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ABSTRACT

The Green River Formation is an Eocene lacustrine deposit that is present in several
Rocky Mountain basins. In the Uinta basin, the Green River Formation has produced large
amounts of oil and gas from many fields, the largest being the Greater AltBfebell field in
the northern margin of the basin, the Monument Butte and Natural Buttes fields in the central
region, and the Greater Red Wash field in the northeasterrofplrte basin. In addition, the
Green River Formation contains one of the largest oil shale deposits in the world. The Uinta and
Piceance basins are estimated to contain 1.32 trillion barrels and 1.53 trillion barrels respectively
of total in-place oil sha resource.

This study focuses on littoral to sublittoral sandstone deposition of the Green River
Formation in the eastern Uinta basin of Utah, in Evacuation Creek, near th«dJtatado
border. This area contains extensive and continuous outcrop of rden River Formation
exposed in steep cliffs and gullies, and allows for the study of these units at the resmteoir
Litho-stratigraphically, the area contains the transition of the marginal lacustrine Douglas Creek
Member to the open lacustrine Pdraie Creek Member. The outcrops here contain very fine to
mediumgrained sandstone, siltstone, organic rich mudstone, carbonate grainstone and
microbialite that reflect changes in depositional conditions in Ancestral Lake Uinta. This area
was subject to #quent changes in lake level due to changes in climate and tectonics.

This study aims to 1) interpret the depositional setting of the sedimentary package over
the stratigraphic interval, and 2) describe the depositional architecture of these sand bodies in

multiple dimensions at the reservsirale.



The data collected includes measured sections along the 2 mile long outcrop in the valley
cliffs and gullies. Measured sections cover two laterally continuous sand intervals over the
outcrop area, which defindné study unit. Photo panoramas were taken to outline important
contacts and lithobody geometries, and to interpolate facies distribution between measured
sections. Samples have been taken from representative facies for thin section analysis.

The study interval can be divided into two units bounded by sequence boundaries at the
sharp and noerosive contacts between oil shale and the microbialite facies association and
distal delta front facies association. Sequence boundary contacts arée@sasi erosive and
incisive in the hinterland in other studies. These boundaries can be traced along the entire
outcrop and have been traced into the basin in core and well logs.

Five facies associations are interpreted: 1) sbaged mouth bars, 2) agdeadional
mouth bars, 3) distributarghannel 4) distal delta front, and 5) oil shale and microbialites.
Facies associations4lare comprised of sand to sdominated facies, and are the direct result
of clastic inputs into the lake from rivers. Facissariation show evidence for varying wave
influence during sedimentation as seen in ripple forms that occur in the outcrop, but there is little
evidence for significant longshore drift processes or developed shoreface successions. The
depositional processeof the sandstone intervals in the study area are river dominant with wave
influence in the sharpased mouth bars, aggradational mouth bars, disiél delta front.
Distributarychannelare proximal to the mouth bar facies associations, and are commpiaseg
of sharpbased, noithannelized, trough crofsedded sandstones, that are locally tar stained.
The trough cross bedded sand body is interpreted as proximathaonelized portion of the
distributary network of channels. Porosity from distributeimanneflacies contains the highest

porosity values and simplest porosity distribution due to the laterally continuous nature of the



trough crosshedded facies within the unit. Distributagliannelsare therefore a continuous, less
compartmentalized resew analogue. Facies distribution in both shbgsed mouth bars and
aggradational mouth bars is complex and leads to complex porosity distribution and reservoir
compartmentalization.

Facies distribution in shafpased mouth bar facies and resulting pyodistribution
contrastswith aggradational mouth bars. Shdorgsed mouth bars are in direct lower contact with
distal delta frontare laterally extensive idistribution and contain a generally consistent grain
size grain size profile Sharpbased modt bar contain agreater vertical net to grossand
reservoir facies compostion. Aggradational mouthbars are comprised of multiple coarsening
upward units. As a result, in aggradational mouth bars, lateral facies relationships are important
in addition to \ertical relationships. Facies containing the coarsest sediment and highest porosity
are vertically segregated by lower energy deposition and finer sediment. These bars have a lower
net to gross reservoir facies compios. Distal delta front facies assatibns are comprised of
low porosity facies. Sediment in distal delta fronts grade from fine and very fine sand facies to
silt and mud facies. The distal delta front contains thin rippled sands, and structureless sands in
the proximal setting, and lamirat and homogeneous mudstone in the distal setting. The oll
shale and microbial carbonate facies associations are comprised of oil shales of varying organic
richness, microbial carbonates, and thin sandstone and silt beds. This facies association contrasts
with sand dominated facies associations and occurswhen sediment input is reduced or when the

shoreline transgresses during higher lake levels.
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CHAPTER 1
INTRODUCTION

The Eocene Green River Formation was deposited in a lacustrine setting in the Uinta,
Piceance and Green River basindJtdh, Colorado and Wyoming respectively. In the greater
Uinta-Piceance basin this ancestral body of water is referred to as Lake Uinta. The Green River
Formation is well known for its petroleum potential which is sourced from organically rich
intervals ofoil shale. The oil shales are comprised of keraggmmudstone and marlstomieat
accumulatedrom the early Eocene to approximately ca 44(8aith et al., 2008; 2010). In the
shallowly buried Uinta basin margins, and throughout the Piceance basiotiesie rich rocks
are i mmature, and are referred to as fAoil sha
Green River Formation oil shale represents a potential resource of 1.32 trillion barrels of oil in
the Uinta basin (Johnson et al., 201@D the actively exploited side, petroleum systems exist
where maturation of source rock in the basin center has expelled oil antigashas
subsequently migrated to reservoir facies. Lacustrine margin environmeotsrar®nlythe
reservoir for migragd oil. These environments contain considerable lateral variation and
therefore contain a highly heterogeneous facies distribution, and variable reservoir potential.

Green River Formation outcrops located in the eastern Uinta basin, offer the opportunity
to study facies distribution and lateral variation in a classic lacustrine system near the organically
mature portion of a petroleum basin. This specific outcrop was selected because of its well

exposed nature both vertically and laterally.



1.1 Research Poblem and Objectives
The objectives of this studyereto 1) definethe depositional setting for the study

interval, and 2) describe and illustrate the geometries of the sand bodies and integrate these into
the context of the depositional setting. This studgdsedimentologic analysis to identify the
processes thatereresponsible for sediment deposition, and define specific prdcsses
facies. Understanding the depositional processes at the outcrop scale helps explain how sediment
is distributed across this specific locality and has implications for how sedimeneings b
transported along the lake margin and into the lake center. Results from Evacuation Creek may
be applicable to other portions of the Uinta basin, including local oil and gas fields, other Rocky
Mountain basins, or to other lacustrine settings globally
1.2 Lacustrine Systems

Lacustrine environments are relatively understudied compared to marine environments
because they represent a smaller percentage of the total rock record. Lakes differ from marine
systems considerably. Several of the key differeaced) lakes are more sensitive to changes in
accommodation and climate. Some modern lakes show evidence of over a 100m of lake level
rise over the past several centuries (Carroll and Bohacs, 1999). Lakes with low marginal
gradientthatexperience a rism lake level will have shorelines that migrate long distances. 2)
Lake level rise and sediment supply can be directly connected to river input. Sediment supply
and lake level are commonly in phase, meaning when sediment supply increases, the lake level
increases. 3) The nature and evolution of lakes are primarily controlled by rates of potential
accommodation, which is mainly the result of climate and tectonics, and controls sediment and

water input (Bohacs et al., 2000).



Deposition in lacustrine systernan be divided into three zones based on relative water
depth and energy (Figure 1.1). These three zones are: 1) the littoral zone, which is the marginal
lacustrine environment above faueather wave base up to the shoreline, 2) the sublittoral zone,
which is the lacustrine environment between-fe@ather wave base and steweather wave
base, and 3) the profundal zone, which is the deepest, and potentially most extensive lacustrine

environment below storfweather wave base (Reading and Collinson, 1996).
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Figure 1.1 Lacustrine profile dividing Littoral (L), Sublittoral (SL), and Profundal (P) zones
based on dashed lines representing Fair Weather Wase (FWB) and Storm Wa\Rase

(SWB). Yellow lobe bodies are delta front sedimetns, brown lobe represelmsent gravity

flows or turbidites, blue body represents microbialites and small dots represent a carbonate
oolitic shoal. Oil shale may form in all zones, but away from direct clastic influx (modified after
TanavsueMilkevicience and Sarg, 2012).

Marginal lacustrine deposition ranges from the littoral to sublittoral zone and contains
sandstone dominated siliciclastics, carbonate and oil shale rock types. In the littoral zone,
siliciclastic deposition dominates near fluvial input where mud andaanibrought into the lake
and deposited or reworked by currents or waves.

Deltas,asdefined by Bhattacharya (2010), are sdrial to submarine landforms that are

built to varying degree by river inputs entering larger bodies of water. A range ofypelisamay



form (Galloway, 1975; Bhattacharya and Walker, 1992). The main controls on delta morphology
are sediment type (coarse sand, mud, etc.), lake margin gradient (steep or shallow), and energy
available to rework fluvial derived sediments (waves, cus;eor lack thereof). In the littoral

zone, hydraulic energy is the greatest and siliciclastics are subject to the strongest reworking
energy present in the lacustrine environment.

Between point sources of fluvial input, carbonate oolitic shoals canifioaneas of
moderate wave energy. Microbial carbonates can also form in the littoral-tidterah zone
where sunlight penetration is the greatest. Microbialites can form deeper in the lake, but are
restricted by clastic influx and depth of sunlight @ation (photic zone). Oil shale may form in
the littoralsublittoral zones but tends to be less organiaatly than profundal equivalents due
to dilution by silt and fine sand (TanavsMilkeviciene and Sarg, 2012) and shallow oxidation.

In marginal l&e areas where there is minimal siliciclastic input, stromatolites or other
microbialites may form. Stromatolites are defined in simple terms as laminated benthic microbial
deposits (Riding, 2000), and are a specific type of microbialite. Microbialitéeraned by
photosynthesizing algae that bind sediment, and form some of the oldest fossils on earth.
Microbialites are interpreted as havibgen érmed bybacteria, algae, fungi or protozoa. These
photosynthesizing organisms exist at the sediment wdgsfane of shallow, suspended
sedimenpoor, and oxygenated water. The main processes by which microbes form laminae are
by trapping, binding, and precipitating sediment. Recognition of microbial carbonates is based
on mesofabric, or internal fabric, ancganofabric, which is the larger geometric shape of the
form. Mesofabric identification help determine possible origin and macrofabric define categories

and varieties of microbial carbonates. (Riding, 2000).



In the profundal zone laminated oil shale dortesabut may also include brecciated or
softsediment deformed oil shale transported by debris flows and slumps or slides and can be
interbedded with subaqueous evaporites. Coarser siliciclastics can reach the profundal zone by
means of sediment gravitiofvs or turbidity currents (Dyni and Hawkins, 1981; Tanavsuu

Milkeviciene and Sarg, 2012).



CHAPTER 2
FIELD AREA

The Uinta basin is located in northeastern Utah and is separated from the related western
Colorado Piceance basin by the Douglas Creek Arigu(€ 2.1). The Uinta basin is 130 miles
from east to west and 100 miles north to south. The Evacuation Creek outcrop area of this study
is located in the southeastern Uinta basin, approximately 50 miles southeast of the town of
Vernal, Utah in southern biah County, near the UtaBolorado state border. Evacuation Creek
is a tributary of the White River, which flows west and connects to the Green River that drains
the basin to the south. The Green River Formation isexglbsed in the Evacuation Creekaare
in the Dragon Quadrangle in Township 11S Range 25E and is the area of focus for this study.
Scott and Pantea (1985) mapped preliminary stratigraphy and contoured the Mahogany Oil Shale
Bed. The dominant features of the area are the north sloping platebsteep walled canyons
lined with intermittent streams
2.1 GeologicSetting

The Uinta Basin is an asymmetric foreland basin. The structural axis ruwveeshsh the
northern portion of the basin along the Uinta Mountain front. The basin is boundegdral
structural elements (Figure 2.1): to the north by the Uinta Uplift, on the east by the Douglas
Creek Arch, to the southeast by the Uncompahgre Uplift, to the south by the San Rafael Swell
and to the west by the Wasatch Plateau. Although the Dasia is a distinctly Laramide
feature, the area has a complex geologic history (Dickinson et al., T®&8fpllowing is a brief

summary.
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Figure 2.1 Regional map of western United States (inset) and western Rocky Mountain basins
with outline of fieldarea for study in the eastern Uinta basin, near the Colorado Utah Border, in
the Dragon Quadrangle (modified after TanavMilkevicience and Sarg 2010).

In the Cretaceous, structural deformation is generally marked bgkmned folding and
thrustingduring what is known as the Sevier Orogeny, and was driven by the subduction of the
oceanic Farralon Plate under the North American craton (Armstrong, 1968). This resulted in
foreland basin deposition between the overthrust belt and the depressed aintitezidr that
was eventually inundated by the Western Interior Seaway. Thick and continuous packages of
sediment were deposited, ranging from alluvial in the hinterland to marine in the foreland region.

In the late Cretaceog5 Ma) the Western InterioSeaway retreated, allowing paludal and
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fluvial sediments of the Mesaverde Group and younger formations to be deposited (DeCelles,
1995).

In contrast, during the Upper Cretaceous, the Farallon Plate began to subduct in more of a
flat-slab geometry, and resulted in the onset of the Laramide Orogeny (Dickinson et al., 1988).
Laramide deformation contrasted with Sevier Orogenic deformation such that steep basement
cored faults broke up the foreland basin system into a series of basuesidy structurally
high features such as the Uinta Mountains, the Douglas Creek Arch, the Uncompahgre Uplift and
the San Rafael Uplift. In several of these ba
(1988), lacustrine sediments were depositetifarmed the Green River Formation.
Paleogeographic evolution, driven by tectonics and combined with climate controlled factors
resulted in lacustrine development in the early Eocene (Bohacs et al., 2000; Carrol et al., 2006;;
Davis et al., 2008, 2009).

2.2 Stratigraphy

The Green River Formation was depositedrdyuthe Early and Middle Eocerg@mith et
al., 2008 2010).Thetotal period ofdepositions poorly constrainedh the Uinta basinRemy
(1992) constrained the majority of Green River Formation deposition between ca 54 Ma to 43
Ma, using radiometric data and paleontologic data from the base of the Carbonate Marker Unit
(Long Point Bed) and an unnamed tuff in his Upper Member (FR)@)eSmith et al. (2008;
2010)constrained portion of the Green River Formation stratigraphyh@Uinta basin using
the Curly Tuff and the StraberryTuff with ages of 49.3 to 44 /&@spectivelyFigure 2.2)

The Green River Formation, originallymad Green River Shales, was first described by

Hayden (1869) at the type locality of lacustrine outcrop along the Green River in the Green River
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basin of Wyoming, to the north of the Uinta basin. The Green River Formation in the Uinta basin
can be prtrayed as a lens of basinal lacustrine rocks enveloped in marginal lacustrine and
alluvial rocks with high frequency transitional relationships (Cashion, 1967). The Green River
Formation is underlain and interfingers with the Wasatch Formation, andriaiovand
interfingers with the Uinta Formation (Figure 2.2) (Cashion, 1967).

The Wasatch Formation is comprised of variegated mudstone, ciarmedandstone
and conglomerate in the eastern Uinta basin. The Uinta Formation contains mainly sandy fluvial
sediments. The Uinta Formation is well known for its numerous vertebrate fossils.
In eastern Uinta basin the Green River Formation is comprised of beds of oil shale that are
kerogenrich argillaceoussiliceous, or feldspathimudstone, marlstone, siltste, sandstone,
oolitic grainstones, microbialites and various thin tuff layers (Cashion, 1995). Bradley (1931)
divided the stratigraphy of the Green River Formation of the Uinta basin and Piceance basin into
four ascending units: the Douglas Creek Memther Garden Gulch Member, the Parachute
Creek Member, and the Evacuation Creek Member. The Garden Gulch Member, originally
described at its type locality near the mouth of the Garden Gulch tributary of the Piceance Creek,
is comprised of chocolaferown chystone and low grade oil shale, and has been incorporated
into the lower part of Douglas Creek Member. The Evacuation Creek Member has been
incorporated into the Uinta Formation. As a result, the eastern Uinta basin has a simplified
stratigraphic schem&he basal Douglas Creek Member is comprised of rocks with common
fluvial origin and is marked by a basal molluséh layer named the Long Point bed, which
marks the first significant lake transgression of the Green River Formation (Johnson, 1985). This
member interfingersvith and is overlain ly the Parachute Creek Member which is characterized

by sequences of fingrained rocks, more claych at the base and carbonateh upwards. The
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Parachute Creek Member rocks represent open lacustrine depddieostratigraphy has been
further divided Cashion and Donnell (1972), based on {s&sile correlatable rich and lean
zones (Figure 2.2).
2.3 Previous Work in Evacuation Creek Area

Several other workers have done outcrop study in and around the EvaClragérarea,
the following summarizes their work.
Moncure and Surdam (1980) interpreted the depositional environment in the Douglas Creek
Arch area near the margins of the Uinta and Piceance basins. Measured sections include from
west to east Evacuation @e Baxter Pass, Douglas Pass, and Brushy Point. Four lithofacies
were identified based on mineralogy and sedimentary characteristics: oil shale, evaporite,
mudstonedolostone, and sandstesgistone. These authors conclude that deposition in eastern
Uinta basin was marked by higher water inflow and sediment input than in equivalent strata on
the east side of the Douglas Creek Arch in the western Piceance basin. The observations of
sinuous flat crested ripple beds were interpreted as being related t&ingnmyr a shoreface
environment. Due to the lack of evaporites in the Uinta basin, this lake was fresher during the
deposition of the upper Douglas Creek Member as compared to the Piceance basin. Sediment
Provenance is poorly constrained, but is presumsdalyced from local uplifts in the south and
from the Uncompahgre Plateau. Fluvial deposition, in the form of single andamalthel beds,
was diverted northwesterly into the Uinta basin and northeasterly in the vicinity of Piceance
basin, because of tip@sitive topographic relief of the Douglas Creek Arch. The eastern Uinta
basin was marked by mudflats with fluvial deposition in the distal reaches and shoreface

deposition more proximal regions to the lake.
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Johnson (1985) measured sections in and arthenBvacuation Creek area in a larger
effort to detail the lake evolution of Uinta and Piceance basins. He divided Green River
Formation in the area into five stages. These stages are based on depositional event beds and
water chemistry. The following B summary of the stages.

Lake stage 1 begins with the tragression of the lake and the deposition of the Ldng Poin
Bed. Low grade oil shales were deposited in both the Uinta and Piceance lakes and siliciclastics
at the margins. Magadype cheris found in this stage which indicates that the lake may have
been chemically stratified (Eugster, 1967). Lake stage 2 is marked by the onset of richer oil shale
beds, these oil shales are clay rich and carbonate poor. In this stage lake level fluctuated
considerabl. Basinal oil shale richneg®rrelates with clastic influxes at the lake margins. Lake
stage 3 begins appromately at the R2 oil shale zone. Profundal oil shale in this stage contrasts
with earlier stagebecause itonatins a largerarbonateomponentasopposed to earlier clay
rich oil shale deposition. Lake stage 4 is marked by a minor transgression and is represented by
the base of the R4 zone. This stage is comprised of deposits between the R4 zone to the base of
the Mahogany zone. In thceance basin, oil shale is thick and continuous in this unit. In the
Uinta basin, oil shalebeds are inteiegbby mudstone, siltstone and sandstone beds, which
increase the overall thickness of this unit and decrease oil shale ricongssedto the
Piceance basin profundal deposits of lake stage 4. Lake stage 5 begins with a major transgression
at the transition of the upper R6 and the Mahogany:zoagimum transgression is marked by
the deposition of the very rich Mahogany Bed. Following the maxitnansgression of the lake
the basin was filled with lacustrine, fluvial sediments and eventually volcanidasiimenof
the Uinta Formation. The majority of the stratigraphy in this study of Evacuation Creek area falls

into the Fourth Stage of John€og1985) five stage model. Observatiaithe sandstone units
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in Evacuation creek range from sedimentary structures of-plaradlel laminated and ripple
laminated sandstone, but a lack of observable channels. Sandstone and siltstone intervals are
thicker in this stage than the previatageand are confined by oil shale beds that are time
stratigraphidorizons In the Uinta basin sand and silt deposition occurred all the way into the
deeper part of the basin resulting in leaner oil shale depositss Imarginallacustrine
environment, there is abundant soft sedi ment
The outcrop data is integrated into basin scale reconstructions beyond the scope of single outcrop
depositiol reconstruction and anaig.
2.4 Lake Stages

Lacustrine deposits in the Uinta basin record a history of fluctuating hydrologic
conditions from open and unbounded to closed and confined conditions (Smith et al., 2008;
2010). Lake Uinta has been modeled in different ways from lzegi@llow playaype lake
(Lundel and Surdam, 1975; Cole and Picard, 1978), to a deeper chessic#iiied lake
(Bradley and Eugster, 1969; Johnson, 1981) to a combinrigfi@nake, evolving from playa
type to deep chemicalstratified lake throughime (Monecure and Surdam, 1980; Smith et al.,
2008). Lakes that occupied the Eocene ponded basins were connected at times of high lake level
and disconnected at other times by structural highs like the Douglas Creek Arch which divides
the Uinta and Piceardasins.

Variations in \ertical richness of oil shale deposits can be traced across the Uinta and
Piceance basin centers using Fischer assay logs. These define 17 rich and lean zones that appear
to be time correlative, and that form a basic basin frame@ashion and Donnell, 1972,

1974).
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However, due to the high variation in overall organic richness, and in rock type found in
these zones at the outcrop scale, the rich and lean zone framework has been integrated with
available basin margin outcrop steslito form a more complete model. The lacustrine
stratigraphy of the Uint®iceance lakes has been integrated into six evolutionary lake stages by
TanavsueMilkeviciene and Sarg (2012). The six stages are: S1 Fresh Lake, S2 Transitional
Lake, S3 Rapidly Fictuating Lake, S4 Rising Lake, S5 High Lake, and S6 Closing Lake. These
stages generally result from the interplay of climate and tectonics (Carrol et al., 2006). At least
two levels of cyclicity are found in the lake system. The first is marked by chang#hofacies
and organic richness in mudstones and is influenced by vegetation and runoff, which are
climatically controlled. These cycles occur on the one meter to tens of metersusdate,
bounded by sequence boundaries. The lasgale depositinal packages are based on
depositional trends, and define the six lake stages. Tectonic activity provides the primary control
in S1 (Fresh Lake), with a clear and correlative climatic signature in S2 (Transitional Lake) and
S3 (Rapidly Fluctuating Lake)uding the peak of the Early Eocene Climatic Optimum (EECO).
Basin filling, controlled by both climate and tectonic effects, occurs i8&@Rising Lake, High
Lake, and Closing Lake) in Uinta, Piceance, and Greater Green River basins (Tidnavsu

Milkevicieneand Sarg, 2012).
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CHAPTER 3
RESEARCHMETHODOLOGY

3.1 Facies Analysis

Facies analysis was utilized for the outcrop study in Evacuation Creek. This process is
used for interpreting the origin of sedimentary successions and involves breaking down the
outcrop elements into their fundamental parts (Walker, 1992; Dalyrymple). Zeddes are
based primarily on depositional attributes like grain size, sorting, sedimentary structures, and
paleontology. Facies that occur commonly, and in close proximity throughout the study area are
grouped into facies associations. These faciexcadons are comprised of facies that are
thought to have genetic significance (Reading and Collinson, 1969). The facies associations are
representative of depositional environments, and are interpreted to comprise a depositional
systemor environmentsand sub environments. Facies were determined in Evacuation Creek by
describing rock type, sedimentary structures, and grain size.
3.2 Photography

Facies architecture and sabddy distribution was demonstrated for the outcrop by
integrating facies analysis with photo panoramas. A series of photos were compiled to show
outcrop features at three main scales. The largest scalepansfesm the vallg floor and
road, ancestablislesthe mainpanoramdramework.The next level of scale was the intgilly
photos. These panoramas tie into the road level panoramas and detail the outcrop within the
gullies. Lastly, individual photos document the faciethatscale in which outcrop section is

measured.
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Facies and facies associations were traced laterally on photos to show bed and facies
association level architecture and lateral variability. Measured sections will be incorporated to
show further detail ofhe facies.

3.3 Petrography and Photomicrographs

In addition, representative samples of facies were collected for thin section analysis, and
mineralogy and porosity were described. Porosity was measured by using GIMP photosoftware
to count epoxy filled spce in digital thin section images. Dividing the epoxy assigned pixels to

total pixels and multiplying by 100 yields a percent porosity.

16



CHAPTER 4
FACIES DESCRIPTION&ND INTERPRETATIONS

Based on visual description of outcrop sections, 15 faciesldemreoutlined based on
lithology, grain size, sedimentary structures, bed thickness, and geometry from the 17 measured
sections in the outcrop (Figures A&4). These facies are grouped into facies associations based
on genetic and lateral and verticalatgdns between the facies (Table 1).
4.1Facies Descriptionsand Interpretation

F1 Laminated Mudstone Facies:1 is comprised of mud and silt with millimetscale
laminations and cm scale beds, with internal laminations that are parallel, distorted/oamnehv
interbedded with darker and finer mudstone laminations. Locally the internal stratification is
discontinuous due to soft sediment deformation, like water escape structures and weathered
exposure of rock. Layers lighter in color have more silt basefield and thin section
observation. Lamina are ungraded to graded. F1 is in gradational but traceable contact with
underlying oil shale beds. Laminated mudstone locally occurs with thinly bedded sandstones,
which are | ess t ha nAltHoaogmthe irdernal beteeogeadity isccamiplex theh i ¢ k
lateral extent of the laminated mudstone beds are easily traced along the outcrop for tens to
hundreds of meters (Figure 4.1 B). F1 reacts with HCL. No root traces or burrows are observed.

Interpretation: F1 is interpreted as the distal river sourced sediment input, and indicates
low energy levels which allow the fine sediment to settle from either buoyant plumes (Battcharya
and Walker, 1992; Renaut and Tiercelin, 1994) or hyperpycnal plumes (Buatoisaagdnd,
1994). Hyperpycnal flows are derived from river sources and can appear laminated and internally

ungraded, graded, inversely graded (Bhattacharya and MacEachern, 2009). The silt rich
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Table 1.Bedding thickness terms with facies described in Evacuation Creek organized by rock type

Bedding Thickness Classes

Thickness (cm)

Descriptive Term

100 + Very thick bed
30-100 Thick bed
10-30 Medium bed
3-10 Thin bed
1-3 Very thin bed
0-1 Laminated
Rock Facies L_ithology/Grain Structure Be_d Geometries an Interpretation Paleo
type size Thickness | Contacts currents
Laminated mudstone | Clay and silt Parallel and Thin to Laterally Hyperpycnal N/A
distorted wavy Very thick | continuous, flow,
lamination, soft | bed undulatory, gravity settling,
© sediment sharp base,
e deformation, non-erosive
3 ripple cross
2 lamination
© Homogeneous mudstor] Clay and silt Structureless Thin to very | Laterally Gravity settling, | N/A
§ thick bed continuous, sediment gravity
g sharp basal flow
= nonerosive
n contact
Structureless sandstong Very fine to fine | Structureless, with Very thick | Laterally Rapid deposition| N/A
and grained sand and and without to thick bed | continuous from suspension
structureless sandstone mud clasts ungraded ripup debris flow
with mudstone clasts mud clasts
Thin ripple topped or | Very fine- Indistinguishable | Thin bed Thin and Turbidites that | 210,216,
) based sandstone facies grained sand internal discontinuous, | get reworked by | 228
E lamination sharp base waves on top,
2 (<1cm), wave associated with
ccn% Rippletops or F1

bases
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.Fl_z;gg # Facies Lithology/Grain size | Structure ?ﬁidckness gggg gtgles an Interpretation cpt?rlreeents
5 Current ripple cross | very fine to medium | Asymmetric Thin to Gradational to | Unidirectional 2525
laminated sandstone | grained ripple- lamination| Thick bed | sharp lower flow
contacts
6 Climbing-ripple cross | Fineto medium Inclined Very thin | Discontinuous | Unidirectional
laminated grained sanstone asymmetric to thin bed| beds and oscillatory
sandstone ripple lamination flow in a higher
accommodation
space and
sediment supply
7 Combinedripple very fine to medium | Symmetrie Thin to Unidirectional
crosslaminated grained asymmetric Medium and continuous
sandstone ripple lamination | bed or periodic wave
reworking
o |8 Waveripple cross Very fine to medium | Symmetric Thin to Ripple Oscillatory flow | 230,
5 laminated sandstone | grained ripple-lamination | Medium | morphology 252,20,
g bed changes 20, 280
= laterally on
n 106s of
scale
9 Planeparallel Very fine to fine Nearhorizontal | Thin to Sharp planar | Upper fow
laminated sandstone | grained laminations medium | basal contact | regime, higher
10 Crossstratified Fine to medium Planar cross Thick- Gradatational | Unclear, but
sandstone grained stratified, higher | medium | to sharp lower | mainly 2D ,
angle bed contact some 3D dune
migration
11 Trough crossstratified | Fine to medium Trough cross Very thick | Sharp lower Migration of 327, 345,
sandstone grained stratified to contact 3-D dunes 358, 345,
medium 6, 42, 20,
bed 40, 5,
100, 75,
115, 16,
60, 314,
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Rock . Lithology/Grain Bed Geometries an( . Paleo
# Facies : Structure . Interpretation
Type size Thickness | Contacts currents
Q 12 Intraclastic andstone Fine to medium | Normally graded | Medium te | Sharp lower Transgressive
% grained sand to ungraded thin bed contact lag bed
e Fine to pebble | rip-up carbonate
3 sized carbonate | material in a
material sandstone matrix
13 Microbial carbonate Lime mudstone | Stromatolitic Medium to | Sharp to Laterally
to grainrich lamination thick bed gradational continuous
Q boundstone lower contact | stromatolite
o growth zones
§ 14 Qil shale Dominantly Finely laminated | Laminated | Gradational Chemical
8 dolomitic, bed precipitation
kerogenrich (beds are Suspension fall
marlstone medium to out
very thick)
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Figure 4.1 A: Homogesous mudstone facies (F2). Baminated mudstone facies (F1), dashed

line is contact with underlyin oil shale. C: Structureless sandstone (F3) with centimeter sized
ungraded mudstone clasts. D: Thin ripple topped or based sandstone fatasifg4ipns and
association of thin veryrfe sand beds with current and wave rippled structures represent pulses
of sediment from river poirgources with deposition above the fair weather wave base at certain
times (Keighley, 2008; Renaand GierlowskiKordesch, 2010)
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F2 Homogeneous MudstonEacies:F2 is comprised mainly of siliciclastic silt and clay
and are nottaminated. F2 is thick, to very thickly bedded and is brown to greenish in color,
massive to possibly crudely laminatéacally some silty laminatiors present. These beds can
be raced laterally for hundreds of meters across the outcrop and are laterally continuous with
laminated mudstone beds (F1). g&Znmonlyweathers into tan flaky pieces several centimeters
in diameter that form slopes in the gullies and cliff walls. Tracesunfe lamination can be
observed in thin section along with coarser grains within the mud that are identified as quartz
silt. F2 reacts to HCL, indicating there is a carbonate compdrems locally observed in
association with thin thin sands (F4). Nt traces or burrows have are observed. Theslodise
the homogeneous mudstone beds are in sharp contact with underlying laminated mudstone. This
contact is laterally continuous and appears-@aasive (Figure 4.1 A).

Interpretation: The massive nature &2 indicates deposition by buoyant plumes
(Battcharya and Walker, 1992, Renaut and Tiercelin, 1994). The lateral correlation of massive
mudstone (F2) and more laminated mudstone, §tljgest that F1 and F2 may be genetically
similar facies (see interpretation of F1). Loading and soft sediment deformation could have
played a role in distorting the laminated mudstone and making it appear more heouggen
Outcrop weathering could also make laated mudstone look more homogeuns.

F3 Structureless Sandstone and Structureless Sandstone with Mudstone and Soft
Clasts Facies:F3 beds are generally ungraded medium to very thick beds and locally contain
matrix supported mud clasts. Grain size isfglle sand. Structureless sandstones locally contain
ungraded, angular to subangular mudstone clasts, ranging in size from millimeter scale to long
sliverl i ke cl asts that are 100s of centimeters | c

from light-grey, homogeneous mud clasts to laminated oil shale clasts. Although the mudstone
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clasts vary in size, the matrix is consistently very fine sand and sik.d&® have limited
lateral extent andrerarely found outside of gully 7a and 7b, where H8dsilly observed in
association with slide blocks of sandstone (Chapter 6) and oil shale (Figure 4.1c).
Interpretation: F3 represents material that was deposited by turbidity currents and
gravitational settling (Buatois and Mangano, 1994; Renaut andelirert994; Zavala et. al.,
2006). F3 with mudstone clasts could possibly be debris flow @dgnterpretations
supported by the random and even distribution of mud clasts within theasiltymatrix that are
in association with other large shiteaures (Mulder and Alexander, 2001). These turbidite and
debris flows are river input sourced and occurred during periods of high river discmrge
indicated bythe incorporation of ripped up mud and oil shale clasts from updip environments
and adjacerdissociation with oil shale and depostionally proximal sandstone slide bodies (see
chapter 6) . F3 deposition occurred in the littoral tolgitdral environment.
F4 Thin Rippledtopped orRipple-based Sandstone FacieB4 are massive to graded,
and contaa current and wave modified ripple laminations with erosive aneen@sive bases.
Thin rippledtop or based sands are comprised of very fine to fine grained sandstone. Internally
these beds are either homogeneous or show signs of wave modified rigplarmioation.
These beds are commonly reddish, thin, discontinuous, and locally scour the beds below them.
These beds are shdide or elongate lobdike in geometry These thin beds occur locally with
laminated (F1) and homogesus mudstone (F2) (Figudel D&E).
Interpretation: F4 represent density flows and turbidites some of which show evidence of
being reworked on the bed tops by wave energy. F4 were initially deposited by unidirectional

traction currents or density currents, and subsequently wavgyemodified the tops giving the
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thin sands a symmetrically rippled appearance. The wave modified tops of F4 indicate that
deposition occurred in the siittoral to littoral environment (Buatois and Mangano, 1994)

F5 Current-ripple Crosslaminated Sandsine Facies Very fine to finegrained
sandstone with asymmetrical ripple laminations, forming thin to thick beds that have gradational
to sharp lower contacts (Figure 4.2 A&B).

Interpretation: Deposition by unidirectional currents such as river currentarbidites
proximal to distributarghannelat times of increased runoff. Interpreted deposition of F5 is in
the sublittorallittoral zone (TanavsuMilkeviciene and Sarg, 2011).

F6 Climbing-ripple Crosslaminated Sandstone Facies=ine to mediungrained sand
with flat to slightly inclined ripple lamination. Beds of this facies are laterally discontinuous and
are gradationally based. This facies is relatively rare in the outcrop area (Figure 4.3 C&D).

Interpretation: Ripples that aggraded in areas @thdepositional rates in the siitioral
zone (Keighley, 2008)

F7 Combinedripple Crosslaminated Sandstone Facie¥ery fine to mediurrgrained
sandstone with unidirectional slightly inclined foresets within the cross lamination, with nearly
symmetricabedding surfacesnd locally contaiedmud drapes. Alternating climbing ripples,
ripple, wave modified, and symmetrical ripples aggrade in packages. Beds of F7 change laterally
and gradationally into beds of other ripple dominated facies, i.e.-d@waated ripple (F8)
beds or current ripple (F6) beds (Figure 4.2E&F).

Interpretation: These beds are deposited by river currents and under oscillation influence
of wave energy at the margin of the lake (Dumas et al., 2005). The aggradational signature of the

beds shows that deposition was near to the sediment input of distributary chéhedtzal
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Figure 4.2 A&B: Currentipple crosdamination (F5), note how foresets are all inclined in the
same direction to the left of page, mud clasts (MC) are highlighted in orange and lay at base of
ripple sets. C&D: Climbing ripple crosarhination (F6), with low angle climbing inclination.

E&F: Combined ripple croslemination (F7), note the variety of ripples, aggradation patterns,
and rounded tops of thin beds. G&H: Waygple crosdamination (F8), foresets are

aggradational and demdrete nearly chevrastyle or bundled wbuilding.
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lateral variability demonstrates how curreamd wave energy influenceteposition fluctuated
along depositional strike and dip
F8 Waveripple Crosslaminated Sandstone Facie¥ery fine to medium grairte
sandstone with symmetrical ripple lamination. This facies forms beds that are either sharp based
or gradational. Some beds form chevron style or bundldsliiging morphologies. This facies
tends to have less clay within ripples d@ssmuscovite in tin section. These beds locally occur
in association with sandstone sofasts beds that contain sandstone clasts comprised of this
facies (Figure 4.2G&H).
Interpretation: Sand reworked primarily by wave energy in the form of oscillatory flow
in the suHblittoral zone (Keighley, 2008). The association of soft clasts indicates that energy was
locally great enough to destabilize some adjacent beds and later incorporate them with preserved
internal stratification.
F9 PlaneParallel Laminated Sandstone FacieBine-grained sand with suborizontal
to horizontal laminations. F9 is light tan to white in color, discontinuous beds with sharp and
planar basal contacts. F9 is rare and is found in association withstratsised sandstone (F10
and F11) (Figure 4.3A&B)
Interpretation: Planeparallel laminated sandstone (F4) occuralgh energy setting
(Boguchwal and Southwar@990). F4 is likely related to the distributary network in the littoral
to sublittoral zone (Olariu and Bhattacharya, 2006).
F10 LowAngle Crossstratified Sandstone Faciesiine to mediurrgrained sandstone
with planar low angle crodsedding that forms thick to very thick beds (Figure 4.3C&D).
Interpretation: Deposition by migration of primarily-B dunes in littoral to subttoral

zone byunidirectional currents (Schomacker et al., 2010).
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Figure 4.3 A&B: Plangoarallel laminated (F9). C&D: Plarmarallel crosedded sandstone
facies (between bold lines), and low angle cross stratified sandstone (F10) (above and below),
lens cap dr scale. The lower and upper bed imply a reverse in sediment transport direction from
right to left in an waxing and waning energy succession. E&F: Trough-beokted sandstone
facies (F11). The lower contact is sharp and erosive, but does not cutdeep Blote the-u

shaped dune contacts within the facies, hammer for scale.
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F11 Trough Crossstratified Facies:Fine to mediurrgrained sandstone with tangentially
inclined cross bedding with Auo shbhangwitd basal
erosive and scoured bases (Figure 4.3 E&F). The base and top of F11 beds are planar and thicken
and thin laterally. Paelocurrent measurements based on the orientation of troughs show a nearly
180° variation (F11 paleocurrent data in one packagess Gullies4B: 314, 115, 100, 75, 60,

42, 40, 20, 16, 6, and X)able 1) Sediment packages formed by this facies can be traced
laterally for over half a mile.

Interpretation: Migration and deposition in relatively high energy environment
(Keighley, 2008). Trough crosstratified units are often related to distributary network (Olariu
and Bhattacharya, 2006). The variation of dune direction and lateral continuity of the beds
indicate an unconfined depositional region.

F12 Intraclastic Sandstone Faeis: Thin beds that contain predominantly medium
grained sandstone with an array of sizes and types of carbonate materiagnadech to graded
bed organization. Carbonate material ranges from angular pieces of microbialites to nearly full,
small stromattite heads about 3cm in diameter, and angular teasigjuilar oil shale clasts.

When graded, beds contain larger clasts of carbonate in the base of beds, with decreasing
carbonate clasts upward in the bed. In ungraded beds, carbonate material is rarsiomliedi

in a sandy matrix. These Hh6086sameskcaterahblrye ¢
carbonate cemented, and have a distinct yellow orange color. F12 occurs uniquely in a

continuous horizon (Figure 4.4 A&B).

Interpretation: The incorporation of a wide variety of sediment and the position of this
facies at the top of a sandstone succession and beneath a mudstone, and oil shale facies (F14)

suggests that this F12 formed as a transgressive lag deposit. As lake level rosmengye
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Figure 4.4 A&B: Intraclastic sandstone facies (F12) , incorporated material includes partial
stromatolites heads (MR). C&D: Microbialite facies (F13), which takes the form of laterally
connected stromatolite heads. E&F: Oil shale facies (F1&hwh finely laminated and grey in

color.
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reworked sediments leaving this high energy bed that contains material from adjacent facies,
after which, fine grained sand, mud, and eventually oil shale deposition oc®@itezdatively,
F12 could have formed as a debris flow (Renaut and Tiercelin, 1994).

F13 Microbial Carbonate FaciesCarbonate mudstone to graich bindstone with
finely laminated layers that range from wavy, domal (stromatolites), to finger anditaoth
geometries. Beds range frorb@ cm in thickness. Microbial carbonates are sharp to
gradationally based, and form in association with oil shale facies (Figure 4.4 C&D).

Interpretation: Microbial activity that binds carbonate material in mats in arets|ow
siliciclastic input. Microbialites areommonlyformed by photosynthesizing bacteria and are
interpreted to have been deposited in the littoral to sublittoral zone, but are more restricted by
depth of sunlight penetration (Renaut and Gierlovi&akidesch, 2010).

F14 Oil Shale FaciesF13 is finely laminated, laterally continuous, kerogieh
marlstone with varying ranges of silt and clay content. Kerogen content varies from bed to bed.
F14 occurs locally in association with microbial carbonatesS Rihere FB is sharp based and
is draped by F4 (Figure 4.4 E&F).

Interpretation: Relativelylow depositional ratef siliciclasticand carbonatsilt and
mud, in low energy environment, in the sublittoral to profundal zone (Renaut and Gierlowski
Kordesh, 2010). F13 and 14 form deepening upward successions (Suriamin, 2010; Tanavsuu
Milkevicience and Sarg, 2012).
4.2 Facies, Minerlogy and Porosity

Samples were taken of sandstones, mudstone and carbonates for thin section analysis,
with the purpose aflentifying and describing minailogy and porosity (Table 4.2). detailed

account of the mineralogy and textures of samples organized by facies sampled is found in the
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appendix (Appendix 1). All samples are from outcrop, so it is important to note thé add
variable of subaerial weathering on the samples themselves.

The samples show a range in porosity-df89 (Table 2). Mudstones and oil shales have
the little to no porosity in thin section. Porosity is mainly contained in sandstone facies, and is
the geatest in facies comprised of high energy sedimentary structures, e.gpalalhe (F9),
and lowangle (F10), and trough (F11) crestsatified sandstone. This relationship is due to
mechanical sorting of grain size, and mineralogy. Higher energysfgeigerally contain less
mud and other fine grains which leaves the coarser grains to form the framework. Coarser
grained facies have greater original interparticle porosity. The other type of porosity observed in
samples is dissolution porosity. This tygfegoorosity is from the dissolution of grains, like
feldspars, muscovite, or carbonate material. These pores were akatddposition from the
partial to full dissolution of the less chemically stable grains.

Planeparallel (F9), and lovangle (F10)and trough crosstratified sandstone (F11)
contain the highest porosity values and are comprised of lower fine to lower medium detrital
grains (.1255mm respectively). Porosity is present in multiple forms. The majority of porosity
is contained in intgarticle space, but there is also evidence of dissolution of other grains, like
muscovite and #eldspar forming dissolution pores (FigurelAThese sandstone are not
texturally mature in roundness or mineralogy. Grains are comprised-ahguitar to sb-
rounded quartz, feldspar, muscoyaed sedimentary rock fragments. These sandstones form
facies associations, or architectural elements, like the bulk of distritmtanyel and portions
of sharpbased mouth bars and to a lesser extent, aggradationdh bars (facies associations

are described Chapter 5).
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Table 2. Porosity estimations from epoxy filled thin sections of selected facies.

n Samples Avg.
in average | Porosity
Facies Slide # | porosity %

Planeparallel laminated sandstone 2-5 2 18.0
Trough crossstratified sandstone 0-4 2 16.8
Trough crossstratified sandstone 4-1 2 15.3
Trough crossstratified sandstone 5-3 3 14.3
Intraclastic sandstone 3.51 3 8.2
Low Angle Crossstratified sandstone | 5-2 2 6.8
Plane-parallel laminated sandstone
(Orange tar sand, Tuff?) 5-0 2 5.1
Waveripple crosslaminated sandstone | 78-3 2 4.3
Intraclastic sandstone (carbonate clast
rich) 5-4 2 0.6
Thin ripple-topped sandstone 0-3 3 0.5
Climbing-ripple crosslaminated
sandstone 6-2 3 0.5

Waverippled (F8),thin rippletopped and based (F4), climbinigple crosdaminated

(F6) sandstone are comprised of lower very fine to lower fine detrital grains {@.062nm

respectively). Porosity is present in these facies in interparticle space. Interparticley porosi

locally occluded by authigenic clay, detrital mud, and cement (Figtbe@Ad A2). These facies

are lower in energy and are comprised of finer sediment, more muscovite, and detrital mud,

which concentrate in the lamination surfaces and result iarlparosity. More authigenic clay
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is observed in these sediments and is sourced from in situ weathering of feldspar and micas.
These facies are more common locally in mouth bar and deltaf&icies associations.

High energy facies outlined above have gheatest porosity. The low energy facies and
high energy facies contain immature grain compositions. The contrasting pdissityutions
arecontrolled partially by mineralogy, but mainly by grain size. Higher energy facies do not
contain the mineral muscovite, like the lower energy facies, but do contain a significant amount
of feldspar. The higher energy facies have greater preservatioigiobbinterpartide porosity.

Porosity in sandstone@mmonlypositively correlates with permeability; this
relationship makes these facies the primary reservoir quality rocks. Primary reservoir facies are
found in distributarychanne| sharpbased mouthars, and aggradational mouth bars.

Distributarychanne$ are mainly comprised of trough and cressatified sandstones, the
coarsest grain size, and in laterally continuous packages. This makes the distcitanasi
thin, laterally extensive, ammbnnectdreservoir. Locally this package containsadr this
demonstrates the ufstability tocomprisereservoir unit. The tar sand is related to mature oll
expelled deeper in the basin, where source rocks are more mature. Migrating oil found its way
into a carrier bed and worked its way to the surface, as expressed in the outcrop.

Mouth bars are comprised of high and low energy facies. Siamgpd mouth bars locally
contain a greater amount of higher energy facies than the aggradational mouthdess. F
distribution in mouth bars differ from the vertical and lateral homogeneity observed in the
distributarychannelunit. Both types of mouth bars contain a vertical heterogeneity of facies
distribution. In addition to vertical facies heterogeneity aggtional mouth bars contain

additional lateral heterogeneity.
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Distal celta front facies associations contain reservoir potential in areas where silt and
mud contribution is limited. In proximal areas, delta fronts contain rippled facies (F4, F5, F7, and
F8). Deposition further from sediment input contains more honeogisrand laminated muds
and silts, which contain little to no porosity.In the upper and lower sandstone units in Evacuation
Creek sandstone facies composition is overall immature in regantisé¢ral composition. This
is likely due to the source of the sediment being from local uplifts to the south and south east in
the Uncompahgre uplift. The main factor controlling primary porasigrain size.Tight
overall packing of the grains leadsinterpenetratiorf the grains within the samples
indicationg mechanical compaction has reduced pord3ure filling @ments in the form of

quariz and carbonate cements further reduce porosity.
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CHAPTER 5
FACIES ASSOCIATIONS

Three general lake stratigraphic types have been proposed to describe ancient and modern
lakes: fluviatlacustrine, fluctuating profundal, and evaporitic (Carroll and Bohacs, 1999; Bohacs
et al., 2001). These lake types are controlled by accommodatidiil,antich includes
sediment, and water input. The main attributes of these typéseareespectivetratal patterns,
rock types, physical and biological structures, organic matter preservation and kerogen type.

The study interval in Evacuation Creentained within the sandstone units represents
the fluviaklacustrine type as outlined in the literature. This stratigraphic type will be broken
down into facies associations of this study. To identify facies associations, facies described in the
previouschapter are related based on sedimentary texture, structure and outcrop architecture.
Some facies associations in this study are synonymous to architectural elements. The facies
associations are then related and connected to reconstruct the depositimoahgnt. The
facies associations defined here are: 1) shaged mouth bars, 2) aggradational mouth bars, 3)
distributarychannel 4) distal delta front, and 5) oil shale and microbialites (Table 3.)
5.1Facies Association 1: SharfBased Mouth Bars

Description: Sharpbased mouth bars (FA1) have sharp basal contacts, are laterally
extensive, elongate sand bodies. The lateral extent of thelsésed mouth bar in outcrop is
greater than 0.79 mi. Shabased mouth bar facies include: structurelessstand (F3), current
ripple cross laminated sandstone (F5), combmgule cross laminated sandstone (F7), wave
ripple crosdaminated sandstone (F8), plaparallel laminated sandstone (F9), fawgle cross

stratified sandstone (F10), and trough cisisstified sandstone (F11) (Table 3.).
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Table 3. Facies association and environments of the upper and lower sandstone unit study
interval in Evacuation Creek.

Facies Association

Comment

Facies

Sharp-based Mouth Bar
(FA1)

Sharpbasedmouthbars have planar,
irregular, concave up, and concave
down basal surfaces, internal bed
surfaces dip away from core of
laterally continuous body, and locally
contain slide deposits of like facies;
thin delta front deposit facies
association in lower contawith unit

Structureless sandstone (F3), current
ripple crosdaminated sandstone (F5),
waveripple crosdaminated sandstone
(F8), plane parallel laminated sandstor
(F9), lowangle crosstratified
sandstone (F10), trough cross stratifie
sandstone (F1)

Aggradational Mouth
Bar (FA2)

Bar units that contain multiple coarsenin
upward cycles, in proximal setting, bar
units coarsen upwards into shdrased,
coarse beds, in distal setting, coarsening
upward cycles contain aggradational
ripples and lackoarse sharpased beds
at top of coarsening upward cycles

Structureless sandstone (F3) , current
ripple crosdaminated sandstone (F5),
climbing-ripple cross laminated
sandstone (F6), combineibple cross
laminated sandstone (F7), wanipple
crosslaminated sandstone (F8), lew
angle crosstratified sandstone (F10)

Distributary Channel
(FA3)

High energy environment that is broad 4
basally erosive

Trough cross stratified sandstone (F11
planeparallel laminated sandstone (F9
structurelessandstone (F3)

Distal Delta Front (FA4)

Laterally continuous environment,
basinward of mouth bar facies associatiq

Laminated mudstone (sitich) (F1),
homogeneous mudstone (F2),
structureless sandstone and structurel
sandstone with mudstone clagts),

thin ripple topped or based sandstones
(F4), combined ripple cross lamination
(F7)

Oil Shale and
Microbialite (FA5)

Deepening upward units at lakes margin
forming at periods of decreased sedime
input or at distances from sediment inpu
sequencesomprise sharbased
microbialites overlain by oil shale

Oil shale (F14), microbial carbonates
(F13)
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The base of the bar exhibits a texturally sharp contact with-gireened distal delta front
sediments (FA4) (Figure 5.1). The lower contact ranges from planar, concave up, concave down,
and irregular contacts. Irregular contacts are jagged and angalgpearance. Beds comprising
the sharp based mouth unit are generally ungraded. The overall trend of the mouth bars unit as a
whole, is ungraded (blocky), locally coarsening up. Individual bed thickness ranges from several
centimeters to greater than 1nthe core of the body, with beds locally thinning outwards to the
margin of the sand body. General composite thickness ranges from ~8m at the core of a bar to
the centimeter scale where mouth bars pinch out and interfinger or crudely downlap onto finer
graneddistaldelta front facies associations. The upper bounding surfaces are locally planar and
demonstrate wave influence in the form of aggradational wigpée and combinedpple cross
lamination. The wave influenced sedimentary structures occur wietmit is locally thickest.

Internally, the unit has planar to convep bedding surfaces. Planar bedding surfaces are
observed in Gully 2, where the mouth bar is thickest (Figure 5.2). Laterally the bar incorporates
contorted sandstone bodies that appmait of place and are in sharp lateral contact with the more
organized planar beds of the unit (Figure 5.3). These contorted sandstone bodies contain unclear
bedding surfaces, but contain similar grain size and thickness to adjacent d€oodased
sandstone bodies locally have inclined surfaces that appear to be indicative ofrtedizspo
directionto the southwest and to the wésie basal contacts of these bodies load into and warp
underlying beds that contain soft sediment deformation features and water escape structures.
Local beds of lowangle crosstratified sandstone (F10) contairrklaoffee groundike
material.

Interpretation: The shargbased unit (FA1), that thins laterally, contains higher energy

beds is interpreted as a mouth bar deposit that formed by flow expansion at the terminus of a

37



Figure 5.1 Sharbased mouth bar faciessociation forming a sharp textural contact with
underlyingdistaldelta front deposits in the upper sandstone unit in Gully #2. Rock hammer is
marked with an arrow in the photo for scale.
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Figure 5.2 Gully 2: Photo panoramic with measureti@e and facies associations highlighted. Yellow unit is shaged mouth bar
with planar basal contact on the right of the photo, and irregular and angular contact to left with undistbfidglta front deposits
in brown. Insets show a wavipple doss lamination bed that is aggradational in nature in the upper part of the sand body.
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Figure 5.3 Local contorted sandstone facies incorporated in the overall sharp based mouth bar in
the upper sandstone unit.




distributarychannel flowing into an open body of water. Jet theory has been used to explain how
river inputs interact with standing bodies of water (Wright 1977). When a channel meets a
standing body of water, like a lake, the channelized flow expands and losesarmrpad the
ability to transport coarser sediment resulting in deposition (Bhattacharya 2010). Water velocity
is greater at the mouth of the channel, where the bar begins to form, and more subdued outwards,
which leads to depositional contacts that a@ppess sharp as seen in the outcrop.

The sharp contact wittistal, very fine grained, sedimerstsggests that more proximal
unit has prograded onto a more distal unit (Bhattacharya, 2010). The internal bedding surfaces
migrate in 2 directions (Figufe2), with a third inferred (into the outcrop). Mouth bars can
migrate laterally, downstream, and upstream (Olariu and Bhattacharya, 200@ye intimately
related to distributary, and terminal distributary channels, and often inseperable becahse mout
bars actually fill terminal distributary channel accomodation. Mouth bars commonly are finer
grained, contain concave up bedding surfaces, cotftigriining-up beds, and contain relatively
greater slumps and slides compared to distributary channelsni¢istributary channels are
coarser grained than mouth bars, and have low topographic concave bases, which are erosive to
nonterrosive, that can laterally migrate in mainly one direction (Olariu and Bhattacharya, 2006).

Deposition rates are high in a ntbubar setting which is demonstrated in the sedimentary
structure of the beds, i.e. massive beds and aggrading ripple beds (Figure 5.2) (Olariu and
Bhattacharya, 2006). The abundance of soft sediment deformation and association of irregular
sand bodies ietrpreted to be slide deposits within the greater bar form itself (Figure 5.3) are
evidence that deposition rates were high (Reading and Collinson, 1996) which can lead to

destabilization and slide bodies. The incorporation of coffee ground material, is/kectestrial
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organic material, is consistent with a fluvial deltaic source input into an otherwise lacustrine
system (Olariu and Bhattacharya, 2006).

The aggradational sedimentary structutlke concave up bedding surfaces, and the
contorted sand bodies (interpreted as locally sourced mouth bar slide depodsitde
deposistion bynouthbarsn the mouth of a terminal distributary channel. Alternatiyétgse
deposits could be interpretesit@eing fluvial channels in the deltaapt zone. This interpretation
is not favored because of ther lateral association of fine grained, finely lamiinsteddelta
front deposits (FA4). Also, the lack of subaerial features such as mudcracks, root traces, and
palesols favor deopostion by mbbars in terminal distributary channdPaleocurrent data for

FA1 (Table l)indicates a direction of transport to the nomist

5.2 FACIES ASSOCIATION 2: AGGRADATIONAL MOUTH BARS

Description: Aggradational mouth bar complexes are comprised of a graataver of
beds than the shatgased mouth bars, locally contain alternating finer and coarser sandstone
beds that organize into coarsening upward cycles (Figure 5.4 and 5.5), incorporate sandstone soft
clasts, have a greater variety and abundance of igpietures that locally contain mud drapes
and are commonly aggradational (Figure 5.4). Facies within this facies association include:
structureless sandstone (F3), curmgpple crosslaminated sandstone (F5), climbingple cross
laminated sandston€&§), combineetipple crosdaminated sandstone (F7), waspple cross
laminated sandstone (F8), leamgle crosstratified sandstone (F10) (Table 3).

Overall aggradational mouth bars (FA2) are heterogeneous and are laterally more

complex than sharpasel mouth bar (FA1). Basal contacts of FA2 mrgradationalcontact with
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Figure 5.4 Distal aggradational mouth bars in Gully 8B. Yellow lines highlight the top of
coarsening upward packages of the unit and tie those surfaces into the measured section, arrow
shows student in the large photo, and brunton compass and metan digt&iled photo inset for
scale.
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Figure 5.5 Aggradational mouth bars in a proximal setting, coarsening upward sequences highlighted with symbols, ghotesnset
a soft clast debris flow with bedding and individual clasts outlined.
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lower dstal delta front deposits (FA4). The nature of the lower contact varies across the outcrop.
Lower contacts are planar and gradational with distal delta front deposits. Laterally these units
are less continuous, and locally downlap and thin, gradatiamatigitioning into finegrained
delta front deposits as in Gully 8B (Figure 5.4). Depositional units with these characteristics are
found in the eastern part of the outcrop and range in gross thickness from 5m to greater than
10m. In other areas similangkages of aggradational wave (F8) and combined ripple cross
laminated sandstone (F7) contain coarser grained beds at the top of the sequences. When coarser
grained packages are present there is locally a greater amount of soft sediment deformation
features and beds that contain soft sediment clasts of sandstone. Laterally, aggradational mouth
bars pass into more distal delta front sediments (FA3), which are not well exposed, but are
apparently silty laminated mastones from field observation

Interpretation: Coarser beds of low anglerossstratified (F10) and structureless
sandstones (F3) are interpreted to be proximal mouth bars (Figure 5.5) (Wright, 1977;
Bhattacharya, 2010). The cycles of coarsening upward packages in the FA3 occurred as the delta
progaded and aggraded. Gradational packages of aggrading wave (F8) and ceanifhiesded
ripples (F7) are interpreted as distal extensions (Figure 5.4) of the more proximal mouth bar
sandstones (Figure 5;%yaveripple and combinedpple crosdaminated &cies indicate that
wave processes were present and did influence the sedimentation in-theathier wave zone
(Wright, 1977; Bhattacharya, 2010). Wave processes influenced the deabsi@dimentary
structures, but wave energgnot interpreted aotally redistributing the sediment inpats
indicated by the lack of shore face character. Aggradational mouth bars have limited areal extent,

which was restricted by river input.
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When runoff or sediment supply increased, coarser grained and higher fecergy
prograded onto distal finer grained rippled facies In distal areas, further into the lake, coarser
grained mouth bar elements are absent, and instead thin beds of wave rippled cross laminated
sandstone (F8) aggrade in coarsening upward unitshdgtiocal association of mud drapes
(Figure 5.4).

Coarsening upward cycles are consistent with progradation of mouth bars in a delta
setting (Olariu and Bhattacharya, 2006; Reading and Collinson, 1996), and are interpreted by
researchers in other deltatsgys of the Green River Formation outcrops within the Ubdatsin
(Remy, 1992; Keighly et al., 2003; Schomacker et al., 20103. unit is likely a terminal
distributary channel and mouthbar complex, similar to FA1,but with the addition of multiple
coarening upward sequenc@ghere the coarser bar facies are present, the underlying distal bar
facies locally contain soft sediment deformation features and sandstone soft clasts, which is
likely related to higher sedimentation rates during periods of pragwsadAs with the sharp
based mouth bars (FA1), high sedimentation rates lead to uneven loading and pore fluid
pressures which result in water escape structures and other soft sediment deformation features
which occur commonly in mouth bar settings (Oland Bhattacharya, 2006)aleocurrent data
for FA2 indicates a direction of transport to the neghkt(Table 1) A fluvial channel
interpretation is not favoreir the same reasons outlined for FAL.

5.3 Facies Association 3: DistributaryChannel

Description: Distributarychannefacies association (FA3) is comprised of structureless
sandstone facies (F3), plaparallel laminated sandstone (F9), and trough estsdified
sandstone (F11) (Table 3.). FA3 is in sharp lower contact with-greened distaldelta front

sediments. The distributary channel association comprises one unit in the study area, is up to
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several meters thick, and gently thins laterally to the west and more abruptly to the east.
Individual sets of trough cross beds range fidr#0 cm in height. Paleourrents taken along
an exposure of the channel facies resulted in wide variety of dune migiaiciionsin an
approximate 180° arc (The arc ranges from-318°; northwest to easterly directions). This
trough cross bedded uns laterally continuous along the study area exposure, and does not
appear tdaransitiondepositionally into thelistaldelta front facies association (Figure 5.6).

Interpretation: This primarily crossbedded unit is interpreted as distributamannel
Classic concavep, basal scoured channelized features are not observed in the unit, instead, the
lower contact is sharp and planar. The trough cross bedded facies (F11) is comprised of
migrating dune forms interpreted to represent high energy enviromhamtistributary channel
network Qlariu and Bhattacharya, 2006¢homackeet al., 2010)Alternatively these trough
cross beds could be interpreted as an upper shoreface zone. This interpretaticonsideted
likely because of 1) a lack of middlachlower shoreface facies in the outcrop including
hummocky and swaley cross bedding (Plint, 2010), 2) the overall context and association of
surrounding river dominated environments, and 3) limited asdant.

Paleocurrent data for FA3 indicates a dii@n of transport to thevest north, andeast
(Table 1) This variation indicates that the FA3 environment deposited sediment in-létearc
orientation.

5.4 Facies Association 4: Distal Delta Front

Description: Distal delta front deposits are fingrained than FA1F-A2, and FA3.
Deposits are comprised of fine sand, silt, and mud in thin beds, and contain coarser grained slide
deposits and soft sediment deformation features. Facies complistalglelta frontsediments

include laminated mudstone (siith) (F1), homogesous mudstone (F2), structureless
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Figure 5.6 DistributarghannelFA3) in the Gully 6 area, highlighted in orange, is mainly
comprised of trough cross bedded sandstone and has pkraplower contact marked with
line in the lower photograph. Underlying unitdistaldelta front facies and is mainly thin beds

of sandstone and siltstone.
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sandstone and structureless sandstone with mudstone clasts (F3), thin ripple topped or
based sadstones (F4), combinegbple crosdaminated sandstone (F7) (Table 3.).

Distal celta front sediments are laterally continuous in the outcrop forming 10 m thick sextions
nonerosional contact with underlying oil shale microbialite (FA5) units, thaaidked by a

color change and increase ingitintent. In outcrop this contact appears as a color change as
grey and black oil shale beds change to tan colored silts. The upperohthetistaldelta

front faciesare generally sharp when shdrg@sed mouth bar and distributatyannefacies
associationgre present, and more gradational when superimposed by aggradational mouth bar
units (Figure 5.7).

In several instances, very low relief channelized features aex\add in the upper delta
front sediments. Low relief features contain a subtle basal scour and contain similar infill as
adjacent sediments. In addition, these features contain thin sands ley@rsiHick. Thin sand
layers locally contain current rippkrosdamination, and symmetrical ripple tops and bases
(Figure 5.8)FA4 contain bcally deformed beds, large slide deposits, slumps, and rigped
shale clasts, in association with ungraded sandstone containing oil shale and leoosgerd
clasts.Overall thedistaldelta front unit coarsens upward with considerable variation in bedding
and grain size.

Interpretation: The distal delta front is defined as adjaderdand depositionally down
dip from the distributary network forming a gentlebmqueous platform (Bhattacharya, 2010).
The distal delta front is the linked basinward extension of mouth barsZ};Alt lacks large
barfoms and is mainly comprised of laterally extensive laminated BAdss composed
dominantly of finegrained sandnd silt laminated beds and massive b&tiese units are

interpreted as distal delta front deposits, depostionally down dip from FA1, FA2, and FAS.
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Figure 5.7 Distatlelta front (FA4) with mainly planar bedding thin sandstones that hapled tops and bases. Scour in the lower
part of the photos is interpreted to be a delta front channel.
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Figure 5.8 Distal delta front (FA4) with mainly planar bedding thin sandstones that have rippled
tops and bases. Scour in the lower part of the pheiaterpreted to be a delta front channel.
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Within the distal delta front it is apparent that some regions were closer to sedimdent
input, e.g. are more samith and contain more rippled faci@sgure 5.8). Current ripple and
combined rippled beds indicate that deposition was mainly through traction, but wave energy
was still present in the transition from the lower littoral to sublittoral zdPedeocurrent data for
FA4 indicates a directioaf transport to the west and northwésiw relief channelized features
may represent the product of hyperpycnal/derfitys or turbidites that emanate from the up
dip river inputs (Olariu and Bhattacharya, 2006; Zavala et al., 2006) (Figure5.8). (@ther a
appear further from sediment souradjich are silt and mud dominated containmgrasional
thin rippled sandstone bed (Figure 5.7). The lower portion of the unit is more massive to crudely
laminated and finer grained because the majority of thisresdiwas deposited via buoyant
plumes (Olariu and Bhattacharya, 2006).

FA4 deposition that contains large-up clasts ofoil shale, and ungraded sandstone beds
with oil shale clasts represent episodic deposition that was erosive up dip where eitt@e oil s
was forming at the onset of siliciclastic deposition, or contemporaneously ksiliteiastic
distributary areas. Similarly, the incorporation of slide deposits with FA2 character isdinzdte
FA4 was depostionally downdipom FA2. Slump and gle deposits can occur on low gradient
depositional slopes, encouraged by high sedimentation rates of finer sediment (Stow et al.,
1996).

The overall coarsening upward trend within FA4 is due to the progradation of river
systems and is a basic traftprograding deltaic systems (Reading and Collinson, 1996). The
vertical association with underlying oil shale and microbialite deposits (FA5) and overlying
distributarychanne(FA3) and mouth bar units (FARA2) suggests the unit is medial to those

facies assciations. The lack of bioturbation can be relateligi lacustrine water salinity,
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which is more variable than in marine systems, and could be further inhibited ldsgt
deposition rates (Renaut and Gierlowgkirdesch, 2010).
5.5Facies Associabn 5: Oil Shaleand Microbialites

Description: Oil shale and microbialites (FA5) form thick sequences between the more
sand dominated facies associations, A DIl shale is finely laminated orgarich carbonate
mudwith varying silt content, that redy reacts with HC. Lighter colored oil shale appears to
contain more silt. Oil shale forms black, brown, and grey beds. There is no observed bioturbation
in the oil shale facies. Very fine sand and silt forin theds or lenses in the uril shaleis
locally interbedded with microbialites. Microbialites form doililee and planar bed geometries
and are internally laminated millimetscaleor massive. Microbialite beds in Evacuation Creek
can be traced al ong t he o uitrabraltep ard laxally shadp0 6 s t
based and pass vertically into oil shale facies that drape onto uppebiadite surfaces (Figure
5.9).

Interpretation: The laminated structure of the oil shale facies suggest settling of
suspended or precipitated sediméygbw the wave base in a low energy setting (Renaut and
Tiercelin, 1994; Smith et al., 2005). The alternating darker and ligbterbedsarerelated to
organic richness, mineralogy, and silt content (Bohacs et aD).2Bilt input is controlled by
river input. The thin siltstone and sandstone beds are likely sediment gravity flows and gravity
settling from buoyant plumes and may be related to flooding events in the basin (Renaut and
GierlowskiKordesch, 2010). Microbialite beds are interpreted asrthabdites and stromatolites.

Depositional cycles comprised of alternating oil shale and microbialites are interpreted as

deepening upward cycldéisat begin with sharpased microbialites and deepen upward into oil
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Figure 5.9 Oil shale and microbialait. Sharpbased microbialite facies grade upwards into oil
shale facies. Detailed photograph shows lower microbialite being draped and covered by dark oil
shale facies.
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shale facies that drape over the microbialite surfaces (Figure 5.9). Deepenind apeles have
been documented in other regions of the b¢Simiamin, 2010; TanavsuMilkevicience and
Sarg. 2012). Microbialites form ithe photic zone (Renaut and Gierlowskordesch, 2010) and
therefore indicate deposition in the sublittoral andr#t@ones. Oil shale can form in the littoral
to profundal lake zones. The lacksaind or silinput is important to F5 depit®n, whereas the
richest oil shales occur in profundal zone (Bohacs et al., 2010; Tarkikawvicience and
Sarg. 2012). Regi@t studies by TanavstMilkevicience and Sarg (2012) have shown similar
facies associations to be laterally associated with up dip shoreline environments.
5.6 CROSS SECTION

Over the entire outcrop (Figure 5.10), discrete zones of increased sanarenlgntified
and are illustrated in the interpretation of a depositional strike oriented cross section through
Evacuation Creek (Figure 5.11). Shdngsed mouth bars, aggradational mouth bars, distributary
channel and distal delta front (F4) are intepreted as deltaic input into the lacustrine system.
The overall geometry of the facies associations in figure 5.11 will be discussed further in the
next chapterSequence boundariesthe field areare themoredistal extension oérosive
surfaces restihg from sandstone body incisidhat areobservedipdipnear Baxter and Douglas
Pasan the area of the Douglas Creek AldlinavsueMilkevicience and Sarg. 2012 the
area of Evacuation Creek sequence boundaries transition into correlative conformities, but are
still time-correlative. These boundaries mark the onset of lake level rise and resulting sediment

runoff.
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Figure 5.11 Cross section in Evacuation Creek. Section is oriented in an oblique depositional strike view.
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CHAPTER 6
FACIESARCHICTECTURE

Facies architecture can be demonstrated at different scales in tmaclreek. The
largest scale is the roadside panorama scale. Three red labeled regions 1, 2, and 3 in Figure 6.1
show the coverage of the roadside panoramas taken from the valley floor near the road and creek
(Figure 6.1). These three panoramas covedistance of the outcrop. The other scale of
panoramas the gully panorama. These panoramas are labeled in orange. The gully panoramas
are taken from within gullies, show the outcrop within the gullies, and are preferentially oriented
looking to the west Were outcrop is best exposed. The gully panoramas (orange) offer visuals of
the outcrop in a perpendicular orientation comparebetarger roadside panoramas (red)
(Figure 6.1).

The order for the following section will be to present roadside panoramd then to
show the intervening gully panoramas that are perpendicular the roadside panorama. The same
order will follow for roadside panorama 2 and 3 (Figure 6.1). The vertical component of the
study interval covers two sand dominated units. These e are comprised of FA4 and are
are referred to as the upper and lower sandstone units, and are separated by continuous oil shale
and microbialite units (FA5).
6.1 Roadside Panorama 1: Gullies  Upper Sandstone Unit: Roadside Panorama 1

Roadside panorama 1 covers gullie® (Figure 6.2). Facies associations include sharp
based mouth bars (FA1), distributatyanne(FA3), distal delta front (FA4), and oil shale and

microbialites (FA5) (Figure 6.2).
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Figure 6.1Coverage of roadside panorama3 ih Evacuation Creek (red) and gully scale panoramas (orange).
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Both the upper and lower sandstone sioitarsen upward from a sharp boundary with
underlying oil shale facies. The boundary is sharper in some areas anaansiteonal in
others occurring over the scale of about 10 cifise transitional contact represents
interfingering of the distal delta front (FA4) and oil shale and microbialite (FA5) deposition.
This significant surface is presattthe base dfoth the upper and lower sandstone unit and
represents a distinchange from dolomitic oil shakeposition to siliciclastic deposition. These
surfaces are the distal extensions of errosive sequence boundaries in more proximal settings
(TanavsutMilkevicieneandSarg 2011).

The upper sandstone unit is comprised of distal delta front sediments (FA4) and sharp
based mouth bar (FA1) (Figure 6.2). The upper sandstone has an abrupt lower contact with oil
shalemicrobialite (FA5). The sharpased mouth bar extends fagarly a mile in distance from
gully 1 to 3 (Figure &). The geometry of the basaintact of the sharpased mouth bar (FA1)
and underlying distal delta front sediments (FA4) ranges from planar to angular in the center of
gully 2 (see Figure 6.8nd 64) to irregular (Figure 6.5: Gully)3 Internal structure varies across
the extent of the bar form and appears progradational in multiple directions (Figure 6.3). In gully
3 the lower contact is locally irregular where slidedis are incorporated withthe bar form
structure as the barmmhes out or downlaps onto distal delta front deposits (FA4) (Figure 6.5).
These beds are interpreted as pieces of the mouth bar that slid off of the bar as it was being
deposited, were internally deformed, and as dtrbane distorted internal structure. These
distorted bodies were then incorporated inl#ter growth of the mouth bar.

The mouth bar thins laterally away from gully 2, where FAZ2 is thickest. The-bhagul
mouth bar contact with distal deltepft is sharpest in gully 2 (Figure 6.2) and becomes more

gradational as the bar pinches out in gully 1 and 3 (Figure 6.4 and 6.5 respe@iegty)d
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Figure 6.2 Roadside Panorama 1 which includes guli&3 Be two sandlominated siliciclastic units, referred to as the lower
and upper sandstone units, Lss and Uss respectively in the figure, which are separatemblyyem il shale and microbialifacies
association. The upper sandstone unit is only observable in gBllf8st of gully 3 (to the right in the panorama) the upper
sandstone unit is a slope former and therefore not directly observable.
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Figure 6.3 Gully 2 Panorama with inserts fovéy sandstone unit. Deformedstal delta front sediments in gully 2 panorama in the
lower sandstone unit. A) Shale beds under the lower sandstone unit are warped downward indicating uneven loading during the
deposition of the lower sandstone unit. B and@&eply dipping bedding in the lower sandstone unit, that are anomalous in the
outcrop area and are interpreted as the result of bed slumping and sliding.
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Figure 6.4 Upper sandstone unit: shbgsed mouth bar facies association (yellow) in contatt pvitximal delta front sediments
below (tan), measured section for scale in meters. Upper sandstone unit is in sharp contact with oil shale and mirlolwalites
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Figure 6.5 Facies associations inside gullies 3 and 4. In gully 3, in sg@pastone unit, the shapased mouth bar contains slide
blocks (purple) of mouth bar facies incorporated in overall mouth bar form (yellow). In Gully 4, in the lower sandstone unit,
distributary channel facies association (orange) lies in sharp lowgctovith delta front facies association (tan), measured section

for scale.
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gully 3 the upper sandstone unit is covered, and what can be seen is a brown silty, slope forming
unit thatlikely represerg adistalor interdistributary area.
6.2 RoadsidePanorama 1: Gullies 06 Lower Sandstone Unit

The lower sandstone unit across roadside panorama 1 is mainly comprised of distal delta
front sandstones (FA5). In gully O distal delta front (FA4) comprise the majority of the entire
lower sandstone unit. Thesandstones are locally thinly bedded and contain soft sediment
deformation features in fine grained facies that coarsen upward into sharp contact with
distributarychanne(FA5) (See Chapter Figure 5.7)

To the east, in gully 1 the cross bedded urfith® distributarychannehave thinned and
transitioned into low angle cross bedded sandstone facies with a gradational basal contact.
Where present, this contact between facies asso@aéipresents a progradation of the
distributarychannelFA onto the distal delta front. Where the contact is sharper the setting is
more proximal and where the contact is more gradational the progradation is more distal.
Bedding surfaces are planar in gulihlOn thedistaldelta front facies association. Tluisaracter
changes betweggully 1andgully 2. In this transitiorbedding surfaces are locally discontinuous,
complex,andcontain discrete packages of sediment that contain warped bedding surfaces with
large dewatering structures that have incorporatedril shale sediment. This style of
sedimentation in thdistaldelta front contrastaith the planar beds of gully-D and is
concentrated in the vicinity of gully 2 (Figure 6.3).

In the gully 2 panorama (Figure 6.3), the lower sandstone unit is naimgrised of
delta front sandstone facies, but is thicker than in adjacent gullies 1 and 3. At the basal contact of
the lower sandstone univhich is the contact of FA4 and FAhe oil shale beds are warped

downwards (6.3A). This type of loading featiseseen in other areas,asmmonlyrelated to
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direct loading of a slide block of sandstone that has moved gravitifidioain dip. In addition,

there are bedding surfaces that have anomalously steep dip within the lower sanstone unit (6.3B
C). This pachkge is interpreted as deformed distal delta front deposits from high sedimentation
rates and bed slumping. Planar bedding is restored in gully 3 in the distal delta front (FA4) in the
lower sandstone unit (Figure 6.5.

In gullies 36, the lower sandstong mostly comprised of finely beddeistal delta front
deposits (FA4) that coarsen upward and form sharp cemtébta laterally continuous
distributarychanneffacies (FA3). This sediment lobe is mainly comprised of trough cross
bedded sandstonEA3 thickens towards gully 6, where it reaches its maximum thickiées.
lower sandstone unit onsistentlycapped by an intraclastic carbonate bed that is interpreted as
a transgressive lag. Above this bea ithick unit of FA5, whichs alaterally contimous unit
where individual microbialite beds can be traced laterally in the outcrop as demonstrated in the
cross section (Figure 5.11).
6.3Roadside Panorama 2: Gullies & Lower Sandstone Unit

Roadside panoraa® shows the upper and lower sandstone l@t&een gullies &

(Figure 6.6). In gully 5, 6A and 6B the lower sandstone unit is dominantly compridestabdf

delta front sandstones and mudstones that are horizontally planar bedded where exposed. The
lower sandstone unit begins with a lower conteith oil shale facies that is inferred to be

abrupt, this lower contact is covered by talus. From the sharp lower contact, silty rock coarsens
upwards into planar bedded silt and very fine sandstone that is interpreted to be distal delta front
deposits (FA). The top of thelistaldelta front sanstones are in sharp and planar contact with

the continuous distributaighannefacies association, which is comprised of cfbsdded and
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trough crossedded sandstone facies. The upper part of the lower sandstone unit is capped by a
carbonate ripup clast bed, which is thesucceeded by oil shale beds.

The distributarychannelcanbe walked in the outcrop from gully 5 as it thickens in the
ridge that separates gully 6A and 6B (Figure 6.6, and 6.7). The trougkbexdsd facies of the
distributarychanne(FA3) are locally filled with tar that drips down the exposure in the heat of
summer. The distributarghannekhins out in the west wall of gully 6B (Figure 6.7). The outcrop
extent of the distributg channel is over 0.85 miles.

The depositional nature of the lower sandstone unit in gully 7 conivaikthe style in
gullies 56B. The lower sandstone unit in gully 7 contains more abundant soft sediment
deformation and some very well preserved slide deposits and possible debris flows (Figure 6.8).
Slide deposits range in size and in overall preservation of original internaltae@istructure.
An example of a large slide deposit that has maintained original depositional structure, despite
considerable transportation, is the Acinnamon
wave modified current ripple laminatiotisat are very aggradational in stacking geometry, the
deposit was folded in slide transport, overturned, and loads into lower sandston&act with
oil shale facies (Figure 6.9). The origination of this deposit is likely in the environment of mouth
ba facies associations in the littoral zone, as it is comprised of similar rippled facies. This body
was later covered by more slides, debris flows,disthl delta front depositioThis area lacks
the distributarychanneffacies association and is capgmsda thin cross bedded sandstone unit
and carbonate rip up bed.

Gully 7 is interpreted as being depositionally downslope from aggradational mouth bars
(FA2), similar to those in the east end of the outcrop area (gullies 8 and 9; in Roadside

Panoamic 3).The aggradational character of the ripples within slide bodies, such as the
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Roadside Panorama 2

Figure 6.6 Roadside Panorama 2 that covers guliegacies associations include distributary channel (orange) and delta front
faciesassociations (tan)
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Figure 6.7 Gully scale panoramas of gullies 5, 6A and 6B. Facies associations in these gullies are distal delta fo(tadgposit
distributary channel facies (orange), and oil shale facies (green).
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Figure 6.8 Gully 7 with contrasting depositional style comparedtogtflyg5. A Ci nnamon r ol |l 06 sl i de depo
loading into underlying oil shale. Debris flows that include large contorted oil shale and sandstone clasts. Notdl thleaoiie
nature of the deposits in this gully.

70



Figure 6.9 ACinnamon Roll 06 slide deposit at the bagi@d cont ac
underlying oil shale facies A) Folded beds that conteésgrved initial depositional structures of ripples. B) Aggradational ripple
stacks that comprise the deposit. C) Overturned nature of ripples indicatingelud ttee deposit is overturne
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Aci nnamon roll 6 | ies i n umdétying alshale edstsroowstthewi t h
sedimentation changed rapidly from oil shale and microbialite deposition tossihnidminated

deltaic deposition. This could have occurred with several storm driven clastic pulses into the lake
that resulted in high depdigin rates in the mouth bar environment. Mouth bars deposited rapidly
were unstable and slide down dip, throughdistal delta front environment and into the

transitional zone of the distal delta front and oil shale area transition

6.4 Roadside Panorama3: Gullies 89 Lower Sandstone Unit

Roadside panoraa8 covers gully & in the lower sandstone unit (Figure 6.10). In this
area, as with the previous area covered by roadside pam@ramly the lower sandstone unit is
directly observable in outcrop. Thper sandstone unit is a brown silty slope former. The lower
sandstone unit is mainly comprised of aggradational mouth bar facies assetati@re less
connected in a lateral sense from gully to gully. The aggradational mouth bars are more
heterogenous than the shatpased mouth bars in the upper sandstone unit in roadside panoram
1, and contain coarsening upward cycles. The aggradational mouth bars can be separated i
proximal and distal types.

In Gully 8A the lower sandstone unit coarsens uphviieom distal delta front (F4) to
aggradational mouth bars (FA2), which are comprised of an alternation between coarser and
finer-grained beds (Figure 6.11). The contact between FA2 and FA4 is gradational. The outcrop
exposure of the lower sandstone usiimited laterally, but subsequent exposure towards Gully
8B suggests that the beds in the package thin laterally, are finer grained, and interfinger with an
adjacent mouth bar (FA2) of similar depositional style in adjacent gully 8B.

In gully 8Bthe lower sandstone unit has a ldike geometry that is exaggerated by the

orientation of the outcrop (Figure 6.12). The exposure of the lower sandstone unit is thinner
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Roadside Panoramic 3

Figure 6.10 Roadside Panorama 3. Lower sandstone unit is further back in tbp,aqutty 8A9 denoted with arrows. Sandstone in
center of outcrop is below lower sandstone unit, and below study interval.
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Figure 6.11 Gully scale panorama 8A. Lower sandstone unit is mainly comprised of aggradational mouth bar facies association
yellow. In interpreted image, measured section is attached and bedding surfaces are highlighted.
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Figure 6.12 Gully scale panorama showing IIy A and 8B. Intrprtd iag includes measured sections, facies associations
and highlightededding surfaces.
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overall and contains thinner aggradational wave ripple and combined wave ripple lamination
beds. Gully 8B contrasts with gully 8A in that the beds are thinner and and more gradational.
The thicker beds of gully 8A are likely a seperateremproximal mouth bar. The thinner bedded
and more gradational sand lobes of gully 8B are likely a more distal extension of a mouth
bar(Figure 6.12). The depositional style contrasts with that of the-baagal mouth bar in
roadside panorama 1 in thahas multiple and separate sediment lobes.

In the last outcrop section, Gully 9 of the lower sandstone unit, a thick package of
aggradational mouth bars comprised of smaller coarsening upward packages is present (Figure
6.13). The base of the lower sand&anitconsists oslope forming distal delta front (FA4)
sediments that contain blocks of coarser sediment. The lower contact between FA4 and FA2 is
abrupt, but norerosive. These blocks are interpreted as slide blocks from more proximal up dip
environm&at s, but do not have preserved bedding
roll o in gully 7.

Above the distal delta front (FA4) deposits are coagsained sandstone units comprised
of upward coarsening cycles interpreted as proximailealggional mouth bars (FA2) (Figure
6.13). Overall the unit iavertically heterogeneous body, which contains possible debrites
comprised of sandstone clasts, slide deposits and coarser grainethfiueareced ripple beds. In
this oblique strike view ofis mouth bar complex, the geometry is ldilke and convex up

bedding surfaces dip away from the center part of the body (Figure 6.13).
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Figure 6.13 Gully scale panorama 9. Aggradational mouth bar facies association (yeII)aﬂnIelta front deposits (tan).
Interpreted image includes measured section and highlighted bedding surfaces.
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CHAPTER 7
DEPOSITIONAL MODEL

Bhattacharya (201@) e f i nes del tas as fAsubaeri al l andf

eXxtensi ons é cextengions, thaaform whem a riveg, or point source, intercepts a
larger body of water, undergoes flow expansion and deposits sediment (Bhattacharya, 2010). As
accommodation space is filled, depositional progradation can occur. The progradationalfnature o
deltas can be identified by shallowing upward sediment packages, basinward stepping of delta
environments or basinward dipping clinoforms or bedding surfaces. Upward shallowing facies
successions ammonlyexhibited by a combination of upward coarsgnsediment and
upward change in sedimentary structures from lower energy to higher energy (Bhattacharya,
2010).

The main environments of a delta are 1) delta plain, area occupied by a network of
distributary channels, often split into an upper and loegion, 2)distaldelta front, the
proximal area where the shoreline processes interact with the terminus of the distributary
network , this region extends to distal and submarine deposition, is a sand dominated area, and
transitions to the 4) prodelta, whiis most basinal extension of the delta where finer sediment
like silt and clay settle out of suspension or are transported as fluigBhattacharya, 2010).

In Evacuation Creek deltaic sediments are laterally continuous and heterogeneous
depostionalnits which form the upper and lower sandstone units. By definition above, almost
all of the upper and lower sandstone unit (FAXould be lumped into @distaldelta front facies
association. The mouth bars are part ofdiséal delta front by definiton, but are assigned a

separate facies association because they are discretely identifiable, locally displdaskdrp
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contacts and coarsening upward cycles, and show better reservoir quality. By splitting these units
apart it becomeeasier to understdrthe deposits. Typical clinoformound packages, which in

other studies are important to identifying deltaic deposition (Schomacker et al., 2010), are not
observed in Evacuation Creek. Nonetheless, demonstrable deltaic deposition is observed within
the oulined facies associations that makes the case for distinct sediment input SBeceese

mouth bars are genetically related to the distributary network, the presence of mouth bars
represent discrete sediment input sources (Figure 7.1) Based on masastioet, interpretation

and literature, the following sections put together a basic model to display the facies association
distribution and depositional setting for the upper and lower sandstone units wemap

7.1 Model for Lower Sandstone Unit

In the lower sandstone unit there is evidence for multiple sediment inputs. In the western
part of the outcrop, a laterally extensive distributdrgnnelFA3) is identified and spans gully
3-6B. The distributarychannel in this study areapresents an inpseparate westward directed
source that is separdtem the input that is recorded in gully98(Figure 7.2).

In gullies 8A, 8B and 9 three separate mouth bar (FA2) Gully 8A and 9 are interpreted as
proximal mouth bar deposits, whereas 8B is interprasea distal mouth bar extension, and
potentially an extension of one of the more proximal bars observed (FigurB&cause the
outcrop is oriented oblique to depositional strike no direct observations can be made of the
hypothetical updip distributanyetwork, and there is rabservableontinuation of the mouth
bars in a down dip orientatighatallow for direct observatioof how facies change in a
direction into the lakeWhat is observable in the outcrapeisolated mouth bars. These mouth
bars m& have been contemporaneous because they were deposited by the same distributary

network, or norcontemporaneous, meaning that each mouth bar deposit was the result of
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Depositional Model

Mouth Bars

Distributary Channel

3 J Slides <~ Slumps

Figure 7.1 Model for facies distribution and morphology in mouth bar lobes indeltaic
system (modified from Schomacker et al., 2010).
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*1 Measured Section Location/# |
Mouth Bar FA2
— Distributary Lobe FA3

— Distal Delta Front FA4
33 Section Number

KEY

*1 Measured Section Location/#
Mouth Bar FA2

~ Distributary Channel FA3

- Delta Front FA4

5 Fluvial Feeder

=== Shoreline (conceptual)

-» Paleo flow indicator (this study)

—~ Paleo flow indicator wosesvers, 2013

> Slide deposits (oriented)

33 Section Number

Figure 7.2 Upper map: facies distribution in outcrop. Lower map: interpreted depositional
reconstruction for the lower sandstone
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distributarychannel evulsions. Flooding surfaces would help determine the sequence of mouth
bars or progradation events. The only flooding surface is at the top of the entire lower sandstone
package and is represented by a laterally extensive oil shale bed (Fig)re 5.
Il n gully 7A there is an isolated slide dep
deposit contains vertically aggrading or climbing wave modified ripple lamination, which
indicate high deposition rates. Mouth bar sites are environmentsho$édgmentation rates,
which can make the sediments unstable and susceptible to sliding idistéhdelta front,
which is an additional mode for the deltaic system to prograde and deliver sediment into the
basin. The ori gi n okelyftoimamaduth bansetingilikenthatseenind wa s
gully 8b, which contains similar rippled facies.In gully 2 there are no direct mouth bar facies
associations, buhere is a thicker successiondi$tal delta front deposits (FA4). In gully 2, the
thicker siccession of sandstone contains features that indicate that a large portion of the sediment
deposited may have been contributed from slides and debris flows. Beds in this area are locally
discontinuous, end abruptly, dip anomalously dieeand truncatedjacent beds (Figure 6.3).
There are also loading features in the lower oil shale contact and largesnadéedewatering
structures. It is likely that this area had sediment contributed from a locally up dip mouth bar or
nonobserved sediment lobes armt sBimply orderly gravitational distal delta front deposition.
Thenortheassouthwesbrientation of the shoreline was chosen to coincide with the
paleocurrent data.he paleocurrent da{dable 1)indicates direction of transport to the west and
northwes for the lower sandstone unithe kink in the shoreline between FA2 deposition in the
south and FA3 deposition in the west is relateavidsionduring deposition of the entire lower

sandstone unit. The aggradational mouthbars are interpreted to leavedposited initially.
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These mouthbars filled the accommodation space in the south which redirected sediment input
further to the west with the subsequent deposition of the distributary channels (FA3).

Overall, the lower sandstone unit demonstrates atami of depositional style within the
delta front system. The lack of observed clinoforms, the disconnected nature of deltaic elements;
the distributarychannelFA3), and multiple aggradational mouth bar deposits (FA2), and
paleocurrent data, indicateatitheexposures of thiswer sandstone ungiccurin a strike view
oblique to depositional difFigure7.2).
7.2 Model for Upper Sandstone Unit

The upper sandstone unit is only directly observable in gyl this area a laterally
extensive sharpased mouth bar (FA1) is interpreted with significant internal complexity
(Figure 6.2). The mouth bar is thickest and in sharp lwasahctwith distal delta front (FA4) in
gully 2 (Figure 7.3). The mouth bar apparently prograded and thinreed/@sterlydirection. To
the east, between Gully 2 and 3 and well demonstrated in roadside pafdfagure 6.2), the
mouth bar progradedederly as seety the slide blocks that were incorporated in to the
westely dipping surfaces of the later mouth bar growth and deposition. Blocks that slide
disconnect from the mouth bar element, and move gravitationally down slope. As mouth bars
build topographic re#if as sediment is deposited, the element will prograde in multiple directions
perpendicular to the bar contours illustrated in Figure 7.3 (Schomacker et al.P&l&0urrent
data indicates that the direction of transp®rtorthwestLateral and downg progradation
incorporated the slide blocks in the final bar form. Overall, the sharp based mouth bar represents

a channel sourced sediment body.
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= Distal Delta Front FA2
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Figure 7.3Upper map: facies distribution in outcrop. Lower map: interpreted depositional
reconstructiorfor the upper sandstone
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