingle Pass formations. The basal unconformity is angular and
progressively truncates younger Oligocene rocks from north to south. The contact between
the Oligocene rocks and Member 1 i$ characterized by a weathered zone on top of the older
tilted volcanic bedrock (Figure 6) . This massive weathered zone typicallygrades into the
beds of Member 1. Local faulting in the northern portion of the basin has omitted up to
350 meters of the lower portion of Member 1 (Plate 1). Moores (1968) suggests that the
source area for Member 1 was to the west as indicated by sedimentary structures and
infprmation gathered from wells drilled in Rajlroéd Valley (Smith, 1960). These well data
show the Oligocene volcanic section to be missing where Miocene - Pliocene strata directly
overlie Paleozoic carbonate rocks (Vreeland and Berrong, 1979; Foster, 1979).

The contact between Members 1 and 2 is slightly angular (Figure 7) and rocks of
the two members are compositionally different . Member 1 dips 25° to 72° east and is
dominated by rhyolitic and dacitic detritus; Member 2 dips about 60° east and is composed
of conglomerafe containing Oligocene rhyolite and dacite and Paleozoic carbonate clasts

(Moores, 1968; Moores and others, 1968). Also, Moores (1968) identifies in Member 2
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"muddy boulder breccias" containing Devonian dolomite and Ordovician sandstone clasts
thought to be derived from the north. The "breccias" interfinger southward with a series of
vitric ash and lacustrine deposits and volcaniclastic sandstone and conglomerate. Overlying
the "muddy boulder breccias" are "monolithologic breccias” composed of Ordovician and
Devonian quartzite and dolomite clasts in a carbonate matrix (Moores, 1968). These
breccias are inferred by Moores (1968) to have source areas to the north and east.

Member 3 angularly overlies Member 2. Moores (1968) suggests that uplift,
eastward tilting and erosion of Member 2 was followed by deposition of Member 3.
Member 3 contains very coarse-grained, poorly-bedded, poorly-sorted conglomerate and
muddy boulder breccias containing clasts from Paleozoic and Oligocene volcanic rocks as
well as clasts from Members 1 and 2 of the Horse Camp Formation. (Moores, 1968;
Moores and others, 1968). Moores (1968) interprets Gnat Hill as a sequence of brecciated
and attenuated Paleozoic rocks, and Red Hill as an east dipping bloék of Tertiary volcanic
rocks as "very large slide blocks" that were emplaced after Member 2 was tilted
eastward. However, based on preliminary field observations and reconnaissance mapping,
Gnat Hill may actually be a tilted fault block.

Member 4 is a sequence of poorly-indurated, carbonate-clast rich, fluvial mudstone,
sandstone, and conglomerate that conformably overlies Member 3. It is lithologically
similar to unnamed strata which crop out in topographic lows to the east in the Horse
Range (Moores, 1968). The rocks of Member 4 of the Horse Camp Formation dip both
eastward and westward whereas those in the Horse Range are horizontal. Member, 4 strata
cropping out in the Horse Camp Basin are composed of mudstone, sandstone, and
conglomerate presumably derived from underlying Oligocene to early Miocene volcanic and
sedimentary rocks and older Paleozoic strata (Moores, 1968; Moores and others, 1968).

The age of the Horse Camp Formation is not presently well known because vitric

ash units within the formation have never been radiometrically dated. The Horse Camp
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Formation overlies the 31 to 27 Ma (40Ar / 39Ar) Needles Range Formation, a rhyolitic tuff
dated by Cook (1965) and Gans and others (1989), limiting the maximum age of the lower
Horse Camp Formation to late Oligocene to early Miocene. A camel skull collected from
near the top of Member 1 suggests a Barstovian age (16 tol2 Ma) for this interval (T.
Fouch, personal communication). Ostracods and gastropods found in Member 2 are of late
Miocene to early Pliocene age (Van Houten, 1956; Moores, 1968).

To the south in the Grant Range, Taylor and others (1989) report a minimum biotite
40Ar /39Ar age of 14.2 Ma from an air-fall tuff in the upper part of a conglomerate
sequence that is lithologically similar to the Horse Camp Formation (Fryxell, 1984, 1988).
This unnamed Miocene conglomerate crops out south of Horse Camp Basin on the north
side of Little Meadow Creek in the central Grant Range. Fryxell (1988) uses this Miocene
age to suggest that this conglomeratic sequence is older than the Horse Camp Formation
but because the age of the Horse Camp Formation has not been well determined, its

chronostratigraphic relationship with the unnamed conglomerate is not clear.
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METHODS
Field Methods

Geological rﬁaps and structural interpretations of the Horse Camp area (Moores,
1963; Scott, 1965; Lumsden, 1964; Moores and others, 1968) were used as a foundation
for more detailed mapping of Member 1 of the Horse Camp Formation on 1:24,000 aerial
photographs and USGS Provisional topographic maps. Other existing geological maps
were used to provide information on the structure of adjacent areas (Wire, 1959; Fryxell,
1988; Bartley and Gleason, 1992).

To determine depositional environments, strata of Member 1 of the Horse Camp
Formation were measured and described in detail using the pace and compass method
(Graham, 1988, p. 24-25). Nine stratigraphic sections were measured at locations where
exposures were relatively complete and sample collection and lithofacies analysis were
possible (Plate 2 and Figure 5). Data from the measured sections were combined with
lateral profiles constructed from field sketches and photographs to contribute to large scale
paleoenvironmental analysis stressing vertical and horizontal lithofacies associations (Miall,
1985). Lithofacies were delineated on the basis of grading, sedimentary structures, grain-
size, and clast-to-matrix ratio. (Table 1). Standard lithofacies classifications were used for
mudstone and sandstone facies (Miall, 1977; Rust, 1978). Coarse-clastic lithofacies
classifications were generally based on Miall (1977), Shultz (1984), and Waresback and
Turbeville (1990). Modifications were necessary however because of the variety of the

coarse clastic deposits represented. Megabreccia lithofacies were delineated using the
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nomenclature established by Yarnold and Lombard (1989) who recognized vertical and
lateral trends within sedimentary breccia and megabreccia deposits.

Provenance of Member 1 of the Horse Camp Formation was determined by
collection ‘and analysis of compositional and directional information. Thirty-three clast
counts were performed on pebble-cobble conglomerates to determine compositional trends
and clﬁst provenance. A minimum of 250 clasts were counted on a fixed grid which
exceeded the mean observed clast size at locales of appropriate exposure. Because the
composition of sedimentary rocks is controlled to some degree by grain size it was
necessary to analyze the composition of sandstone adom and others, 1976; Folk, 1980,
p.49-59; Ingersoll and others, 1984; McManus, 1988, p. 63) as well as pebble, cobble and
boulder conglomerates. Fifty-four representative sandstone units were sampled for thin-
section petrographic analysis which is described in the laboratory methods section below.

Flow direction was estimated by direct measurement of trough axes in trough cross-
stratified sandstones (Graham, 1988, p.31-33). Due to the scarcity of exposed trough
cross-stratified sandstone units and overall lack of imbricated clasts (clasts were typically
equidimensional), other means of determining paleoslope were necessary. The direction of
scour development on the downﬂow side of cobble- and boulder-sized clasts was measured
(Figure 8). These features are termed obstacle shadows or shadow structures (Karcz,
1968). Other evidence of péleoslope was recorded by measurement of the trend and plunge
of vergent folds within deformed sediments underlying megabreccia sheets deposited
during landslide events (Yarnold and Lombard, 1989). Textural trends in Member 1
megabreccias were compared with the proximal to distal trends recognized and modelled by

Yarnold and Lombard (1989) in order to determine source area location for the

megabreccias.
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Laboratory Methods

Thin sections of 54 sandstones of Member 1 of the Horse Camp Formation were
examined using a petrographic microscope. Each thin-section was counted on a fixed-grid
spacing for a minimum of 250 framework grains (points). Although only medium- to
coarse-grained sandstones were used to facilitate point-counting, modal grain sizes were
also visually estimated for each sample. Compositional data were plotted on QFL, QmFLt
and QpLsLy ternary diagrams toudiscern petrofacies and provenance (Dickinson and
Suczec, 1979). The trend and plunge of trough axes and fold axes were plotted on an
equal-angle stereo-net and rotated to correct for post-depositional tectonism (Graham,

1988, p.43). These data are discussed in a following section.
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SEDIMENTOLOGY
Lithofacies

Fifteen lithofacies types are recognized in Member 1 utilizing differences in
sedimeﬁtary structures, grading, grain size, and clast-to-matrix ratios (Table 1).
Conglomerate lithofacies dominate Member 1 and comprise as much as 70% of measured
sections. Sandstone and mudstone are less abundant. Lithofacies are discussed in order of

abundance.

Clast-Supported Ungraded Conglomerate (Gcu)

Description: This facies consists of massive ungraded conglomerate that is clast-
supported. It contains moderately to poorly sorted subangular to subrounded, blade and
equidimensional shaped granule, pebble, cobble, and boulder (< 1.5 meters in diameter)
sized clasts in a poorly sorted matrix of sandy mud to muddy sand. This facies is
characterized by a lack of internal stratification and imbrication throughout. Individual
units are most commonly tabular, 5 to 250 centimeters thick and extend as much as 250
meters laterally. Tabular units usually have sharp subplanar basal contacts (Figure 9).
Occasionally, these units fill underlying topographic lows including bréad, shallow,
concave-up scours generally less than 2 meters deep and 15 meters wide (Figure 10). In
these instances scour fill is typically entirely Geu although interstratified horizontally
bedded sandstone (Sh) is sometimes present. Upper bed contacts are typically erosional.

Protruding clasts at unit tops are found in association with small (< 0.25 meters deep and
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Table 1. Lithofacies code. description. and interpretation.

Code Lithofacies Sedimentary Structures Interpretation

Gcu  Gravel, clast-supported, Massive with some Hyperconcentrated
muddy to sandy mud imbrication and psuedoplastic
matrix flow

Gen  Gravel, clast-supported, Normally graded Hyperconcentrated,
muddy to sandy mud debris, and turbidity
matrix flow

Gci  Gravel, clast supported, Inversely graded Plastic and
muddy to sandy mud psuedoplastic debris
matrix flow

Gmu Gravel, matrix-supported, = Massive Viscous plastic debris
muddy to sandy mud flow and subaqueous
matrix gravity flow

Gmn Gravel, matrix-supported, = Normally graded Fluid debris flow and
sandy mud matrix subaqueous gravity

flow

Gmi Gravel, matrix-supported,  Inversely graded Viscous debris flow
muddy to sandy mud
matrix

Gh  Gravel, clast-supported, Horizontally stratified, Sheetflow
sandy to sandy-mud imbricated
mafrix

Gt Gravel, clast-supported, Low-angle trough Shallow stream

cross-bedded

flow




Table 1 (continued)

Code Lithofacies Sedimentary Structures Interpretation
Sm Sand, moderately to Massive Hyperconcentrated,
poorly-sorted debris, and density
modified grain flow
Sn Sand, moderately to Normall)}-graded Subaerial and
poorly-sorted subaqueous sediment
gravity flows
Si Sand, moderately to Inversely-graded Debris flow
poorly-sorted
Sh/S1 Sand, moderately to well Horizontally stratified Sheetflow and
sorted Low-angle cross- shallow stream flow
stratified
Sr Sand, moderately to well Ripple cross-stratified Sheetflow and
sorted shallow stream flow
St Sand, moderately to well Trough cross-stratified Shallow stream flow
sorted
F1 Silt and clay Thinly bedded to Settling from
thinly laminated suspension

32
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<0.5 meters wide) scour and fill sequences consisting of horizontally stratified (Sh), low-
angle (S1), and trough cross stratified (St) sandstone. Tabular clast-supported ungraded
conglomerate units grade laterally into normal (Gen) or inverse (Gci) graded, clast-
supported conglomerate and clast-rich, matrix-supported, ungraded conglomerate (Gmu).
These units are interstratified with all other lithofacies types and are frequently overlain by
horizontally stratified sandstone and mudstone (Sh, Fl). In sequences where Gcu
isinterbedded with mostly sandstone and mudstone, soft sediment deformation is common
(Figure 11).

Interpretation : Clast-supported, massive, ungraded conglomerate (Gcu) was
deposited by hyperconcentrated flow (Costa, 1988) and/or pseudoplastic debris flow
processes (Shultz, 1984). Poorly sorted, clast-supported conglomerate units with poorly
sorted muddy matrix and a lack of internal stratification are indicative of deposition by
flows characterized by high sediment concentrations and relatively low yield strength. For
hyperconcentrated flow, the primary mechanism of sediment-support is turbulence and
clast interaction (Smith, 1986). In the case of pseudoplastic debris flow, matrix strength
and grain dispersive pressure, and clast interaction support the sediment gravity flow
(Shultz, 1984). The tabular geometry of these units suggests that hyperconcentrated and
pseudoplastic debris flows deposited sediment on a surface that allowed for unconfined
flow (Rodine and Johnson, 1976; Waresback and Turbeville, 1990). Interstratification
with other lithofacies types and the common presence of horizontally stratified sandstone
and mudstone overlying the deposits indicates that hyperconcentrated and debris flows

were commonly followed by sheetflood events that reworked the deposit surfaces.
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Clast-Supported, Normally Graded Conglomerate (Gen)

Description : This facies consists of clast-supported, massive normally graded
conglomerate (Figure 12). The gravel framework is composed of very poorly sorted,
angular to subrounded, blade to equant shaped, granule, pebble, cobble, and boulder
(< 0.5 meters in diameter) sized clasts. Interstitial matrix is very poorly sorted and ranges
from muddy sand to sandy mud and commonly supports coarse saﬂd, granules, and
pebbles. Internal stratification and imbrication are completely lacking in the units. Both
coarse-tail and distribution grading are present in this facies. Depositional units are tabular,
ranging in thickness from 5 to 100 centimeters and extending laterally as much as 200
meters. Deposits that fill shallow, broad scours that are generally less than 2 meters deep
and up to 15 meters wide are typically massive but can be interstratified with horizontally
bedded sandstone (Sh) (Figure 10). Both basal and upper contacts are abrupt and typically
subplanar. Horizontally stratified (Sh) and low angle stratified (S1)sandstone units capped
by laminated mudrock (Fl) with desiccation cracks frequently overlie Gen units. Clast-
supported, normally graded conglomerate (Gen) commonly grades laterally into matrix-
supported, normally graded conglomerate (Gmn), and clast-supported, ungraded
conglomerate (Geu) (Figure 13). Units that possess coarse tail normal grading locally
grade into clast- or matrix-supported, inversely-to-normally graded conglomerate. Units
characterized by distribution grading are sometimes found associated with very thick (4 - 9

meters), laterally extensive sequences (10 - 45 meters) of laminated mudrock.

Interpretation : Clast-supported, normally graded conglomerates (Gen) were
deposited from either hyperconcentrated flood flow, debris flow, or turbidity flows. Those

units with distribution grading were deposited by hyperconcentrated flows that were
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partially turbulent with some grain dispersive pressure that supported the sediment (Smith,
1986). Rapid grain-by-grain deposition produces units lacking in stratification with
polymodal matrix. This type of deposition occurs when turbulence in the flows keep clasts
in suspension much like in turbidity flows (Shultz, 1984; Smith, 1986). Clast-supported,
coarse tail normally graded units were deposited by clast-rich pseudoplastic debris flows
(Shultz, 1984) which are characterized as having relatively low yield strength and extreme
reduction of the rigid-plug layer (Costa, 1984). The strength of the matrix alone is not
enough to support clasts and dampened turbulence during periods of high flow velocity aid
in supporting clasts. Turbulence decreases rapidly during flow deceleration allowing larger
clasts to settle out of suspension thereby creating clast-supported, coarse-tail norrha]ly
graded beds (Shultz, 1984; Smith, 1986). The presence of finer grained sandsto.ne and
mudstone units overlying these massive deposits suggests that flooding events were
followed by shallow sheetflow events. Dessication cracks are suggestive of subaerial
exposure.

Clast-supported, normally graded units associated with thick, extensive units of
laminated mudrock are somewhat better sorted and contain less abundant clay-sized
sediment. These deposits may have been deposited as turbidity currents in a shallow
lacustrine system where clay can be forced out of the flow (Walker, 1978) and grain

interaction improves clast sorting (Hampton, 1975; Naylor, 1980).

Clast-Supported, Inversely Graded Conglomerate (Gci)

Description : This facies is composed of clast-supported, inversely graded
conglomerate (Gci). The framework consists of extremely poorly sorted, angular to
subrounded, equidimensional to blade shaped, granule, pebble, cobble, and boulder (< 1.5

meters in diameter) sized clasts in a very poorly sorted sandy mud to muddy sand matrix.




41

Very coarse sand, granules, and pebbles are present in the interstices of the coarser
conglomerates (Figure 14). This facies lacks imbrication and is void of internal
stratification except near the base of some of the deposits. Beds are typically tabular, 10 to
200 centimeters thick, and extend laterally up to 150 meters. The basal contact is
subplanar, sharp, and appears non-erosive (Figure 15). This facies is interbedded with all
other types of lithofacies. Most commonly, it is overlain by horizontally laminated (Sh),
low-angle cross stratified (S1), and ripple cross-stratified sandstone (Sr) composed of finer
grained material (silt, sand, and granule sized) derived from the surface of the conglomerate
beds (Figure 16). Scour development is common adjacent to larger clasts protruding from
the tops of the conglomerate beds. Clast-supported inversely graded conglomerates
commonly grade into clast-supported ungraded (Gcu) and coarse-tail normally graded

(inversely-to-normally graded) conglomerates (Gcn).

Interpretation : Clast-supported, inversely graded conglomerate units (Gci) were
deposited by clast-rich plastic and pseudoplastic debris flows. These flows behave as
density-modified grain flows (Lowe, 1976) where interstitial matrix enhances clast
buoyancy and reduces normal stresses between clasts thereby allowing the flow to remain
mobile for long distances (Rodine and Johnson, 1976). The primary sediment support
mechanisms are grain dispersive pressure and cohesion-during transport which result in
inverse grading within the depositional units. Basal stratification and lack of evidence for
erosion at the base suggests that flow was dominantly laminar (Fisher, 1971; Enos, 1977).
Extremely poor sorting within the deposits (both matrix and framework portions) suggests
that selective deposition did not occur during transport (Shultz, 1984). Rather, de;;osition

en masse likely occurred, perhaps by freezing of a rigid plug.




CG

#+$ 0C6 | && &, + % (1 (&"(&" S$H"& "H&# (' <#H%( ( $54(
"4 S S+ (&&,(MUS1& [, (& $&
L+ % (1L % %("H#5/$+ (& &"(&" L # #5" +(&&, ("
"$TI&T 1, + % (16 # & AOH.,% +B) " (6



C2

H#+$ OHE | && &, + % (! S#I"& ' "H & # (% &H#( ( $5#( )( " 1# +6 %#
%(l#<"$" 1&/#5 " +(&&' !, ,+ % (L & #5 "
(& &, (M 1&+($ I+ % (16 (%% ) "(6



CcC

#+$ 0D6 | &&&"(&" (&, + % (I & '"#I & # (% &H#( ( $5#( )(
"6 % W(IH<"$" 1& W( +(& ' !, ,+ % (L
#O#H5 " F(&&, (MU 1& 1, + % (16 (%% )
",(6



45

Matrix-Supported. Ungraded Conglomerate ( Gmu)

Description : This facies is composed of matrix-supported, massive, ungraded
conglomerate (Gmu). The framework consists of moderately to very poorly sorted,
angular to rounded, blade and equant shaped, gra.nuie, pebble, cobble, and boulder sized
gravel in a very poorly sorted matrix composed of muddy sand to mud (Figure 10).
Although this facies is matrix—sup;iorted, a wide range in gravel content gives rise to both
clast-rich (> 50% clasts) and clast-poor (< 50% clasts) varieties. Clast-rich deposits form
tabular to sheet-like beds 5 to 250 centimeters thick and up to 150 meters wide
(perpendicular and oblique to flow direction) (Figure 13). Some fill broad scours (Figure
10). These units lack internal stratification and commonly grade laterally into graded
conglomerate (Gmn, Gmi) towards the center of the deposits and into clast-
supported,massive, ungraded (Gcu) or graded conglomerate (Gen, Gei) along the fringes
of the deposits. They are interbedded with all other lithofacies types and commonly
overlain by horizontally stratified sandstone (Sh) and conglomerate (Gh) and laminated
mudstone (F1).

Clast-poor deposits also form tabular to sheet-like beds 3 to 200 centimeters thick
and up to 120 meters in lateral extent (perpendicular and oblique to flow direction) (Figure
10). Some fill broad scours. The basal contact is typically sharp. These units commonly
grade laterally into massively bedded sandstone (Sm) or matrix-supported graded
conglomerate (Gmn, Gmi) and are intercalated with all other types of lithofacies. Most
commonly they are overlain by horizontally bedded sandstone (Sh) and laminated
mudstone (Fl). Matrix-supported, ungraded conglomerate is present in the thick, laterally
continuous sequences of laminated mudrock (F1) and in these areas load structures and

disharmonic folding are common in the mudrock. Mudcracks are recognizable in laminated




46

mudstone (F1) found at the tops of both clast-rich and clast-poor facies. Root traces are

commeon.

Interpretation : Matrix-supported, ungraded conglomerate (Gmu) is interpreted as
the deposits of subaerial plastic debris flows and subaqueous sediment gravity flows.
Clast-rich flows were transported under laminar conditions as noted by the lack of
stratification and absence of scour at the base of the deposits (Fisher, 1971; Enos, 1977).
Cohesion and dispersive pressure were the primary mechanisms of sediment support. The
tabular nature of these deposits suggests that subaerial debris flows deposited material over
an unconfined surface (Rodine and Johnson, 1976; Waresback and Turbeville, 1990).
Lateral textural variability in the deposits resulted from lateral changes in flow rheology
such that flows were more fluid along the edges (Shultz, 1984).

Clast-poor matrix-supported, ungraded conglomerates were deposited as both
subaerial and subaqueous sediment gravity flows. Subaerial deposits commonly grade
laterally into matrix-supported, coarse tail normally- or inversely-graded conglomerate
(Gmn, Gmi). These lateral gradations suggest that the sediment was transported as
relatively fluid debris flows where material is supported by the cohesive nature of the
matrix (Naylor, 1980). Tabular unit geometry and association with horizontally stratified
sandstone (Sh), mudcracks and root traces suggest that clast-poor, matrix-supported,
ungraded conglomerate units were deposited in a subaerial environment where flow was
not confined to channels. Reworking of the tops of the depositional units by sheetflow and
pedogenesis were important processes between flow events.

Subaqueous deposition by density or turbidity flow is probable where these facies
are associated with very thick laminated mudstone (FI) units (5 - 45 meters). Lateral
gradations into massive normally graded sandstone (Sn) and granule-pebble normally

graded clast-supported conglomerate (Gen) have been recognized in turbidite sequences
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(Walker, 1978). The presence of disharmonic folding, contorted bedding, and load
structures in the underlying laminated mudstone (FI) units suggests that deposition

occurred over a water saturated surface (Mastalerz, 1990).

Matrix-Supported. Normally Graded Conglorherate (Gmn)

Description : Matrix-supported, massive, normally graded conglomerate units are
composed of moderately to poorly sorted, subangular to rounded, blade and equant
shaped, granule, pebble, cobble, and boulder (< 1.5 meters in diameter) sized clasts in a
poorly sorted matrix composed of muddy sand to mud (Figure 16). These deposits form
tabular to sheet-like beds 4 to 200 centimeters thick and up to 200 meters wide
(perpendicular and oblique to flow direction), have a well-defined planar basal contact, and
fill pre-existing topography (Figure 13). They commonly grade laterally into clast-poor
matrix-supported, ungraded (Gmu) and inversely graded conglomerate (Gmi) and are
intercalated with all other types of lithofacies. Most commonly, these units are overlain by
horizontally beddec__l sandstone (Sh) and laminated mudstone (F1). Matrix-supported,
normally graded conglomerate units are present within the thick, laterally continuous
laminated mudrock (Fl) units. In these instances, load structures and disharmonic folding

are common in the underlying laminated mudrock (Fl).

Interpretation : Matrix-supported, normally graded conglomerate (Gmn) is
interpreted as the deposits of subaerial fluid, unconfined debris flows and subaqueous
density flows. Subaerial deposits are interbedded with horizontally stratified sandstone and
mudrock (Sh, Fl) units the surfaces of which often have mudcracks and root traces. These

deposits commonly grade laterally into clast-poor matrix-supported, ungraded and
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inversely graded conglomerate (Gmu, Gmi) indicating that the sediment was supported by
matrix cohesion while being transported as relatively fluid debris flows (Naylor, 1980).
Tabular unit geometry and the presence of sheetflow deposits overlying units of matrix-
supported, normally graded conglomerate (Gmn) suggest that deposition occurred on an
unconﬁneci depositional surface.

Subaqueous deposition by density or turbidity flow is probable where this facies is
associated with thick laminated mudstone (Fl) units. This interpretation is supported by the
presence of disharmonic folding, contorted bedding, and load structures in the underlying
laminated mudstone (F1) units suggesting that the depositional surface was water saturated
(Mastalerz, 1990). In addition, lateral gradation of matrix-supported, normally graded
conglomerate (Gmn) into massive, ungraded sandstone and granule-pebble conglomerate
(Sm, Sn, Gmu) is a relationship documented from turbidite deposits (Walker, 1978) and

indicative of subaqueous deposition.

Matrix-Supported. Inversely Graded Conglomerate (Gmi)

Description : This facies consists of massive, inversely graded conglomerate
(Gmi). It is composed of poorly to very poorly sorted, angular to subrounded, blade and
equant granule, pebble, cobble, and boulder (<2.5 meters in diameter) sized clasts in a
matrix of very poorly sorted muddy sand to mud (Figure 15). These units are typically 7 to
20 centimeters thick and up to 100 meters wide. Stratification is absent except for
occasional shear fabrics near the base. The basal contact is typically sharp and planar.
Coarse tail grading is predominant and can disappear laterally such that the unit becomes
either matrix-supported, ungraded (Gmu) or clast-supported and ungraded (Gcu) (Figure
12). Clast content within a single depositional unit changes laterally as some units are more

matrix-supported near their centers. Matrix-supported, inversely graded conglomerate
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(Gmi) is interbedded with all other lithofacies types and most commonly overlain by
horizontally (Sh) and low angle stratified sandstone (S1) and horizontally stratified
mudrock (Fl). Small scour and fill sequences composed of trough cross-stratified
sandstone and granule - pebble conglomerate (St, Gt) are common on the down-flow side

of clasts protruding from the upper surfaces of the depositional units (Figure 17).

Interpretation : Matrix-supported, inversely graded conglomerate (Gmi) is
interpreted as the deposits of subaerial viscous debris flows. Sediment was transported
under laminar flow conditions as noted by the lack of traction-induced stratification and
absence of scour at the base of the deposits (Fisher, 1971; Enos, 1977). Inverse grading
suggests that kinetic seiving was common enough to cause vertical clast segregation and
dispersive pressure was high enough to support larger clasts above the base of the bed
(Larsen and Steel, 1978; Costa, 1984). The tabular nature of tﬁe deposits suggests that
these debris flows deposited material on an unconfined surface (Rodine and Johnson,

1976; Waresback and Turbeville, 1990).

Lateral Gradations in Massive Conglomerate Lithofacies

Lateral textural variations within massive conglomerate units are caused by changes
in flow rheology. Basal friction and dewatering within the flow can cause an increase in
yield strength and flow plasticity (Shultz, 1984). This effectively increases matrix content
and may cause transitions from normal to ungraded to inversely graded fabrics within a
single massive unit. Dilution of a debris flow would cause a decrease in yield strength and
the flow would become either ungraded, normally graded, or inversely-to-normally graded
(Rodine and Johnson, 1976) depending upon the initial state of the flow.
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Horizontally Stratified Conglomerate (Gh)

Description : Horizontally stratified conglomerate (Gh) units are composed of
granule to cobble sized gravel with sandy to sandy mud matrix. Beds are tabular with
thicknesses ranging from 10 to 300 centimeters and lateral extent from 10 to 250 meters.
Horizontally stratified conglomerate (Gh) interbedded with horizontally stratified sandstone
commonly fills broad, shallow scours (1 meter deep and 15 meters wide) (Figure 18).
This facies is frequently part of fining-upward sequences (Figures 11 and 13) where it is
underlain by matrix- and clast-supported, massive, graded (Gmn, Gmi, Gen, Gei) and
ungraded (Gmu, Gcu) conglomerate and overlain by horizontally stratified sandstone (Sh),

ripple-cross stratified sandstone (Sr), and horizontally laminated mudstone (Fl).

Interpretation : Horizontally stratified conglomerate (Gh) was deposited under
upper flow-regime plane bed conditions. Horizontally stratified conglomerate (Gh) with a
sandy matrix is indicative of streamflow while units with more clay-rich matrix may be
suggestive of hyperconcentrated flow (Smith, 1986). The tabular to sheet-like nature of
individual units suggests deposition occurred during periods of unconfined turbulent flow
over broad, low-relief depositional surfaces. This type of high-energy and sediment
charged flow is termed sheetflow (Miall, 1977). The presence of this facies in tabular
fining-upward sequences indicates that unconfined debris flow events were followed by
turbulent unconfined sheetflow capable of reworking material at the tops of the debris
flows. The presence of interbedded horizontally stratified conglomerate (Gh), horizontally
and low-angle stratified sandstone (Sh), ripple-cross stratified sandstone (Sr), and
horizontally laminated mudstone (Fl) filling broad, shallow scours (Bull, 1972; Nilsen,

1982; Mack and Rasmussen, 1984) suggests that in-filling of surface topography occurred











































































































































































































































































































































