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ABSTRACT 

The Eocene Green River Formation of the Uinta basin is a fluvial-lacustrine system 

comprised of carbonates, siliciclastics, and oil shale. Log evaluation is difficult, due to complex 

mineralogy and the thin interbedded nature of diverse rock types. Historically, log correlations 

have used a zoned model, which excludes detail and suggests continuity that is misleading on a 

bed-by-bed basis. A deterministic model is applied here which utilizes gamma ray, bulk density, 

neutron porosity, and photoelectric effect logs. A four-mineral solution gives volume percent of 

quartz, calcite, dolomite, and mixed clay. To obtain these volume percentages, log-based 

calculations yield an apparent matrix density (RHOmaa) and an apparent photoelectric cross 

section (Umaa). To calibrate these results, outcrop work was completed to determine 

mineralogy, and expected facies changes from littoral to profundal environments. 

The development of this RHOmaa-Umaa methodology has enabled the building of a 

stratigraphic framework for the eastern Uinta basin that can be extended from outcrop and core 

into the basin. Through the integration of outcrop mineralogy work with subsurface calculated 

mineralogy, this research includes an interpretation of basinward stratigraphic and lithology 

changes. This understanding allows for the prediction of mineralogy and facies changes using 

commonly available well data. 

Resulting correlations successfully identify and correlate rich and lean oil shale zones and 

sequence boundaries showing stratigraphic thickening into the basin center. The clay volume 

calculations demonstrate that the Douglas Creek member has a lower volume of diagenetically 

altered minerals than the Parachute Creek member. Organic rich zones have higher volumes of 

dolomite, suggesting a link between organic matter productivity and the degree of 

dolomitization. Rich zones also have lower bulk densities and higher neutron porosity values due 
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to high organic matter volumes. Total carbonate volumes increase higher in the stratigraphic 

section, driven by an increase in dolomite volumes.  

This petrophysical method is not without limitations. Borehole conditions must be considered. 

The system can only identify three constituents at a time as data points will drift on the cross-plot 

due to diverse mineralogy. Diagenetic minerals, including analcime and sodium-rich feldspars, 

also cause data point drift that must be corrected for. 
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CHAPTER 1                                                                                                    

INTRODUCTION 

 Significance and Objectives 

The Green River formation is a complex lacustrine system of interbedded siliciclastic, 

carbonate, evaporite, and organic rich shale deposits deposited in the Eocene in the Greater 

Green River basin of Wyoming, Uinta basin of Utah, and the Piceance basin of Colorado. Lake 

deposits can constitute significantly to hydrocarbon system, and the Green River Formation is no 

exception (Figure1-1) (Dyni 2006; Johnson et al. 2010). The oil shale of the Green River 

Formation within the Uinta basin specifically is estimated to contain 1.32 trillion barrels of oil in 

place (Johnson et. al., 2010), with an economic potential of approximately 77 billion barrels 

(Vandenburg, 2008). Large reservoirs are also found in the South Atlantic (Brownfield and 

Charpentier 2006; Zou et al. 2010; Beglinger et al. 2012) and the Green River basins are useful 

as an analog for these basins.  

In an effort to address research problems in the Uinta basin and provide clarity in analogous 

basins, this study seeks to employ a new method to the Uinta basin for subsurface correlation in 

the Green River Formation. This method is unique to the basin, as it incorporates the 

photoelectric index log into a deterministic petrophysical model. The goal is to create a 

workflow that can be used in the Uinta basin to identify mineralogy at depth, while also being 

adaptable to be used in any mixed carbonate-siliciclastic system. The results provide insight into 

mineralogical, and therefore lithologic, changes in the basin, and should provide a more detailed 

understanding of the alternating rich and lean zones (Cashion and Donnell, 1972) and lake stages 

(Tӓnavsuu-Milkeviciene and Sarg, 2012). 
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Figure 1.1: Geographic distribution of Eocene lacustrine basins: Green River, Washakie, Uinta, 

and Piceance Modified from Tӓnavsuu-Milkeviciene and Sarg (2012).  Red outline denotes the 

study area for included outcrop work and the blue outline denotes extent of subsurface area 

examined, 
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To create and test this methodology, an outcrop to subsurface approach was taken. A 

complete Green River Formation measured section in the Evacuation Creek area of Colorado and 

Utah with a handheld spectral gamma survey is incorporated to give an anchor point on the 

eastern edge of the basin and allow for mineralogical analysis to compare the deterministic-

derived mineralogy (Figure1-1).  

In order to accomplish this goal, three main objectives were established.  

1. Use software driven deterministic approach to better identify lithology in well logs 

and improve correlation into basin.  

2. Extend the measured section at White Face Butte up to the Mahogany Zone and 

above to create a full section of Evacuation Creek outcrops.  

3. Collect outcrop gamma over the entire measured section. 

 Previous Research 

The depositional environment of the Green River Formation has been the focus of many 

studies for nearly a century. Two proposed lake models served as the primary focus of initial 

studies between a deep stratified lake (Bradley, 1929, 1931; Picard, 1955; Roehler, 1974; 

Desborough, 1978, Johnson 1981) and a playa lake (Eugster and Surdam, 1973; Eugster and 

Hardie, 1975; Lundell and Surdam, 1975, Surdam and Wolfbauer, 1975; Moussa, 1976; Surdam 

and Stanley, 1979). 

Moncure and Surdam (1980) worked towards rationalizing both the deep stratified and playa 

lakes. Through examining the Douglas Creek Arch and basin centers for the Piceance basin and 

Uinta basin, they found that the Douglas Creek Arch had been a topographic high during much 

of the lake deposition. This allowed the two basins to develop separately until a large 

transgression before the deposition of the Mahogany Zone, which is continuous between the two 
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basins. The Uinta basin is described as having a higher input of siliciclastic sediments and 

freshwater fluvial inputs while the Piceance basin is described as more restricted and charged by 

springs and occasional sheet floods allowing for the deposition of evaporite minerals and richer 

oil shales than in the Uinta basin. These led the researchers to conclude that the Uinta Lake was a 

deep stratified lake while the Piceance Lake was a playa type lake system. 

In contrast, Johnson (1981) continued to argue for a deep stratified lake, pointing out, that 

saline minerals could be the result of authigenic precipitation within unlithified lake sediments 

from the highly saline bottom waters. In 1985, Johnson expanded this model by presenting an 

evolving lake with five distinct stages of depositional changes in the basin. These stages reflect 

the stratigraphic evolution of the lake, as it is controlled by tectonics and climate.  

Based on facies distributions, a unique stratigraphic model was suggested for lake basins. 

The type model by Bohacs et al. (2000) suggests a model which has been used to examine 

lithologic successions, stacking patterns, depositional geometries, facies associations, 

ichnofossils, and geochemical indicators to predict changes in sediment supply, water supply, 

and basin floor depth (Buatois and Mángano, 2009, Zou et al., 2010, Renaut and Gierlowski-

Kordesch 2010; Dong et al. 2011). Using the hydrological conditions as the main control, three 

main lake basin types have evolved, overfilled, balance filled, and underfilled (Bohacs et al, 

2000).  

More recent models have continued to involve more complex models examining changing 

chemical, hydrological, and sedimentary conditions (Tӓnavsuu-Milkeviciene and Sarg, 2012). 

Recent studies by Tӓnavsuu-Milkeviciene and Sarg (2012), Tӓnavsuu-Milkeviciene and Sarg 

(2015), and Tӓnavsuu-Milkeviciene et al. (2017) incorporate this complex model through 

detailed lithofacies and facies association outcrop descriptions in the Piceance basin and onto the 
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Douglas Creek arch margin of the Uinta basin. This allowed for the stages developed by Johnson 

(1985) to be refined as well as develop sequence stratigraphic framework for lacustrine systems. 

Tӓnavsuu-Milkeviciene and Sarg (2012) also added a sixth stage through the examination of the 

Piceance basin. Their lake stages include S1 Fresh Lake, S2 Transitional Lake, S3 Rapidly 

Fluctuating Lake, S4 Rising Lake, S5 High Lake, S6 Closing Lake. The Early Eocene Climate 

Maximum (EECM), from 50 to 53 Ma (Zachos et al., 2008), is also reflected in the lake stages 

(Figure 1.2). The stage boundaries divide the oil shale richness into groups and describe 

chemical, hydrological, and sedimentary conditions which existed during the evolution of the 

Piceance basin. These stages are also applicable to the Uinta basin. 

 

 
Figure 1.2: Correlation between Eocene climate curve, evolutionary lake stages, and 

stratigraphy. Lake types (L.T.) interpreted by Johnson 1985 and Smith 2008. Figure adapted 

from Tӓnavsuu-Milkeviciene and Sarg, 2012. 
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Stage 1 (Fresh Lake) occurred prior to the climate maximum, and is marked by freshwater 

deposits. Stage 2 (Transitional Lake) marks the EECM initiation and is characterized by an arid 

climate and alkaline restricted lake deposition. Stage 3 (Highly Fluctuating) shows evidence of 

rapid climate changes during peak EECM. Stage 4 (Rising Lake) occurs at the end of the climate 

maximum, and records a transition into a more humid climate. Stage 5 (High Lake) results in the 

deposition of widespread organic-rich zone (Mahogany Zone) across the Uinta and Piceance 

basins. Stage 6 (Closing Lake) shows the increase in siliciclastic input as the lake is infilled 

(Tӓnavsuu-Milkeviciene and Sarg, 2012). 

Various regional cross sections have been developed throughout the Uinta basin (Fouch, 

1975; Ruble and Philp, 1998; Birgenheier and Vanden Berg, 2011), however, most of these focus 

on the basin center and even fewer incorporate outcrop descriptions, most are based on log 

character analysis and available partial cores of the lower or upper Green River Formation. 

Hogan (2015) incorporated visual log analysis, core, and outcrop to look at the eastern margin on 

a bulk zonation level to see if eastern outcrop to subsurface correlation was possible.  

Petrophysical modeling of the upper Wasatch and Lower Green River formations was 

conducted by Cluff et al. (2015) where they presented a methodology for determining 

mineralogy at depth in a single well. This deterministic model provides a four-mineral solution 

consisting of percentage volumes of quartz, calcite, dolomite, and “mixed clay.” This was the 

first presentation that took a deterministic approach to the Green River Formation in the Uinta 

basin. However, this study did not address the diagenetic minerals that make the Upper Green 

River so distinct. 

Boak and Poole (2015) provided the first complete mineral profile for the Piceance basin 

using semi-quantitative X-Ray Diffraction (XRD). Previous key studies established the seven to 
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twelve major minerals in the Green River Formation (Brobst and Tucker, 1973, Robb and Smith, 

1974, Cole and Picard, 1978), however these did not include Buddingtonite and did not include 

clay minerals in the semi-quantitative analysis. Boak and Poole (2015) also integrated bulk 

mineralogy into the stratigraphic framework of the lake stages. Changes between stages were 

attributed to variations in salinity, alkalinity, pH, and silica concentrations. Differences in 

mineralogy between basin margin and basin center have been attributed to varying lake levels 

with consistent water stratification.
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CHAPTER 2                                                                                               

GEOLOGIC BACKGROUND 

The Greater Green River Formation is a sequence of lacustrine rocks deposited in several 

intermontane basins in the Green River and Washakie basins of Wyoming, Piceance basin of 

Colorado, and Uinta basin of Utah during the Eocene time (Figure 1.1). 

The eastern Uinta basin is the focus of this study, and is bounded by the Uinta uplift to the 

north, San Rafeal uplift to the southwest, Uncompahgre uplift to the southeast, and Douglas 

Creek Arch to the east (Figure 1.1) (Beck et al., 1988). It is an asymmetric basin, approximately 

130 miles east-west and 55 miles north-south, with a gently sloping southern limb and a steeply 

dipping northern margin,filled with fluvio-lacustrine sediments (Figure 2.1). The steep northern 

margin allows for the thickest accumulation of sediment, of over 4,000 m. The broad shallow 

ramp on the south allows for the deposition of extensive lake-margin lacustrine carbonates 

(Fouch et al., 1994; Keighley et al., 2002; Schomacker et al., 2010).  

 Geologic History of Uinta Basin 

Initially, the area encompassing the Uinta basin was a foreland basin, formed by the Sevier 

Thrust Front during the Cretaceous over three compressional phases from 89 Ma to 50 Ma 

(DeCelles, 1994). This thin-skinned deformation led to crustal shortening and topography 

building, which led to the formation of the depressed foreland basin, occupied by the Cretaceous 

Interior Seaway (Armstrong, 1968). The seaway receded during the Maastrichtian (75 Ma) and 

the area had fluvial sedimentation until the onset of the Laramide Orogeny. (DeCelles et al, 

1995).  
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Figure 2.1: Generalized cross-section of the Uinta basin from southwest (left) to northwest 

(right). This illustrates the asymmetric nature of the Uinta basin, with a broad shelf to the north 

and a steeper margin to the south. Generalized facies and descriptions after Fouch (1975). Cross 

section from Ruble et al., 2001.  

 

During the Late Cretaceous the angle of the subducted Farallon plate became shallower 

(Dickinson et al., 1988), changing the style of deformation from thin-skinned of the Sevier 

Orogeny to the thick-skinned deformation of the Laramide Orogeny. During the Laramide 

Orogeny, a series of intermountain basins formed in Utah, Colorado, and Wyoming (Dickinson 

et al. 1988). In the early to middle Eocene, 53 to 46 Ma mixed carbonate-siliciclastic, and in 

some places evaporite, lacustrine deposits formed in these basins (MacGinitie, 1969, Wolfe et 

al., 1998, Wilf 2000; Smith et al. 2008, Clementz and Sewall 2011). The farthest north basins in 

Wyoming are the Green River and Washakie basins, separated by the Rock Springs Uplift, which 

connect to form the Greater Green River basin, or paleo-Lake Gosiute as seen in Figure 2.2. In 

Colorado and Utah, the Green River Formation is deposited in the Piceance basin and Uinta 

basin, respectively.  
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Figure 2.2: Paleo-reconstruction of Lake Uinta and Lake Gosiute, Sevier Thrust Front, and 

basement cored structural constraints during the Eocene (50 Ma). D.C.A. - Douglas Creek Arch. 

Modified after Blakey and Ranney, 2008 and Hogan, 2015. 

 

The Douglas Creek Arch, as seen in Figure 2.2 was the separating element between the 

Piceance and Uinta basins during low lake level, and is a faulted anticline running approximately 

north-south (Bader, 2009). These two basins were separated by the Arch during much of the time 

of Green River Formation deposition, but the connected lake, paleo Lake Uinta, over both basins 

is marked by the upper section of the Green River Formation. (Surdam & Stanley, 1980, 

Dickinson et al., 1988; Davis et al., 2008, 2009; Smith et al., 2008; Tänavsuu-Milkeviciene and 

Sarg, 2012). 

 Deposition of Green River Formation in Uinta Basin 

Deposition in lacustrine environments, including the Uinta basin, is controlled by the 

interplay between tectonics and climate (Surdam and Stanley, 1980, Carroll et al., 2006, Davis et 

al., 2009, Chetel et al. 2011, Tӓnavsuu-Milkeviciene and Sarg, 2012). Tectonics control the 
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formation the basin, basin morphology, subsidence and availability of deposits. Regional climate 

and its changes control the hydrological system. The lake water volume, catchment sediment 

yield, and the distribution of deposits is controlled by inflow of groundwater and river runoff 

from the resulting hydrological system (Wiggins and Harris, 1994; Bohacs et al., 2000; Ilgar and 

Nemec, 2005; Lyons et al., 2011; Brown 2011, Bohacs, 2012).  

The deposition of the Green River Formation occurred separately, but contemporaneously, in 

the Uinta and Piceance basins of Utah and Colorado (Surdam & Stanley, 1980; Davis et al., 

2008, 2009; Smith et al., 2008). These lakes connected during high lake time in the Upper Green 

River Formation. 

In terms of margin to basin position, lake deposits are divided into three zones relative to 

water depth and energy: littoral, sublittoral, and profundal (Reading and Collinson, 1996). 

Littoral represents the area of the lake that is above fair-weather wave base and is comprised of 

marginal siliciclastic and carbonate rocks. The sublittoral zone encompasses the area between 

fair-weather and storm-weather wave base and incorporates transitional marginal to deep water 

siliciclastic and carbonate deposits. The profundal zone refers to the area below the storm-

weather wave base and is composed of facies associated with deeper water. The mode of 

deposition differs between zones, as does the potential for diagenetic modifications.  

The basic depositional elements associated with the littoral to sublittoral zone include 

carbonate shoals, microbial carbonates, carbonate mudstones, siliciclastic delta associated 

deposits such as mouth bars and channels, laminated mudstones and siltstones and the transition 

marking sandy oil shales (Tänavsuu-Milkeviciene and Sarg 2012). Basic depositional elements 

in the profundal zone are laminated oil shales, gravitational-flow altered oil shales, and 

siliciclastic turbidites. The profundal zone also has chemistry that promotes dolomite deposition, 
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and the oil shales in the profundal zone are dolomite-rich (Tänavsuu-Milkeviciene and Sarg 

2012). Facies can vary across depositional zones, and facies associations better constrain these 

zones. Some facies are associated with multiple facies associations. A model for the distribution 

of these depositional elements, facies associations, is shown in Figure 2.3 (Tӓnavsuu-

Milkeviciene and Sarg, 2012).  

The carbonate deposits of the Green River Formation reflect changes in water chemistry, 

varying salinity levels, and siliciclastic sediment input rates into the basin (Bohacs et al., 2000). 

Understanding the lake types developed by Bohacs et al. (2000), carbonates are deposited in 

balance filled and underfilled lake types. Carbonates would not be present in overfilled lake 

types, as they are hydrologically open, with high sediment input, preventing desiccation cycles 

from occurring (Bohacs et al. 2000). 

 Stratigraphy of Uinta Basin 

. The Uinta basin is filled predominately by the Green River Formation, which consists of 

marginal to open lacustrine rocks (Schomacker et al., 2010). The Green River Formation 

contains five lithologic members (Pitman, 1996; Johnson et al., 2010) and 17 rich and lean zones 

which have been determined based on kerogen content (Cashion & Donnell, 1972, 1974) which 

can be seen in Figures 1-1 and 2-4. The five members are the Uteland Butte, Black Shale Facies, 

Garden Gulch Member, Douglas Creek Member, and Parachute Creek Member. 

This study will focus on the Douglas Creek and Parachute Creek members. The Douglas 

Creek Member is representative of marginal lacustrine deposits while the Parachute Creek 

Member is representative of the carbonate rich lake-center dolomitic-oil shale deposits (Young,  
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Figure 2.3: Illustration of depositional model of the Green River Formation in the Uinta lake basin. Note wave-dominated (right) and 

fluvial-dominated (left) depositional features along the basin margin in the littoral and sublittoral zone. Modified from Piceance Creek 

depositional model, Tӓnavsuu-Milkeviciene and Sarg (2012).
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Figure 2.4: Stratigraphic section of the Uinta basin showing the naming conventions in the 

southern and southwestern Uinta versus the southeastern, where this study is focused. Lake 

stages shown are from Tӓnavsuu-Milkeviciene and Sarg (2012). Tuff ages are from Smith et al. 

(2008 and 2010). Figure modified after Tӓnavsuu-Milkeviciene and Sarg (2012). 
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1995, Johnson et al., 2010). The base of the Douglas Creek Member is marked by the Long Point 

Bed, a distinctive coquina bed composed of ostracods, ooids, mollusks, and other carbonate 

grains (Tӓnavsuu-Milkeviciene and Sarg, 2012). This marks the onset of a major transgession 

that would eventually link the Uinta and Piceance basins (Johnson, 1985). The Parachute Creek 

Member is more organic rich, less coarse-grained, and is predominately composed of laminated 

oil shales and distal gravity flow deposits (Tӓnavsuu-Milkeviciene and Sarg, 2012). 

Underlying the Green River formation in the Uinta basin is the Wasatch Formation, a 

Paleocene to Early Eocene deposit (Johnson 1984; Johnson et al., 2010). Outcrops in the 

Evacuation Creek area display fluvial channel related sand bodies, floodplain shales, and 

paleosols. It contacts the Green River Formation at the Uteland Butte. The Uteland Butte is 

basin-centered carbonates and represents the first lacustrine incursion into the basin (Johnson 

1984). The Uteland Butte is overlain by a Wasatch tounge in the study area. The Wasatch 

Tongue is overlain by Green River sediments of the Black Shale Facies, an organic rich 

mudstone unit (Johnson 1984). 

The Green River Formation is further subdivided into 9 organic rich (R0-R8) and 8 organic 

lean zones (L0-L7)(Cashion and Donnell, 1972) (Figures 1-1 and 2-4). These zones were 

developed in the Picance basin and are tracable over long distances for both the Piceance and 

Uinta basins (Trudell et al., 1970; Cashion, 1972 and others). These zones are readily apparent in 

the outcrop study area in Evacuation Creek, as displayed in Figure 2.5. 

 Study Area 

The study area is located on the eastern margin of the Uinta basin. Outcrop work was done in 

the Evacuation Creek area on White Face Butte, outcrops off Dragon Road, and Park Mountain. 

White Face Butte is the farthest east measured section, and serves as the eastern-most extent of  



 

16 

 

 
 

Figure 2.5: Photomosaic along Evacuation Creek showing the distinct organic rich and organic 

lean zones in the upper Green River Formation. 

 

the study. The western extent is defined by the east-west trending dip cross-section of well log 

and outcrop data. The northern and southern extent of the study area is defined by the north-

south trending strike cross-section of well log data. Figures 1-1, 2-6, and 2-7 show the 

geographic extent of the study area. The measured section path used within the study area for the 

Park Mountain section is shown in Figure 2.8. Stratigraphically, the study focuses on the 

Douglas Creek Member and Parachute Creek Member. Cross-sections include the Uteland Butte 

through the Mahogany Zone, an organic rich oil shale that is correlative between the Uinta and 

Piceance basins within the Parachute Creek Member. 
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Figure 2.6: Base map showing state and country boundaries, creeks and rivers, major roads, cities, and the location of the data used in 

this study. Data included is outcrop, core, and well data. Wells listed by API numbers. 
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Figure 2.7: Aerial perspective map of outcrops utilized in this study. Red location indicates 

measured section conducted in this study, Park Mountain (PM1). The black locations indicate 

measured sections included from previous studies (Tӓnavsuu-Milkeviciene and Sarg, 2012 and 

Hogan, 2015). WFB – White Face Butte, ECS – Evacuation Creek South. ECN – Evacuation 

Creek North. (Imagery from Google Earth) 

 

 

Figure 2.8: Aerial perspective of the path taken by Park Mountain measured section for 

description and handheld spectral gamma survey (PM1). (Imagery from Google Earth) 
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CHAPTER 3                                                                                                     

DATASETS AND METHODOLOGY 

Data incorporated into this study integrates newly collected outcrop data, published outcrop 

data, published data from the Skyline 16 core, and well data from wireline log suites. The focus 

of the study is to integrate the outcrop and core work with deterministically derived mineralogy 

volumes from wireline logs. This integration provides a more detailed account of lithologic 

changes in the basin while creating a framework for future subsurface work in the Uinta basin. 

Figures 2-6 and 2-7 show the geographic distribution of utilized data. 

3.1 Outcrop Dataset 

The outcrop work is focused on the eastern margin of the Uinta basin west of the Douglas 

Creek Arch. This position in the basin shows variable facies associations from littoral to 

profundal. This location also displays the distinct rich-lean zones. The outcrops included in this 

study, located in Evacuation Creek,  have been extensively studied (Moncure and Surdam, 1980; 

Johnson, 1985; Birgenheier and Vanden Berg, 2011; O’Hara, 2013; Rosenberg, 2015, Tӓnavsuu-

Milkeviciene et al., 2017, and others), however many of the studies fail to incorporate the 

Mahogany Zone. The integration of outcrops focuses on integrating published sections along 

Evacuation Creek with a measured section in Park Canyon, located approximately 3.5 miles 

north, in an effort to create a master section of the Green River Formation from the Uteland 

Butte up through the Mahogany Zone (Figure 2.5).  

 Park Mountain 

New outcrop work was done on the southern side of Park Mountain, southwest of Rangely, 

Colorado. Location and path of measured section located in Figure 2.7 and 2-8, respectively. 
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This section was chosen due to its substantial exposure of section, encompassing significant 

overlap of White Face Butte measured sections through the Mahogany Zone. The section is also 

proximal to White Face Butte, has stratigraphic overlap with White Face Butte, and has ease of 

access due to a road that services oil and gas well sites on top of the mountain.  

Outcrop descriptions were done on a bed by bed basis on a decimeter scale. The route taken 

is shown in Figure 2.8. The path follows the erosion paths of runoff creeks to incorporate well-

exposed outcrop. All observations, sampling, and measurements were taken on this route. The 

section starting point was chosen to allow for overlap between the previous section on White 

Face Butte (Tӓnavsuu-Milkeviciene and Sarg, 2012) in order to create the master measured 

section and allow for spectral gamma ray measurements from White Face Butte (Hogan, 2015) 

to be correlated and combined. The Park Mountain section is approximately 650 feet (200 

meters) thick. The resulting combined measured section is approximately 1,280 feet (390 meters) 

thick. 

Along this route, hand samples were taken and a spectral gamma survey was conducted. 

Samples location on the measured section can be found in (Appendix C). A Radiation Solutions 

RS125 handheld gamma spectrometer was utilized, which gave total counts per second, percent 

potassium (K), and parts per million (ppm) uranium (U), and ppm thorium (Th). Following 

manufacturer’s guidelines, 30 second assays were conducted, balancing high quality data and 

amount of time spent, on clean, unweathered flat surfaces. On Park Mountain, this often included 

trenching two or more feet into the hillside in fine-grain dominated intervals. In resistant 

intervals, a clean surface was obtained with a rock hammer or pick axe.    

After outcrop preparation, three 30 second assays were conducted every 30cm within 

homogenous facies and immediately above and below each facies change (following guidelines 
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set by Hogan, 2015). This assures that there are consistent measurements to record K, U, and Th 

heterogeneity within facies as well as capture sharp boundaries between facies. Using the set 

measurements within facies also ensures than no facies is over or under represented in the final 

curve. These techniques align with manufacture guidelines as well as the methods employment 

in previous research (Slatt et al., 1992, and Hogan, 2015). The three surveys conducted on each 

individual height in the section were then averaged to attempt to limit tool uncertainty that exists 

between measurements. The result was 695 averaged measurements encompassing the entire 

measured section.  

The resulting points were plotted as a curve for CPS, K, U, and Th. This is useful for 

correlating to other handheld spectral surveys, but does not directly relate to API units from well 

log gamma ray measurements. Using an equation derived from Schlumberger, the values yielded 

from the handheld device can be converted.   

 � = . �% + . 9( ) + . ℎ  (3.1) 

One ppm Th becomes equivalent to 2.54 API, one ppm U becomes equivalent to 6.69 API, and 

1% K becomes equivalent to 10.64 API (Bohacs, pers. comm., 2015). This conversion allows for 

the handheld derived data to be easily correlated with log data from nearby core and well logs. 

 Samples were collected throughout the section taken from the clean, unweathered 

surfaces exposed through the handheld spectroscopy survey. These samples were analyzed using 

X-ray fluorescence, petrographic description, limited X-ray diffraction, and automated 

mineralogy. 

In an effort to capture variability, samples were chosen for thin section preparation by 

their associated facies. All facies have at least one thin section. Samples containing very-fine 

sand and larger grains were prepared at Colorado School of Mines. These samples were 
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estimated at 30 microns thick with blue epoxy impregnation, alizarin red stain, and potassium 

ferricyanide stain. Samples made of primarily silt and finer grains were prepared by Spectrum 

Petrographics. These samples were estimated at 20 microns thick with blue epoxy impregnation, 

alizarin red stain, and potassium ferricyanide stain. Petrographic inspection of these was to assist 

in determination of grain types and mineralogical diversity in the predominately fine-grained 

facies. 

X-ray fluorescence (XRF) measurements were taken on the outcrop samples collected at 

the Park Mountain section. XRF measures the bulk elemental concentration of a sample by 

reading unique energy specra of elements in a non-destructive manner. For this study, a hand 

held energy-dispersive XRF analyzer was used, a Niton ThermoScientific XL3t. The details of 

the specific methodology used for measurements can be found in Nakamura (2015) and O’Neil 

(2015). This specified that 180 seconds of testing in the TestAllGeo mode was the best 

timeframe to yield reliable results. The first 60 seconds are devoted to the major elements (e.g., 

Si, Al, Ca, K, etc.) and 120 seconds are devoted to minor and trace elements (e.g., Mo, U, Zn, Zr, 

etc.). The TestAllGeo mode resulted in the following elements in parts per million (ppg) or 

weight percent: Mo, Zr, Sr, U, Rb, Th, Pb, Au, Se, As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, 

Sc, Ca, K, S, Ba, Cs, Te, Sb, Sn, Cd, Ag, Pd, Nb, Bi, Re, Ta, Hf, Al, P, Si, Cl, and Mg. XRF 

results are located in Appendix C.  

X-ray diffraction (XRD) was performed on a clay rich sample to examine the relative 

abundance of clay minerals. This sample was ground into a fine powder in a tungsten carbide 

ball mill. The powder was analyzed using a Scintag XDS-2000 Θ-Θ diffractometer and Cu Kα X-

radiation. Instrument conditions set were 40 KV accelerating potential, 40 mA filament current, 

and 0.5 mm and 0.3 mm receiving slits.  
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Continuous diffraction scans of randomly oriented bulk materials were obtained at a scan 

rate of 1.0 degree/minute over the range of 4 to 60 degrees 2Θ. Oriented preparations of the clay-

size fraction (<4 μm grain size particles) were prepared using the Millipore filter transfer method 

(Moore and Reynolds, 1997) using a 0.45 micron filter. These preparations were analyzed at a 

scan rate of 1.0 degree/minute over the range of 4 to 40 degrees 2Θ.  

Due to the possibility of smectite group minerals, all samples were ethylene glycol 

solvated and reanalyzed from 1.5 to 30 degrees 2Θ at a scan rate of 1.2 degrees/minute. Ethylene 

glycol solvation identifies the presence of smectite group minerals by causing a shift of the (001) 

basal reflection to lower 2Θ relative to the air-dried sample. Methods are detailed in Moore and 

Reynolds (1997). Non-clay minerals were identified using the ICDD powder diffraction file data 

base. Further analyses of some samples were not completed due to the abundant organic matter 

in the clay-rich samples. Results of XRD preformed are located in Appendix B 

Automated mineralogy or QEMSCAN analysis was completed to look at mineral 

abundances in differing facies. The samples chosen for automated mineralogy were analyzed 

using automated scanning electron microscopy at the Colorado School of Mines to determine 

their mineralogy. The samples were loaded into the TESCAN-VEGA-3 Model LMU VP-SEM 

platform and the analysis was initiated using the control program TIMA3. Four energy dispersive 

X-ray (EDX) spectrometers acquired spectra from each particle with a beam stepping interval 

(i.e., spacing between acquisition points) of 1 µm, an accelerating voltage of 25 keV, and a beam 

intensity of 14. Interactions between the beam and the sample were modeled through Monte 

Carlo simulation. The EDX spectra were compared with spectra held in a look-up table allowing 

an assignment to be made of a composition at each acquisition point. The assignment makes no 

distinction between mineral species and amorphous grains of similar composition. Results were 
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output by the TIMA software as a spreadsheet giving the area percent of each composition in the 

look-up table. This procedure allows a compositional map to be generated. Composition 

assignments were grouped appropriately. 

 White Face Butte 

The White Face Butte outcrop is located 3.5 miles south of the Park Mountain section 

(Figure 2.6 and 2.7). This butte has excellent exposure of the Wasatch Formation, Uteland Butte 

Member of the Green River Formation, and Douglas Creek Member of the Green River 

Formation. Two previous descriptions of the strata on the butte were utilized in the compilation 

of a master section. The first is a description from Hogan (2015). This description contains a 

similar handheld spectral gamma ray survey as was conducted on Park Canyon section. This 

survey was converted to API units using the same equation from Park Canyon. The measured 

section was done on a facies level, examining beds on a centimeter scale. For consistency and 

thoroughness, the section from Tänavsuu-Milkeviciene et al. in 2017, was incorporated to assist 

in upscaling the section to a meter scale, at a facies association level. These two sections were 

not measured along the same path, but rather along the same south-southwest face of the butte. 

For use in this study, the measured section at a facies association level was used with the API 

derived gamma ray curve from the spectral gamma survey. The distance between the two 

sections and potential for measuring differing beds was deemed nominal for the scale of this 

study.  

 Other Evacuation Creek Sections 

Other measured sections in evacuation creek incorporated are the Evacuation Creek North 

and Evacuation Creek South from Tänavsuu-Milkeviciene et al., 2017. These sections and their 

relative location to other included sections are shown in Figure 2.7. These are the same facies 
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and facies associations as the White Face Butte section from the same paper. These are 

incorporated to give an idea of lateral variability to the Park Mountain and White Face Butte 

sections.  

 Core Dataset 

The Skyline 16 Core was used as the anchor point between the outcrop and subsurface data. 

Location is shown in Figure 2.6. The core was cut in 2010 for a research project conducted by 

the Utah Geological Survey. This core has multiple published descriptions and interpretations. 

The core also has accompanying well logs, including gamma ray, resistivity, and bulk density.  

This study uses the most recent core description published, in Vanden Berg and Birgenheier 

(2017). The description aligns most closely with the facies association approach taken from the 

measured sections. The interpretation of sequence boundaries and rich and lean zones are added 

by this study. The inclusion of this core adds a subsurface point with lithology understanding to 

better integrate the outcrop measured sections with the subsurface dataset. 

 Well Dataset 

The Uinta basin has been producing hydrocarbons for over 70 years, and the well 

penetrations are densely spaced across the basin. However, wells selected for this study had to 

meet certain criteria. Wells examined must penetrate from the contact between the Wasatch 

Formation and Uteland Butte Member to the base of the Mahogany Zone. Through this 

penetration, wells were required to have a standard log suite, including photoelectric log, of good 

data quality through the entire section. The well data was compiled from donations to the Green 

River Consortium, from IHS and the Utah Department of Natural Resources- Division of Oil, 

Gas, and Mining, and are stored in an IHS Petra Project. 
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 Log Suites 

In previous studies, wells were filtered to have good quality gamma ray, resistivity, density, 

and neutron porosity logs. These logs were then used for correlation purposes. In this study, this 

suite of logs is adjusted to include a photoelectric (PE) index log.  

The PE log has become a common modern log run with the density logging tool. The PE 

records the absorption of low-energy gamma rays by the rock in barns/electron. This value is a 

direct aggregate of the atomic number of the elements in the formation, meaning it is indicative 

of the minerals in the rock. Common reference values include quartz 1.81, dolomite 3.14, and 

calcite 5.08 barns/electron, and can vary slightly with changes in porosity (Figure 3.1). The PE 

log is a useful indicator of mineralogy when used in conjunction with neutron and density 

measurements. The PE log also looks at a thinner vertical section at any given time, roughly 0.5 

feet versus the neutron and density tools which examine about two feet. These three logs can be 

used together to resolve complex mineralogy in thin beds through utilizing the petrophysical 

RHOmaa-Umaa methodology (Dewan, 1983, Western Atlas, 1994, Asquith and Krygowski, 

2004, Cluff et al., 2015).  

 

 
 

Figure 3.1: Diagram showing the standard values of photoelectric index for varying rock types. 

Modified after www.kgs.ku.edu/PRS/ReadRocks/PEScale.html. 
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 RHOmaa – Umaa Background 

To determine lithology from logs, this study uses a deterministic model. Although there are 

many mineral identification methods, the apparent matrix density (RHOmaa) versus apparent 

matrix photoelectric cross-section (Umaa) method has been suggested to be the most diagnostic 

and complements the available log suite (Cluff et al., 2015). There are two ways to obtain 

RHOmaa and Umaa values: graphically in a crossplot (Figures 3.2 and 3.3) or empirically by 

equations 3.2 and 3.3. (Dewan, 1983, Doveton, 1994, Western Atlas, 1994, Asquith and 

Krygowski, 2004, Cluff et al., 2015) 

 � ��� =  � − ���∗�−���   (3.2) 

 ��� =  � ∗� − ���∗�−���  (3.3) 

where: � = bulk density (from log) ���= neutron-density crossplot � = fluid density �= photoelectric absorption (from log) 

= photoelectric absorption of fluid 

In this study, the equations were used to calculate the RHOmaa and Umaa values from logs. 

However, there are two methods to calculate the neutron density crossplot value: graphically in 

the crossplot (Figure 3.4) or empirically by equations 3.4 and 3.5 (Asquith and Krygowski, 2004, 

Cluff et al. 2015). 

 ��� ≈  ��+��  (3.4) 

 �� ≈  � −�� −�   (3.5) 

where: ���= neutron-density crossplot ��= neutron porosity (from log)  
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Figure 3.2: Apparent matrix density (RHOmaa) crossplot from Halliburton eChart Book 

(accessed 2017). This chart is the graphical solution to Equation 3.2. 
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Figure 3.3:Apparent matrix photoelectric cross plot (Umaa) crossplot from Halliburton eChart 

Book (accessed 2017). This chart is the graphical solution to Equation 3.3. 
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��= density porosity � = matrix density (matrix density that the log is run on) � = bulk density (from log) � = fluid density 

For this study, the neutron density crossplot values are extracted from a Schlumberger standard 

crossplot using an assumption that logs were run on a limestone matrix (Figure 3.4). It is also 

assumed that the fluid density is 1.0 g/cm3 and the photoelectric absorption of fluid would then 

be 0.398 barns/cm3 (Asquith and Krygowski, 2004). 

The RHOmaa - Umaa identification crossplot determines the relative abundance of three 

mineral components through a ternary diagram. The ternary diagram end points are the RHOmaa 

and Umaa values of three minerals that make up the majority of the rock. As proposed by Cluff 

et al. in 2015, there are four major constituents in the lower Green River Formation, Douglas 

Creek Member: quartz, calcite, dolomite and “mixed clay”. Cluff et al. (2015) proposed using 

two triangles that use a GR cutoff to determine whether “clean” (GR<70 API) or “shaley” 

(GR>70 API) ternary diagram is used. The “clean” triangle has endpoints at quartz, calcite, and 

dolomite (Figure 3.5) while the “shaley” triangle has endpoints at quartz, calcite, and clay 

(Figure 3.6). The assumption made is that the clays raise the GR response, implying there is no 

dolomite, and this endpoint is dropped. Cluff et al. (2015) also proposes the use of a “mixed 

clay” point for the “shaley” intervals. Since there are variable clays in the formation, the 

suggestion by Cluff et al. (2015) is to use clay XRD and weight percentages of each clay to 

determine what the point should be set at. The lower Green River is predominately illite clay, 

therefore the illite values and appropriate plotting location is used (Table 3.1). 

The workflow and results for Cluff et al. (2015) are displayed in Figure 3.7 and 3.8, 

respectively. These methods are appropriate for the study, as it focused on the Wasatch and 
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Figure 3.4: Neutron-Density crossplot from Schlumberger Chartbook (2013). Resulting values 

based on a limestone matrix. This chart is the graphical solution to Equation 3.4.  

 

lower Green River Formation. There is less diagenetic alteration in the lower Green River 

Formation than in the Upper Green River Formation (Boak and Poole, 2015)(Figure 3.8). This 

study examines both the Douglas Creek and Parachute Creek members, so adjustments to this 

methodology are proposed to better incorporate mineralogical changes. Mineralogical changes 

were observed and classified by Boak and Poole (2015) in the Piceance basin (Figure3.9). 

Minerals and abundances can be seen in Figure 3.8 and RHOmaa and Umaa values are listed in 

Table 3.1. 

 Boak and Poole (2015) distinguished three units, Lower (lake stage 1 and transitional 

lake stage 2), Middle (remainder lake stage 2, lake stage 3 to the top of R5), and Upper  
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Figure 3.5: Example of the RHOmaa-Umaa “clean” crossplot from the Schlumberger Chartbook 

(2013). 

 

 
 

Figure 3.6: Example of the RHOmaa-Umaa “shaley” crossplot from the Schlumberger 

Chartbook (2013). This chart has been modified to show the methodology from Cluff et al. 

(2015). Clean and shaley triangle is based on Gamma Ray (GR) cutoffs.   
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Table 3.1: Minerals associated with the Green River Formation and their RHOmaa and Umaa 

values. Minerals listed are the main minerals from Boak and Poole (2015) as well as from the 

petrography and automated mineralogy work included in Chapter 5. These are modified from 

Ellis et al. (1987). 

Mineral Name 

RHOmaa 

(g/cm3) 

Umaa 

(barns/cm3) 

Quartz 2.65 4.78 

Calcite 2.71 13.77 

Dolomite 2.88 9.00 

Illite 2.77 3.92 

Kaolinite 2.64 3.92 

Chlorite - Mg 2.67 3.70 

Chlorite - Fe 3.40 41.47 

Smectite (ex: Montmorillonite) 2.62 4.29 

Orthoclase 2.54 7.29 

Albite 2.58 4.35 

Pyrite 5.00 82.22 

Analcime 2.25 3.48 

Barite 4.08 1065.15 
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Figure 3.7: Flow chart for calculating lithology, variable grain density and variable density 

porosity from Cluff et al. (2015). 
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Figure 3.8: Log plot showing an ELAN interpretation (track 7) and Cluff et al., 2015 deterministic interpretation (track 8). 

Deterministic interpretation is from the RHOmaa-Umaa methodology. Red lines are tops of the Wasatch (lower line) and Uteland 

Butte (upper line) as picked by Cluff et al. (2015). Circles demonstrate that the carbonate types differ between tracks 6 and 7, due to 

the SpectroLith ECS not distinguishing carbonates, the amount of carbonate is comparable between the two interpretations. (Figure 

modified after Cluff et al., 2015).  
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(remainder lake stage 3 through lake stage 6) (Figure 3.9). The lower portion is characterized by 

illitic clays, generally lacks feldspars, and dolomite is the predominate carbonate. The middle 

portion is authigenic feldspar-rich, carbonate-rich, and clay poor with the presence of analcime. 

The upper unit is authigenic feldspar-rich and carbonate-rich with the evidence of evaporite 

minerals and analcime. While the Uinta basin does not see the abundance of evaporite minerals, 

many of the other minerals and their trends are observed in this study to be similar. This would 

indicate an increasing trend for the presence of authigenic feldspars higher in the Green River 

Formation. This study integrates this understanding of authigenic feldspars, such as Orthoclase 

and Albite, and the varying nature of clay types that were altered to create them (Boak and 

Poole, 2015).  

 RHOmaa – Umaa Proposed Methodology 

The proposed methodology in this study seeks to incorporate an understanding of 

mineralogical changes through the Green River Formation. Certain assumptions had to be made 

based on a lack of data availability. These are: all logs were run on a limestone matrix, this data 

has not been normalized, Schlumberger petrophysical charts accurately represent data, and PE 

values greater than 6 indicate a washout as no caliper was available. This method can be used in 

many software programs. This study examined using Petra, TechLog, IP (Interactive 

Petrophysics), and exports of LAS files to Microsoft Excel (Doveton, 1994, Cluff et al., 2015). 

IP was selected for the transform process and Petra was chosen for exporting the final files for 

correlation and interpretation. IP was chosen as it has interactive parameters that can be changed, 

and can extrapolate values off crossplots without the need for writing code with matrices. Petra 

housed previous data and was easy to import and interpret the data with. The final methodology 

and work flow is summarized in Figure 3.10.   
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Figure 3.9: Location of Douglas Pass core in the Piceance basin as it relates to the Uinta basin as 

well as mineralogy results from Boak and Poole (2015). Lake stages from Tänavsuu-

Milkeviciene and Sarg (2012). XRD data shows variation of significant minerals in the Douglas 

Pass section in weight percent. Figure modified from Boak and Poole (2015). 

  



 

38 

 

The first step was to rank available well data. Using the PE for guidance, wells were chosen 

for correlation that had the fewest washout zones. A top of usable PE, generally near the 

Mahogany Zone, and a base contact between the Uteland Butte was chosen. Within this interval, 

each well was examined and zoned at a finer level. These zones were established using a 

“lithology quicklook” technique for differing petrophysical responses between the GR, neutron 

porosity, and density (Asquith and Krygowski, 2004). Through scaling and examining the 

neutron and density measurements on the same track, as illustrated in track 4 of Figure 3.11, 

trends were identified and isolated as independent zones of differing lithologies, called a 

QuickLook Technique from Krygowski (2015). For example, one zone were areas where the 

density and neutron tracked over or very close to one another with a low gamma ray, which is 

typically associated with limestone. A contrasting zone was a high gamma ray with separation 

between neutron (higher value, to the left) and density (higher values, to the right), which is 

generally associated with high clay content. This same separation in neutron and density 

associated with a low gamma ray is potentially dolomite. Using these principles, zones were 

identified that had consistent gamma, neutron, and density trends as isolate zones of similar 

lithology on a large scale. The zoning was strengthened through displaying Neutron-Density 

values on a crossplot (Figure 3.12). Data points will track on the Z axis by the predominate 

lithology being encountered by the logging tool. This increased the confidence for individual 

zones and allowed for slight alterations to the zones when necessary. The goal of this crossplot 

was ultimately the same as looking at the neutron and density in a log view, to differentiate 

between obvious lithology changes in the wells. These zones are important for calculating the 

clay volume in the next step (Vclay). 
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The Vclay calculation was run using both single (GR) and double (Neutron-Density) clay 

indicators with the ability to compare the results of the two calculations in a separate track. The 

setup is shown for reference in Figure 3.11. The gamma ray calculation used the standard gamma 

ray index method, shown in Equation 3.6 (Asquith, G. and Krygowski, D., 2004).  

 � = �� ≈  �� −�� ��� �−�� �   (3.6) 

where: 

�= volume clay ��= gamma ray index � = gamma ray reading of formation (from log) � = minimum gamma ray value (“clean” sand or carbonate from log) � = maximum gamma ray value (“pure” shale from log) 

 

The neutron-density clay calculation is shown in Equation 3.7 (Asquith, G. and Krygowski, D., 

2004).   

 � =  ��−�����ℎ −���ℎ   (3.7) 

where: 

�= volume clay ��= neutron porosity (from log) ��= density porosity (from log) ���ℎ = neutron porosity (reading in a “pure” shale from log) ���ℎ = density porosity (reading in a “pure” shale from log) 
 

 

In a simple system with perfect results, the results from the two different calculations would 

overlay perfectly. However, this is a complex system with log results that have an unknown 

confidence level. The zoning is helpful in separating the data which gives the ability to treat each 

zone differently. This means that the GR minimum (clean) and maximum (shaley) can be set for 

each zone, although these values were consistent unless the neutron-density results were 
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drastically different. The zoning for the neutron density is important for establishing the neutron 

porosity and density values for the clays in each zone. These wells do not have XRD data, so this 

was the best way to understand the clay occurrences. Each zone was examined on a neutron-

density crossplot, and the density-neutron values (clean and shaley) for each zone were 

determined based on the location of where each zone plotted on the crossplot. If two zones had 

the same location, they were assigned the same values. An example of two zones plotting in the 

same area of the plot and two zones plotting as different areas of the plot are shown in Figure 

3.12. These values for neutron and density were saved and assigned to each zone for future 

calculations. 

The next step is calculating porosity. In the program, this is done through the “Porosity and 

Water Saturation Analysis” function. This interpretation module allowed for simultaneous 

calculation of porosity, water saturation, RHOmaa, and Umaa. The density method for porosity 

calculation was used for calculation total porosity. Porosity is important as it is a volume percent 

of the rock encountered for adjusting the total volume percentages of each mineral.  

While calculating porosity, the same function will simultaneously calculate the RHOmaa and 

Umaa values. The standard from equation 2 and equation 3 are used by the program to calculate 

RHOmaa and Umaa values from the log measurements. Three minerals were used along with 

Vclay from previous steps, quartz, calcite, and dolomite. The program then plots the data in a 

ternary diagram and extrapolates the volume percentages using coded functions. This same 

process can be done in a program like Microsoft Excel. Cluff et al. (2015) and Peacock and Sarg 

(2017) documents the process of using matrices to solve for total volumes without extrapolation 

directly from the ternary diagram. However, by using IP, the standard functionality allows for 
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variable grain density to be calculated using the logs, but also simultaneously incorporates the 

Vclay and each zones’ individual neutron and density values.  

Given that the data is assumed to be unaltered, there are two ways to approach normalization 

of the data. The first would be to examine many logs in a dense area and use core derived values 

to standardize, or normalize, the logs. However, given the scale of the project and petrophysical 

response variability in the Green River Formation over short lateral and vertical distances, this 

was not used. Rather, normalization occurred through the shifting of the location of the ternary 

diagram end-points, which is similar to a bulk shift of the RHOmaa and Umaa values. Figure 

3.13 demonstrates this shift. This process of normalization is widely used in the petrophysical 

community, and has been examined through publications (Doveton, 1994, Cluff et al., 2015). 

The amount of shift is dependent on the quality of data and can differ on a well-to-well scale, 

just as normalization of logs is different well-to-well. Using an understanding of expected 

lithology from previous studies and the general petrophysical log responses, the amount of shift 

is determined by where the “known” zones plot. For example, the Uteland Butte Member is 

readily identifiable from petrophysical logs and contains a high-volume percentage of dolomite 

(Logan, 2015). By examining the extent of this zone, the dolomite point can be set. By looking at 

the RHOmaa and Umaa change between the expected dolomite plotting point (Umaa: 9.00, 

RHOmaa: 2.88) and inferred dolomite, this same change to RHOmaa and Umaa values is applied 

to the quartz and calcite points. The same procedure can be used in a zone that is isolated as a 

pure limestone bed to alter the dolomite and quartz end points. Cluff et al. (2015) also suggested 

that systems that have high feldspathic content, like the Green River Formation, often have a 

more mobile “quartz” end point to account to the “pull” of the feldspars in the sandstone bodies. 

This means that the quartz point sometimes is altered independently after shifting the dolomite 
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and limestone beds by looking at where the extent of the data is near the shifted quartz point.. 

Using these principals, an example result of new ternary diagram is shown in Figure 3.13. The 

result of this shift is displayed in track 8 of Figure 3.14.  

The last step is to eliminate washout zones. The PE tool is very sensitive to borehole 

conditions. A caliper is generally used to eliminate data when the hole is “washed out” and the 

tool is no longer contacting the rock. Given the lack of caliper availability, an elevated PE 

signature was used as an assumption of bad hole conditions. Therefore, data associated with a PE 

greater than six was eliminated. The remaining data is exported to Petra to use in correlations. 

The final results are volume percentages for porosity, clay, quartz, calcite, and dolomite. 

However, the complex mineralogy “pulls” data to specific areas on the triangle, which will be 

discussed in Chapter 7.  
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Figure 3.10: Process for determining variable grain densities, and therefore relative volume percentages for clay, quartz, calcite, and 

dolomite. Note that the determination of clays is the main difference between Cluff et al. (2015) and this study. Through setting 

independent density and neutron values for the clays in separate zones and incorporating these into calculating variable grain density, 

the Vclay portion is more accurately calculated. This eliminates the need for two separate ternary diagrams.  
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Figure 3.11: Vclay parameters and results shown in the IP software display for well API 43047392440000. Track 1 is depth. Track 2 

delineates petrophysically unique zones. Track 3 is GR. Track 4 is neutron (green) and density (red) tools. Track 5 is Vclay results 

from GR (green) and neutron-density (red). The far right shows the display being shown in relation to the entire log available. 

Parameters used for zoning (Track 2) the logs were GR (track 3), Neutron (Track 4), and Density (Track 4). Zone 1 displays a lower 

GR associated with tracking neutron and density measurements while zone 2 shows a separation between neutron and density 

measurements with a “coarsening up” gamma ray signature. This process of “quick look” log character was supplemented by the 

neutron-density crossplot.  
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Figure 3.12: Neutron-density crossplot results for three different zones, each plotted in a different color, in well API 43047392440000 

shown in the IP software display. It is apparent that there are two clusters, grey and teal in one and red in the other. The red has a high 

porosity trail that indicates a potential washout. Both clusters show predominate trend on the dolomite line with differing neutron 

porosity values, displaying an effective zoning. This also demonstrates the ease of changing parameters in the software, the red lines 

are showing the clean (single left red square) and shaley (two red squares on the right) neutron and density values, which are updated 

in track 5 on Figure 3.11 in real time.  
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Figure 3.13: RHOmaa-Umaa crossplot showing a bulk shift of the mineral endpoints from the IP software display. Gray values 

indicate standard values for each mineral while the red lines show the shift of the endpoints and resulting triangle to fit the data. 
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Figure 3.14: Results from IP for well API 43047392440000. Track 1 is the depth track. Track 2 shows the calculation zones. Track 3 

is GR. Track 4 is the PE, neutron and density. Track 5 is the deep induction resistivity. Track 6 is a plot of RHOmaa and Umaa values. 

Track 7 is a plot of porosity. Track 8 is the result of the normalized ternary diagram from Figure 3.13. The far-right track, track 9, 

shows the depths being displayed in tracks 1 to 8 in relation to the entire depth of the well. 
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CHAPTER 4                                                                                            

FACIES AND FACIES ASSOCIATIONS 

Facies and facies associations were interpreted from outcrop samples and observations at the 

Park Mountain measured section and are consistent with the facies and facies associations 

developed by Tӓnavsuu-Milkeviciene and Sarg (2012).  

 Facies 

Facies were developed using outcrop, hand samples, petrography, and automated mineralogy 

results. There are 21 total facies identified. Facies are summarized in Table 4.1.  

 F1: Grey-green laminated mudstone 

F1 is a greenish grey mudstone to siltstone with common carbonate cement. Silt size 

grains are minor. The beds are thinly laminated on a centimeter to millimeter scale (Figure 4.1A 

and 4.1B). Basal surfaces are sharp or gradational. Most commonly the laminations are parallel 

to one another. Occurrences of F1 are anywhere from centimeter to tens of meters thick. Pyrite, 

analcime, and mud to silt-sized feldspars are present in this mudstone (Figure 4.1B). 

F1 is interpreted to be deposited as either gravity settling in low energy environments or 

hyperpycnal flow. The color is diagnostic for a reducing environment, and the green tint is 

common for lacustrine environments. The carbonate cement supports deposition of these 

sediments in an alkaline lake water. F1 can be found in the sublittoral depositional environment, 

due to the lack of carbonate grains and grains larger than silt-size. The feldspars are likely 

diagenetically altered clay minerals and the analcime is alteration of tuffaceous material (Boak 

and Poole, 2015).  
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Table 4.1: Facies identified in the Park Mountain measured section. Facies modeled after Tӓnavsuu-Milkeviciene and Sarg (2012), 

O’Hara (2013), Day (2015), Hogan (2015), Hodan (2017), and Tӓnavsuu-Milkeviciene et al. (2017) for consistency across the basin. 

ROCK 

TYPE # FACIES 

LITHOLOGY/                      

GRAIN SIZE STRUCTURE INTERPRETATION 

S
il

ic
ic

la
st

ic
 m

u
d
st

o
n
e 1 Grey- green 

laminated mudstone 

Siliciclastic mud, silt, 

calcite cement common 

Parallel laminated Hyperpycnal flow, gravity 

settling  

2 Orange-Tan 

laminated mudstone 

Siliciclastic mud, silt, 

with very fine-grained 

sand  

Parallel laminated Hyperpycnal flow, gravity 

settling 

3 Grey-green 

homogenous 

mudstone 

Siliciclastic mud, silt, 

calcite cement common 

Homogeneous, massive, 

structureless 

Gravity settling, sediment 

gravity flow  

S
an

d
st

o
n
e 

4 Symmetrical-ripple 

cross-laminated 

sandstone 

Silt to fine sand Symmetrical-ripple cross 

lamination 

Oscillatory flow from 

waves 

5 Asymmetrical-ripple 

cross-laminated 

sandstone 

Silt to fine sand Asymmetrical-ripple cross-

lamination 

Unidirectional flow from 

currents 

6 Climbing-ripple 

cross-laminated 

sandstone 

Silt to fine sand Climbing ripple cross-lamination Unidirectional flow with a 

high deposition rate  

7 Scour and fill 

sandstone 

Silt to fine sand Scour surfaces and low-angle 

bedforms 

Supercritical flow in 

concentrated density flows 

8 Planar to low-angle 

laminated sandstone 

Silt to medium sand Parallel to low angle laminations Supercritical flow  

9 Cross-stratified 

sandstone 

Silt to medium sand Planar and trough cross-

stratification at roughly 30-degree 

angles 

2-D or 3-D dune migration 

10 Structureless 

sandstone 

Fine sand to medium 

sand 

Structureless, amalgamated, 

normally graded, ungraded. Rip up 

clasts occur 

Rapid deposition from 

suspension 
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Table 4.1: Continued 

ROCK 

TYPE # FACIES 

LITHOLOGY/                      

GRAIN SIZE STRUCTURE INTERPRETATION 

C
ar

b
o
n
at

e 

11 Microbial carbonates Lime mudstone to 

grain rich bindstone 

Finely laminated, domal or wavy 

stromatolites, thrombolites, shrub-

like features, intraclasts 

Microbial growth 

12 Non-skeletal 

limestone 

Calcitic mixed 

packstone to grainstone 

Oolites, peloids, pisolites, 

carbonate intraclasts, minor 

bioclasts, massive, parallel 

laminated, low angle cross-

stratification 

Oscillatory flow in 

carbonate environment 

13 Bioclast dominated 

limestone 

Wackestone to 

grainstone 

Gastropods, bivalves, ostracods, 

structureless, or parallel laminated 

High energy in carbonate 

environment 

14 Grey Calcareous 

mudstone 

Non-kerogen rich lime 

mudstone 

Parallel laminated to structureless Gravity setting 

15 Finely laminated oil 

shale 

Dominantly dolomitic 

kerogen-rich mudstone 

Parallel laminated Suspension fall out, 

chemical precipitation  

16 Illitic oil shale Kerogen-rich 

mudstone, clay-rich 

Parallel laminated, in places also 

ostracod rich 

Suspension fall out 

17 Laminated silt-rich 

oil shale 

Kerogen-rich 

mudstone, dominantly 

carbonate-rich, with silt 

to very fine sand 

Parallel Laminated, minor silt to 

sand layers and lenses 

Distal hyperpycnal flow 

and suspension fall out, 

chemical precipitation 

18 Wavy-laminated oil 

shale 

Kerogen-rich 

mudstone, clay-rich or 

carbonate-rich 

Wavy to disrupted lamination Gravity settling, distal 

sediment gravity flow 
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Table 4.1: Continued 

ROCK 

TYPE # FACIES 

LITHOLOGY/                      

GRAIN SIZE STRUCTURE INTERPRETATION 

C
ar

b
o
n
at

e
 

19 Soft-sediment-

disturbed oil shale 

Dominantly dolomitic 

kerogen-rich carbonate 

Overturned lamina, microfaulted, 

incipient brecciation 

Gravity settling, distal 

sediment gravity flow 

20 Oil Shale Breccia Matrix-supported 

breccias, dominantly 

dolomitic kerogen-rich 

mudstone with clasts  

Organic, carbonate and siliciclastic 

clasts. Carbonate clasts are 

homogeneous or finely laminated. 

Distal sediment gravity 

flow 

T
u
ff

 21 Tuff Lithified volcanic ash Structureless Lithified volcanic ash 
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 F2: Orange-Tan Laminated Mudstone  

F2 1is a tan-orange mudstone with common carbonate cement. Silt size grains are minor. 

The beds are thinly laminated on a centimeter to millimeter scale (Figure 4.1C). Most commonly 

the laminations are parallel to one another. Often sedimentary structures are difficult to discern 

due to outcrop weathering. Basal surfaces are sharp or gradational.  F2 beds are once centimeter 

to 30 centimeters thick. Pyrite, analcime, and mud- to silt-sized feldspars are present (Figure 

4.1D).  

F2 is interpreted to be deposited as density driven plumes where freshwater meets saline 

lake waters. The color indicates an oxidizing environment, differing from F1. Carbonate cement 

supports the interpretation that deposition occurred with the interaction of alkaline lake water. F2 

can be found in the littoral to sublittoral depositional environment and are likely associated with 

distal portions of fluvial-delta input, as indicated by color and primary mud-size grains. The 

feldspars are likely diagenetically altered clay minerals and the analcime is alteration of 

tuffaceous material (Boak and Poole, 2015).  

 F3: Grey-Green Homogenous Mudstone  

F3 is a greenish grey mudstone to siltstone with common carbonate cement. Silt size 

grains are minor. The beds are lack structure and are generally massive. Basal surfaces are 

gradational or wavy to convolute. Convolute bedding is often associated with soft sediment 

deformation. F3 is seen in beds that are between one and 50 centimeters thick. Petrographic 

analysis shows disseminated pyrite. QEMSCAN automated mineralogy shows abundant 

diagenetic feldspars dominated by plagioclase (Figure 4.2).  

F3 is interpreted to be deposited as either suspension settling in low energy environments 

or sediment gravity flows. Loading or soft sediment deformation could have played a role in 
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Figure 4.1: Outcrop photos and photomicrographs of F1 (grey-green laminated mudstone) and F2 (orange-tan laminated mudstone). 

A) Outcrop photo of F1 showing varying lamination scales between centimeter to millimeter as well as dark continuous or 

discontinuous layers of iron-rich surface altered rock. B) Photomicrograph showing little silt input, and primarily two muds, tan and 

blue. The blue color is due to the presence of microporosity which allows for the blue epoxy to show as a “haze” in these areas, while 

the tan color represents lower porosity. Although there is some carbonate material, these rocks are primarily made up of siliciclastic 

mud. C) Outcrop photo of F2 showing the laminations and scale of the occurrences of this facies. Red and white sections of the 

measuring stick are each 10cm long. D) Photomicrograph showing laminations and minor silt input in the siliciclastic muds of F2.  
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Figure 4.2: QEMSCAN results from F3 (grey-green homogenous mudstone) and each pixel represents a single micron’s mineralogy 
results. This sample shows the abundance of diagenetic related minerals, plagioclase and orthoclase, which likely originated from the 

clays. This sample also has preserved clay, and is taken from an F3 bed in the Douglas Creek Member. There is little bedding structure 

seen in this sample, at a hand sample or microscopic level. Other minerals to note are quartz, calcite, and dolomite, which collectively 

make up less than 25% of the sample. This sample shows clear evidence of diagenetic minerals presence in F2. The occurrence of iron 

oxide is likely due to surface diagenetic processes in the outcrop. 
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convoluting bedding. The color is an indicator for deposition in reducing conditions. The 

carbonate cement supports the idea of deposition in alkaline lake water. F3 can be found in quiet 

sublittoral depositional environments, due to the lack of carbonate grains and grains larger than 

silt-size.  

 F4: Wave-Ripple Cross-Laminated Sandstone  

F4 is sandstone composed of silt to fine-sand sized detrital grains. Beds are topped by 

symmetrical ripples, as seen in Figure 4.3A, which can also be seen in cross-section of the beds. 

These beds range between 15 centimeters to one meter thick. Basal surfaces are erosional. F4 

sandstones are primarily composed of quartz. Carbonate cement is abundant and there is minor 

dispersed pyrite, ooids, and analcime (Figure 4.5). Detrital feldspars, rounded silt to very fine 

grains, are present. Authigenic feldspars in the clay-size fraction are also present.   

F4 is interpreted to be sands that are reworked by the oscillatory flows associated with 

waves. F4 is interpreted to be deposited in nearshore littoral to sublittoral zones (Keighley and 

Flint, 2008). The feldspars that are silt size and larger are likely derived from fluvial input points 

while clay-size feldspars are likely diagenetically altered clay minerals (Boak and Poole, 2015). 

Analcime is an alteration of tuffaceous material in alkaline waters (Boak and Poole, 2015). 

 F5: Current-Ripple Cross-Laminated Sandstone  

F5 is sandstone composed of silt to fine-sand sized detrital grains. Beds contain current 

ripples (Figure 4.3D). The beds range from 8 centimeters to 4 meters thick with erosional bases. 

F5 sandstones are primarily comprised of quartz and detrital feldspar grains. Carbonate cement is 

abundant and minor ooids, pyrite, and analcime are present (Figure 4.5). Authigenic feldspars in 

the clay-size fraction are also present.   
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F5 is interpreted to be deposited under unidirectional flow. This is generally associated with 

areas proximal to sediment input points. This is interpreted to occur in the littoral to sulittoral 

zone. The ooid carbonate grains indicate proximity to where these grains form. Feldspars and 

analcime are diagenetic products similar to what occurs in other facies. 

 F6: Climbing-Ripple Cross-Laminated Sandstone 

F6 is sandstone composed of silt to fine-sand sized siliciclastic grains. Beds contain 

climbing ripple sets. Beds are 10 to 30 centimeters thick with erosional bases. F6 sandstones are 

primarily composed of quartz and detrital feldspar grains. Carbonate cement is abundant and 

there occurs minor dispersed pyrite, ooids, and analcime (Figure 4.5). Authigenic feldspars in the 

clay-size fraction are also present.   

F6 is interpreted to be sands with high deposition rates from unidirectional flows, resulting in 

the burial of ripples that appear to drift (Allen, 1984, Allen, 1985). This is generally associated 

with areas proximal to sediment input points with high sediment input. This is interpreted to 

occur in the littoral to sublittoral zone (Keighley and Flint, 2008). Diagenetic feldspars and 

analcime are present. 

 F7: Scour and Fill Sandstone 

F7 is sandstone composed of silt to fine-sand sized siliciclastic grains. Beds contain scour 

surfaces and low-angle lamination (Figure 4.4). Thicknesses of F7 range from 10 centimeters to 

45 centimeters with erosional bases. F7 sandstones are primarily comprised of quartz and detrital 

feldspars. Carbonate cement is abundant and there is minor dispersed pyrite and analcime 

(Figure 4.5). Authigenic feldspars in the clay-size fraction are also present.   

F7 is interpreted to be sands deposited in supercritical resulting from concentrated density 

flows (Mulder and Alexander, 2001, Cartigny et al. 2014). This is generally associated with areas 
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proximal to sediment input points and is interpreted to occur in the littoral to sublittoral zone 

(Keighley and Flint, 2008). Feldspars and analcime are diagenetic in origin and similar to 

previously described facies. 

 F8: Laminated Sandstone  

F8 is sandstone composed of silt to medium-sand sized detrital grains with minor 

bioclastic input, including ooids, ostracods, and bivalves (Figure 4.3C). Beds are predominately 

parallel, with some low-angle laminations. Occurrences of these beds are generally 10 

centimeters to 4 meters with sharp bases. F8 sandstones are primarily composed of quartz and 

detrital feldspars. Often carbonate cement is abundant and minor dispersed pyrite, ooids, and 

analcime are present (Figure 4.5). Authigenic feldspars in the clay-size fraction are also present. 

Terrigenous organic matter occurs in a few beds (Figure 4.3B). 

F8 is interpreted to be deposited in a high energy setting in supercritical flow (Cartigny et al. 

2014). This is generally associated with areas proximal sediment input points in the littoral to 

sublittoral zone. Feldspars and analcime are comparable to previous described facies. 

 F9: Cross-Stratified Sandstone  

F9 is sandstone composed of silt to medium-sand sized detrital grains. These beds have 

planar and trough cross-stratification at approximately 30-degrees. These beds are 8 centimeters 

to 0.9 meters thick. Bases of these beds are sharp or erosional. F9 sandstone grains are primarily 

composed of quartz and detrital feldspar. Carbonate cement is abundant and there is minor 

dispersed pyrite and analcime (Figure 4.5). Authigenic feldspars in the clay-size fraction are also 

present.   

F9 is interpreted to be deposited through 2D and 3D dune migration in relatively high energy 

environments (Ashley, 1990, Keighley 2008). This is generally associated in areas proximal to 
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Figure 4.3: Outcrop photos of F4 (wave ripple laminated sandstone), F8 (laminated sandstone), and F5 (current-ripple cross-

laminated). A) Wave-ripple topped fine grain sandstone bed (F4). B) Laminated sandstone bed with abundant terrigenous organic 

matter consisting of very-fine to silt size grains (F8). C) Laminated very-fine grained sandstone bed with skeletal debris, likely from 

fish (F8). D) Current ripple structures in very fine grain sandstone beds (F5). 
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Figure 4.4: A) unhighlighted and B) highlighted outcrop example of F7 (scour and fill sandstone) bed with some evidence of ripples 

(F4, F5, or F6) that are seen from mud-drapes. The base of the bed shows scouring and inclusion of mud-rips ups from grey-green 

mud (F1 and F3). This is transitional upward into some scouring, but primarily rippled sandstone. Near the top of the bed there are 

abundant larger-scale sours which are overlain by parallel laminations (F8). 

  



 

63 

 

      

A B 



 

64 

 

      

      

      

Figure 4.5: Photomicrographs showing the diversity of sandstone mineralogy in the siliciclastic 

sandstone facies. A) Very-fine, subangular quartz (Qtz) grains with pink calcite cement (CC). 

Pink color of calcite is due to alizarin red stain. B) Ooids (Oo) included with predominately 

angular quartz (Qtz) grains. C) Very-fine grained subangular sandstone with abundant calcite 

cement (CC). D) Yellow to black organic matter (Org) abundance in a very-fine grained 

sandstone with visible intergranular porosity. E) Micas, feldspars (Fsp), and subangular quartz 

(Qtz) with organic matter (Org) and calcite cement. F) Laminated sandstone showing darker mud 

dominated layers and porous very-fine grained layers of subangular quartz (Qtz). 
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Figure 4.6: QEMSCAN results from F10 (structureless sandstone) and each pixel represents a single micron. This sample highlights 

that much of the fine-grained fraction has be diagenetically altered to feldspars, plagioclase and orthoclase. Analcime and organic 

matter are present. There is a lack of apparent bedding structure on the micron level.  
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input points and a distributary network in the littoral to sublittoral zone (Olariu and 

Bhattacharya, 2006). Diagenetic feldspars and analcime are present. 

 F10: Structureless Sandstone  

F10 is sandstone composed of fine to medium siliciclastic sand grains. The beds are structureless 

or contain soft sediment deformation. These beds range in thickness from centimeters 

to 4.5 meters and basal surfaces are diffuse or gradation. Some beds have mud clasts at the base. 

F10 sandstones are primarily made up of quartz and detrital feldspars. Carbonate cement is 

abundant and there is minor dispersed pyrite, and analcime (Figures 4.5 and 4.6). Authigenic 

feldspars in the clay-size fraction are also present.  

F10 is interpreted to be sands deposited by turbidity currents and gravity settling from rapid 

deposition (Renaut and Tiercelin, 1994). This is generally associated with high depositional rates 

in the littoral to sublittoral environments. Diagenetic feldspars and analcime are present. 

 F11: Microbial Carbonates  

F11 is a lime mudstone to grain-rich bindstone with very fine laminations on the micron 

scale. The layers range between plane parallel, wavy, domal, to finger-like. Beds range from 4 

centimeters to 1 meter in thickness with sharp bases (Figure 4.7). Carbonate grains include 

clotted texture limestones and thinly laminated limestones (Figure 4.8). F11 generally occurs in 

association with F12. 

F11 is interpreted to be microbial activity that binds carbonate material in mats of 

photosynthesizing bacteria that occur in littoral to sublittoral environments (Eljalafi, 2017). One 

controlling factor of location is the bacteria’s ability to photosynthesize, so these are generally in 

shallower water. The transition between F11 and F12 is interpreted as an increase in energy. 
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Figure 4.7: Varying forms of F11 (microbial carbonates) in outcrop. A) Laterally extensive 

stromatolite microbial heads of varying heights. B) Columnar stromatolite microbial within a 

carbonate grainstone unit. C) Columnar thrombolite microbial unit. D) Stromatolite in the 

Parachute Creek Member likely in the transitional sublittoral to profundal zone due to its thin 

horizontal layering. E) Laterally extensive, thick thrombolite. This unit incorporated a high 

amount of silt into its structure. Red and white sections are 10cm each. F) Microbial unit in the 

profundal zone, encased in shales. Red and white sections are 10cm each.  
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Figure 4.8: The variety of F11 (microbial carbonate) occurrences in PPL (left) and XPL (right) 

photomicrographs. A & B) Clotted microbial texture (CT) with fenestral porosity (FP), that is 

been filled with calcite cement (CC). C & D) Stromatolite microbial with moldic porosity (MP) 

and a clotted micritic texture within the surrounding light-colored dolomite layer. E & F) a close-

up of the clotted texture (CT) in C & D showing the interplay between dark micrite (Mic) and 

light-colored dolomite (D) grains.  
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 F12: Non-Skeletal Limestone 

F12 is a lime packstone to grainstone composed of non-skeletal material. Grains include 

ooids, peloids, and pisolites (Figures 4.10A, 4.10B, 4.10C, and 4.10D). These beds often are 

overlain by, and can incorporate minor bioclast grains from F13 (Figure 4.9A). Structures in this 

facies include massive, parallel laminated and low angle cross-stratification. Mud drapes 

sometimes highlight these structures, as seen in Figure 4.9B. Bases of beds are sharp or 

erosional. Bed thickness for F12 ranges from 2 centimeters to 1.2 meters. 

F12 is interpreted as oscillatory flow in a carbonate producing environment. This deposition 

requires that this facies was deposited in the littoral environment as these grains require high 

energy to roll the grains.  

 F13: Bioclast Dominated Limestone  

F13 is a skeletal grain dominated wackestone to grainstone. Carbonate grains include 

gastropods, bivalves (Figures 4.10G and 4.10H, and ostracods (Figures 4.10E and 4.10F). 

Generally, these are structureless beds that range in thickness from 3 centimeters to 50 

centimeters. Bases of F13 are undulating or erosional. 

 F13 is commonly laterally associated with F11 and F12 as seen in Figure 4.11. 

F13 is interpreted as a carbonate shoal as a result of low to medium energy carbonate 

environment (Cole and Picard, 1978). The energy allowed for the concentration of carbonate 

grains in the littoral to sublittoral environment.  

 F14: Grey Carbonate Mudstone  

F14 is a grey carbonate mudstone composed of dolomite and limestone. There is minor silt 

input and F14 is commonly associated with non-skeletal carbonate ooid grains. Beds are  

  



 

71 

 

 

 

Figure 4.9: Examples of F12 (nonskeletal limestone) in outcrop. A) F12 and its interactions with 

F11 (microbial carbonate). These facies were often seen in association with each other with F12 

overlaying F11 (also seen in Figure 3.7A and 3.7B). B) Close-up of the same outcrop showing 

thin light grey mud layers within the ooid grainstone.  
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Figure 4.10: Photomicrographs showing F12 (non-skeletal limestone) and F13 (bioclast 

dominated limestone). Each sample is shown in PPL (left) and XPL (right). A & B) This sample 

shows a variety of concentrically laminated ooid (Oo) grains. Nucleation points in the center of 

the ooids vary between non-detectable, resulting in round ooids, and skeletal fragments (Sf), 

resulting in elongate ooids. The ooids are in calcite cement with some calcite dissolved to form 

intraparticle porosity. C & D) This sample of F12 shows ooids (Oo) with little porosity due to 

post-burial calcite cementing (CC) the ooids. The calcite cement is pink due to the alizarin red 

stain on this portion of the thin section. Ooids show concentric laminations and radial patterns. 

Nucleation of these grains on skeletal fragments is not seen as in A & B, resulting in more 

circular ooids. E & F) This sample of F13 shows an ostracod (Ost) packestone to grainstone. 

Much of the matrix area is micrite (Mic). For some of the ostracods, recrystallization has caused 

large blocky calcite grain interiors. G & H) Example of a bivalve grain in the F13 facies.   
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generally structureless to parallel laminated with diffuse bed boundaries. Beds are from 5 

millimeters to 3.2 meters thick. 

Petrographic inspection was the best way to determine between dolomite and limestone. 

However, it is difficult to discern dolomite from ferroan dolomite, and QEMSCAN proved to be 

the best in determining between these (Figures 4.11 and 4.12). These scans also showed the 

presence of diagenetic minerals, predominately plagioclase, in F14.  

F14 is interpreted as deposition of carbonate muds in low energy environments in the lake. 

This can occur in multiple zones, from profundal to littoral (Platt and Wright 1991).  

 F15: Finely Laminated Oil Shale  

F15 is a grey to black kerogen-rich dolomitic mudrock, or oil shale. There is minor silt-sized 

input. These beds are finely laminated and are from 20 centimeters to 12 meters thick with sharp 

bed boundaries. Automated mineralogy results in Figure 4.14 and petrography results displayed 

in Figures 4.13C and 4.13D. The main component of the mineralogy is organic matter along with 

dolomite, ferroan dolomite, and calcite. Minor analcime is present as well as clay-sized 

authigenic feldspars.   

F15 is interpreted as the settling of suspended material in the profundal environment and 

potentially chemical precipitation (Tӓnavsuu-Milkeviciene and Sarg 2012). The dolomite 

suggests highly alkaline waters. Light grey is likely associated with lower kerogen content while 

the black is associated with higher kerogen content. This color contrast is shown in the difference 

between Figures 4.13A and 4.13B.  

 F16: Illitic Oil Shale  

F16 is grey clay-rich shale. There is minor silt-sized input as well as areas of concentrated 

ostracods. Petrographic inspection shows that F16 contains kerogen, but less than the amount 
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Figure 4.11: QEMSCAN results from F14 (grey carbonate mudstone) and each pixel represents a single micron’s mineralogy results. 
This sample, from the Douglas Creek Member, shows a dolomite and organic matter dominated mudstone. There are little to no 

evidence of diagenetic related minerals seen. There is a lack of apparent bedding structure on the micron level. Porosity is likely due 

to surface level diagenetic effects of the outcrop 
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Figure 4.12: QEMSCAN results from F14 (grey carbonate mudstone). This particular sample, from the Parachute Creek Member, is 

primarily made up of dolomite and iron-rich dolomite. The orthoclase is likely related to diagenesis of clay material. There is also 

minor siliciclastic input of quartz and organic matter. 
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observed in F15 (Figures 16A and 16B). These beds are finely laminated and range in thickness 

from 15 centimeters to 40 centimeters. 

F16 is interpreted as the settling of suspended material in the profundal environment with the 

deposition of clays rather than all dolomitic shale (Tӓnavsuu-Milkeviciene and Sarg 2012). The 

deposits of clay have been altered, so these deposits now contain clay size feldspars that have 

replaced the clays (Figure 4.16). Figure 4.16 shows the relationship between the ferroan dolomite 

and diagenetic-related plagioclase, which make up the majority of F16. 

 F17: Laminated Silt-Rich Oil Shale  

F17 is a grey to tan shale with interbedded layers of silt (Figure 4.15C). There are lenses or 

silt to very fine sand-size quartz grains. F17 is laminated down to a micron scale (Figures 4.15D, 

4.15E). Sometimes the laminations appear to be coarsening up, as in Figure 4.15D. Thicknesses 

of this facies range from 10 centimeters to 1.5 meters with sharp bases. Kerogen is present.  

F17 is interpreted as the settling of suspended material in the profundal environment with 

distal siliciclastic turbidite influence for silt sized siliciclastics (Tӓnavsuu-Milkeviciene and Sarg 

2012). Turbidity currents resulting from high intensity storms or river floods (Buatois and 

Mángano, 1995; Johnson and Graham, 2004) transport silt sized quartz grains into the profundal 

zone and are deposited rapidly.  

 F18: Wavy-Laminated Oil Shale  

Similar to F15, F18 is a dark-grey to black kerogen-rich dolomitic mudrock, or oil shale. 

There is minor silt-sized input. These beds are finely laminated in a wavy or undulating pattern, 

matching the undulating or wavy nature of basal boundaries, and are laterally discontinuous. Bed 

thickness ranges from three centimeters to 60 centimeters. 
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Figure 4.13: Outcrop photos and photomicrographs of F15 (finely laminated oil shale). A) 

Outcrop of the Mahogany Zone showing its dark black color due to organic richness and 

resistive nature, two qualities that make this bench regionally traceable between the Uinta and 

Piceance basins. B) An organic-lean F16, showing fine laminations and resistive nature in a cliff 

outcrop. C) F16 photomicrograph in PPL showing kerogen stringers, high organic content, and 

silt-sized inputs of diagenetic feldspars. D) the same sample as C, in cross polarized light to 

highlight the abundance smaller feldspars in the fine lamina. 
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Figure 4.14: QEMSCAN results from F15 (finely laminated oil shale) each pixel represents a single micron’s mineralogy results. 
There is an abundance of organic matter matrix with carbonate rich material, primarily dolomite and iron-rich dolomite. Diagenetic 

minerals in the sample include orthoclase, plagioclase, and analcime. Note that laminations are apparent at the micron level.  Porosity 

likely due to surface level diagenetic effects of the outcrop 
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Figure 4.15: Photomicrographs and an outcrop picture of F16 and F17. A) F16 (illitic oil shale) 

showing millimeter scale laminations, abundant organic matter (Org) kerogen, and ostracod 

(Ost) fragments. B) F16 photomicrograph showing the coarser concentration of ostracods (Ost) 

and abundant kerogen (Org). C) Outcrop photo of F17 (laminated silt-rich oil shale) showing the 

laminations and the orange-colored surface diagenetic effects in the silt-rich lamina from water 

exposure. D) Photomicrograph of F17 showing the millimeter scale coarsening up packages 

common in the facies. E) Photomicrograph showing the quartz (Qtz) laminations of F17 and the 

potential for microporosity (Por) causing the blue haze over the sample from the blue epoxy.  
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Figure 4.16: QEMSCAN results from F16 (illitic oil shale). Each pixel represents a single micron’s mineralogy results. The majority 
of the sample is made of carbonate material (primarily iron-rich dolomite) and plagioclase (formed by diagenesis). The plagioclase 

makes up the light-tan colored areas in the photomicrographs of Figures 4.16A and 4.16B. Ostracod shells make up much of the 

volume percentage calcite. Porosity likely due to surface level diagenetic effects of the outcrop 
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 F18 is interpreted as the settling of suspended material in the profundal environment and 

subsequent movement of the deposit prior to final lithification. This is most likely driven by the 

distal effects of sediment gravity flows higher on the slope (Schieber, 2011, Ghadeer and 

Macquaker, 2012, Tӓnavsuu-Milkeviciene and Sarg 2012). The dolomite suggests deposition in 

highly alkaline waters.  

 F19: Soft-Sediment-Disturbed Oil Shale  

F19 is a dark grey to black kerogen-rich dolomitic shale. Laminations are apparent and have 

been disrupted to the point of overturning and micro-faulting. The beds identified were between 

30 centimeters and 50 centimeters thick. 

Similar to F18, F19 is interpreted as the settling of suspended material in the profundal 

environment and subsequent movement of the deposit prior to final lithification. F19 however 

has resulted in the deformation of the original sedimentary structures. This is most likely driven 

by the distal effects of sediment gravity flows higher on the slope (Tӓnavsuu-Milkeviciene and 

Sarg 2012). The dolomite suggests deposition in highly alkaline waters.  

 F20: Oil Shale Breccia  

F19 is a dolomitic mud matrix supported breccia with pebble to silt sized clasts. Clasts 

include organic, carbonate, and siliciclastic grain types. Kerogen content is high throughout. 

Deposits range between 10 and 20 centimeters thick and have erosional or sharp basal surfaces.  

F20 is interpreted as more proximal to the sediment gravity flow that F18 or F19 as grains 

have been introduced and primary sedimentary structures destroyed. These deposits overlay and 

are overlain by profundal deposits and are primarily dolomite, therefore F20 is associated with 

the profundal environment and is deposition is gravity driven on the slope of the lake floor (Dyni 
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and Hawkins, 1981, Gierlowski-Kordesch and Rust, 1994, Keighley and Flint, 2008, Tӓnavsuu-

Milkeviciene and Sarg 2012). 

 F21: Tuff  

F21 is a 0.5 centimeter to 17 centimeter thick, orange-tan resistive sharp-based bed of 

zeolite-rich mineralogy. F21 is interpreted as a tuff deposited from fallout of volcaniclastic 

sediments that have since been altered to zeolite minerals due to alkalinity (Smith et al. 2008, 

Chetel et al. 2011).  

 Facies Associations 

Facies associations were developed using facies’ interpretations and stratal relationships. 12 

total facies associations are identified. A complete list of facies associations is available in Table 

5.2. A depositional model of these facies associations can be found in Chapter 2 (Figure 2.4). 

 FA1: Carbonate Shoals 

FA1 includes nonskeletal limestone (F12) and bioclast dominated limestone (F13). These 

carbonate rocks are wackestones to grainstones. The occurrences are laterally extensive and 

sharp-based and range from centimeters to multi-meters in thickness. FA1 occurs laterally and 

vertically with to Microbial Carbonates (FA2) and Calcareous Mudstones (FA3).  

These carbonate wackestones to grainstone are interpreted as deposited in a high energy 

environment in carbonate shoals on the basin margin, parallel to the lake shore (Milroy and 

Wright, 2002, McGlue et al. 2010). This would indicate that FA1 was deposited in the littoral to 

sublittoral environment.  

 FA2: Microbial Carbonates 

FA2 differs slightly between the Douglas Creek and Parachute Creek members. The Douglas 

Creek Member consists of thinly laminated or massive limestones occurring due to microbial   
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Table 4.2: Facies Associations identified in the Park Mountain measured section. Facies modeled after Tӓnavsuu-Milkeviciene and 

Sarg (2012), and Tӓnavsuu-Milkeviciene et al. (2017) for consistency with measured section correlations.  

 

# 

FACIES 

ASSOCIATION DESCRIPTION FACIES EOD 

1 Carbonate shoals  Laterally extensive, sharp-based beds of 

carbonate wackestones to grainstones and coquina 

beds. Vertically associated with microbial 

carbonates (FA2) and calcareous mudstone 

(FA3).   

Nonskeletal limestone (F12), 

bioclast dominated limestone 

(F13) 

Littoral to 

sublittoral 

2 Microbial 

Carbonates 

Thinly laminated or massive limestones occurring 

due to microbial growth. Laterally extensive beds 

or discontinuous columns. Generally, overlay 

calcareous mudstones (FA3). In association with 

carbonate shoals (FA1) and can overlay delta 

(FA4) deposits.  

Microbial carbonates (F11) Littoral to 

sublittoral 

3 Calcareous 

mudstone  

Thinly laminated or massive lime mudstones 

occur as laterally extensive beds or discontinuous 

columns. Associated with carbonate shoals (FA1) 

and microbial carbonates (FA2). Encased by 

prodelta (FA4.4) deposits or oil shales (FA5, 

FA6, and FA7). Less organic content than oil 

shales (FA5, FA6, FA7).   

Nonskeletal limestone (F12), 

grey calcareous mudstone (F14) 

Littoral to 

sublittoral 

4.1 Delta, mouth bar Gradationally based (wave-dominated) or sharp 

based (fluvial-dominated), laterally continuous 

sandstone bodies. Vertically associated with delta 

front (FA4.3) deposits. Encased by delta front 

(FA4.3) or prodelta (FA4.4) deposits.  

Symmetrical-ripple cross-

laminated (F4), climbing ripple 

cross-laminated (F6), 

asymmetrical-ripple cross-

laminated (F5), cross-stratified 

(F9), laminated (F8), 

structureless (F10) 

Littoral to 

sublittoral 
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Table 4.2: Continued 

 

# 

FACIES 

ASSOCIATION DESCRIPTION FACIES EOD 

4.2 Delta, distributary 

channel 

Laterally discontinuous sandstones or heterolithic 

successions of interbedded mudstones and 

sandstones. Encased laterally by delta front (FA 

4.3) or prodelta (FA 4.4). 

Cross-stratified (F9), planar to 

low-angle laminated (F8), scour 

and fill (F7) 

Littoral to 

sublittoral 

4.3 Delta, delta front Very-fine sand-rich deposits from the proximal 

portion of areas with higher input. Vertically 

associated with delta (FA4) deposits. 

Cross-stratified (F9), 

asymmetrical-ripple cross-

laminated (F5), climbing ripple 

cross-laminated (F6), 

symmetrical-ripple cross-

laminated (F4), scour and fill 

(F7), planar to low-angle 

laminated (F8), structureless 

(F10) 

Littoral to 

sublittoral 

4.4 Delta, prodelta Mud and silt-rich deposits from the distal portion 

of areas with higher input. Vertically associated 

with delta (FA4) deposits.  

Grey-green laminated mudstone 

(F1), orange-tan laminated 

mudstone (F2), grey-green 

homogenous mudstone (F3), 

planar to low-angle laminated 

sandstone (F8), structureless 

sandstone(F10) 

Littoral to 

sublittoral 

4.5 Delta, turbidite 

lobes 

Normally graded or ungraded sandstone to 

siltstone units. Occurring basinward from other 

delta (FA4.1, FA4.2, FA4.3, and FA4.4) deposits. 

Vertically associated with laminated oil shales 

(FA6). Locally, vertically linked to soft-sediment-

deformed (FA7.1) oil shale deposits.  

Planar to low-angle laminated 

sandstone (F8), structureless 

sandstone (F10), laminated silt-

rich oil shale (F17) 

Profundal 
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Table 4.2: Continued 

 

# 

FACIES 

ASSOCIATION DESCRIPTION FACIES EOD 

5 Sandy oil shales Laminated silt-rich, kerogen-rich oil shale. 

Laterally and vertically associated with carbonate 

shoals (FA1) and microbial carbonates (FA2). 

Occur basinward from delta front (FA4.4) and 

pass laterally into laminated oil shales (FA6). 

Laminated silt-rich oil shale 

(F15), Illitic oil shale (F16) 

Profundal 

6 Laminated oil shale Laterally extensive units of laminated oil shale 

deposits formed basinward from littoral to 

sublittoral facies associations (FA1 to FA5). 

Generally diffuse contacts with carbonate 

mudstone (FA3).  

Finely laminated oil shale 

(F15), Illitic oil shale (F16), 

Wavy laminated oil shale (F18) 

Profundal 

7.1 Gravitational oil 

shale: soft sediment 

deformed oil shale 

Laterally discontinuous deposits containing soft 

sediment folds and overturned strata. Generally 

associated with oil shale breccias (FA7.2).  

Soft sediment disturbed oil 

shale (F19), Wavy laminated 

oil shale (F18) 

Profundal 

7.2 Gravitational oil 

shale: oil shale 

breccias 

Laterally discontinuous deposits of matrix 

supported breccia. Encased laterally and vertically 

by laminated oil shales (FA6) and soft sediment 

deformed oil shale deposits (FA7.1).  

Oil shale breccia (F20) Profundal 
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growth (F11). These beds occur as either laterally extensive beds or discontinuous columns 

scaling from 8 centimeters thick to 0.8 centimeters thick. FA2 occurs on top of and laterally 

associated with, and is capped by carbonate shoals (FA1) (Figure 4-9). Other common facies 

associations interbedded with FA2 are calcareous mudstones (FA3) and delta deposits (FA4.1, 

FA4.2, FA4.3, FA 4.4). In the Parachute Creek Member, this facies association occurs on a finer 

scale, beds are usually limited to centimeter scale, and grade into oil shale deposits (FA5, FA6, 

and FA7). 

Thinly laminated carbonates with domal or shrub-like structures are interpreted as microbial 

carbonate deposits (Rainey and Jones, 2009, Gierlowski-Kordesch, 2010). These deposits are 

interpreted as either stromatolites or thrombolites depending on structures (Eljalafi, 2017). 

Stromatolites with well-developed columns and domal heads are interpreted as growing in 

shallower, higher-energy waters (upper littoral zone) while the laterally continuous laminated 

deposits are likely from deeper water (littoral to sublittoral zone) (Platt and Wright 1991, Cohen 

et al., 1997, Renaut and Gierlowski-Kordesch, 2010, Swierenga et al., 2015, Eljalafi, 2017). 

Depositional units of FA2 generally occur in interpreted deepening upward cycles: carbonate 

shoals (FA1) passing into microbial carbonates (FA2) and “drowning” into laminated carbonate 

shoals (FA1) or carbonate mudstones (FA3) (Eljajafi 2017).  

 FA3: Calcareous Mudstone 

FA3 consists of nonskeletal limestone (F12) and grey calcareous mudstone (F14). These 

occur as thinly laminated or massive lime mudstones. Beds occur on a centimeter to decimeter 

scale. Generally, beds are laterally continuous, however, the facies also occur as discontinuous 

beds in association with microbial carbonates (FA2) and carbonate shoals (FA1) (Figure 4-9). 

FA3 is observed to be encased by delta (FA4.3 and FA4.4) or oil shales (FA5, FA6, and FA7).  
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The carbonate mudstones are interpreted to be deposited in a quiet environment in the lake. 

When observed in association with microbial carbonates (FA2) and the interpretation is that the 

mudstone that occurs overlying the microbial features indicates the deepening of lake waters in 

the littoral to sublittoral zone. However, when the facies occurs in association with delta (FA4.3, 

FA4.4) and oil shale deposits (FA5, FA6, FA7), FA3 is interpreted as an indication of water 

conditions in the lake, showing higher alkalinity levels and the production of carbonate mud in 

the profundal zone (Platt and Wright 1991). 

 Delta and Delta Associated Facies: FA4.1: Delta: Mouth Bar 

FA4.1 consists of several siliciclastic facies, including symmetrical-ripple cross-laminated 

sandstone (F4), climbing ripple cross-laminated sandstone (F6), asymmetrical-ripple cross-

laminated sandstone (F5), cross-stratified sandstone (F9), planar to low-angle laminated 

sandstone (F8), and structureless sandstone (F10). Sandstones are gradationally or sharp based, 

laterally continuous sandstone bodies. This association is vertically associated with other delta 

deposits (FA4.2, FA4.3, and FA4.4). 

FA4.1 is interpreted as mouth bar deposits. This interpretation is supported by the 

depositional architecture and stacking of facies. These units are laterally continuous sandstone 

bodies that are separated by finer-grained planar to low-angle laminated sandstone (F8) beds. 

The gradationally based units consist of facies F4 and F9. The sharp-based units consist of facies 

F6, F5, and F10. The symmetrical ripples indicate that the delta is at times wave-dominated 

while the climbing (Figure 4.17) and asymmetrical ripple structures indicate that the delta is 

river-dominated (Renaut and Tiercelin, 1994, Buatois and Manago, 1995, Schomaker er al., 

2010). The lower part of the Douglas Creek Member appears to have more river-dominated 
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deposits while the upper part and into the Parachute Creek Member has more wave-dominated 

deposits. Both of these deposits are interpreted as occurring in the littoral to sublittoral zone.  

 Delta and Delta Associated Facies: FA4.2: Delta: Distributary Channel  

FA4.2 consists of cross-stratified sandstone (F9), planar to low-angle laminated sandstone 

(F8), and scour and fill sandstone (F7). The beds are laterally discontinuous sandstones or 

heterolithic successions of interbedded mudstones and sandstones. Laterally, these are encased 

by delta (FA4.3, FA4.4) deposits. 

These laterally discontinuous sandstone deposits are interpreted as channels in a distributary 

network resulting from a delta (Olariu and Bhattacharya, 2006, Schomaker et al., 2010; 

Tӓnavsuu-Milkeviciene and Sarg, 2012). Given that the scour-boundaries were not sharp, and the 

lack of subaerial features, these deposits are interpreted as occurring in the more distal areas of 

the delta front, in the littoral to sublittoral environment (Tӓnavsuu-Milkeviciene and Sarg 2015).  

 Delta and Delta Associated Facies: FA4.3: Delta: Delta Front 

FA4.3 consists of cross-stratified sandstone (F9), symmetrical-ripple cross-laminated 

sandstone (F4), asymmetrical-ripple cross-laminated sandstone (F5), climbing ripple cross-

laminated sandstone (F6), scour and fill sandstone (F7), planar to low-angle laminated sandstone 

(F8), and structureless sandstone (F10). These units are sharp based and sometimes fine upward. 

Grain sizes are restricted between very fine- and silt-sized. The deposits are often aggradational 

and are associated with other delta deposits (FA4.1, FA4.2, and FA4.4). 

These deposits are interpreted as delta front. FA4.3 excludes the specifically mentioned 

mouth bars identified in FA4.1, which are identified by their bed boundary separation by F8 

while FA4.3 lacks this packaging. FA4.3incorporatesthe delta turbidites and littoral to sublittoral 

sandstones from facies associations of Tӓnavsuu-Milkeviciene and Sarg (2015). This 



 

96 

 

classification seeks to incorporate the depositional environment in association with deltaic input. 

The packages with fining-upward packages are interpreted as turbidites in the delta front that 

occur as a result of delta input in the littoral to sublittoral zone. This is supported by the fining 

upward grain size trend in the packages and the vertical relationship with FA4.1. These turbidites 

were likely the result of hyperpycnal density flows in the distal delta front (Renaut and Tiercelin, 

1994, Tӓnavsuu-Milkeviciene and Sarg, 2015). The finer-grain, silt dominated deposit with 

uniform grain size trends are interpreted to have been deposited basinward of the delta deposits 

in the delta front zone. Soft sediment deformation seen in F10 indicates post-deposition 

deformation caused by rapid deposition and subsequent de-watering of sediments (Sabato, 2007, 

Bridge and Demicco 2008). This rapid deposition suggests that these deposits formed basinward 

of delta deposits during periods of high sediment input from the fluvial system. This basinward 

zone from coarser-grain dominated delta deposits (FA4.1, FA4.2) is indicative of deposition in 

littoral to sublittoral zone. 

 Delta and Delta Associated Facies: FA4.4: Prodelta 

FA4.4 consists of grey-green laminated mudstone (F1), orange-tan laminated mudstone (F2), 

grey-green homogenous mudstone (F3), laminated sandstone (F8), structureless sandstone (F10). 

These beds are laterally extensive and occur on anywhere from three centimeter to eight meter 

scales. In the Douglas Creek Member, these are vertically associated with delta (FA4.1, 4.2, 4.3) 

deposits. In the Parachute Creek Member, FA4.4 grades into and out of sandy oil shale (FA5) 

and laminated oil shales (FA6). 

These mud and silt-rich deposits are interpreted to be the result of higher sediment input 

reaching distal edges of delta input points as prodelta deposits. These deposits are labeled 

laminate mudstones and siltstones in associations from Tӓnavsuu-Milkeviciene and Sarg (2015), 
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Figure 4.17: FA 4 (Delta) deposits in outcrop. These two beds are interpreted as FA4.1, delta mouth bars. Mouth bars are the most 

common delta associated FA in the Park Mountain measured section. This photo shows the sharp base, cross lamination, lateral 

accretion, and top having wave ripples. This interpreted further, due to these structures as a result of a wave-dominated delta mouth 

bar.  
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but have been changed to more closely relate them siliciclastic deltaic input. The interfingering 

of these deposits with rippled sands suggests deposition below storm wave base, and indicate 

deposition in the lower littoral to sublittoral zones (Smith et al. 2005, Keighley and Flint, 2008). 

However, FA4.4 occurs in association with oil shale deposits (FA6 and FA7) as well, and this 

indicates that the facies association also occurred in the profundal zones marking the times of 

highest of sediment input (Tӓnavsuu-Milkeviciene and Sarg, 2015).  

 Delta and Delta Associated Facies: FA4.5: Turbidite Lobes 

FA10 includes planar to low-angle laminated sandstone (F8), structureless sandstone (F10), 

and laminated silt-rich oil shale (F17). Units are normally graded or ungraded sandstone to 

siltstone units that fine upwards and are vertically associated with laminated oil shales (FA8). An 

example of the encased nature of FA4.5 can be seen in Figure 4.18. Locally they may be 

vertically interbedded with soft-sediment-deformed (FA7.1) oil shale deposits. 

These fining-upward units are interpreted as basinward siliciclastic turbidites lobes in the 

profundal zone (Heller and Dickinson, 1985, Tӓnavsuu-Milkeviciene and Sarg, 2015). These are 

interpreted differently from turbidites that occur in the littoral to sublittoral zone encompassed by 

the delta front (FA4.3) due to this facies association’s relationship with oil shale deposits (F5, 

F6, F7), which are interpreted as deposited in the profundal zone. These deposits are interpreted 

as the basinward occurrence of delta deposits (FA4.1, FA4.2, FA4.3, and FA4.4) due to high 

fluvial inputs reaching into the deep water, generally mud-dominated, zones (Heller and 

Dickinson, Buatois and Mángano, 1995, Johnson and Graham, 2004, Osleger et al. 2009). 
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 FA5: Sandy Oil Shale 

FA5 consists of laminated silt-rich oil shale (F15) and illitic oil shale (F16). Deposits are 

laminated silt-rich, kerogen-rich oil shales. They are laterally and vertically associated with 

prodelta (FA4.4) deposits and laminated oil shales (FA6). 

These sandy oil shale deposits are interpreted as deposition in a low-energy environment. 

Millimeter scale sedimentary structures, such as lamination and ripples, indicate that there was 

energy, while the grain size and diffuse boundaries with prodelta (FA4.4) deposits and laminated 

oil shales (F6) indicates the position down the slope from delta deposits (FA4). These 

depositional patterns and elements indicate that FA5 is near the boundary between the sublittoral 

and profundal zones (Renaut and Tiercelin, 1994, Smith et al., 2005).   

 

 

Figure 4.18: Outcrop photo of FA10 (siliciclastic turbidite). This is interpreted in this way due to 

the inclusion of rip ups at the base and the general fining upward nature of the deposit and the 

disrupted nature of bedding planes. The deposit starts at very-fine grained and grades into silt. 

The photographed example was the thickest example of this facies association. It is encased by 

FA8 (finely laminated oil shale) and is therefore interpreted as occurring in the profundal zone.  
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 FA6: Laminated Oil Shale 

FA6 includes finely laminated oil shale (F15), illitic oil shale (F16), wavy laminated oil shale 

(F18), and tuff (F21). This association occurs as laterally extensive units of laminated oil shale 

deposits. Generally diffuse contacts with carbonate mudstone (FA3) or prodelta (FA4.4) 

deposits. 

These laminated kerogen-rich shales are interpreted as profundal deposits (Tӓnavsuu-

Milkeviciene and Sarg, 2012). The distinct color-varying laminations could indicate sediment 

supply, periodic algal blooms, or flood events (Renaut and Gierlowski-Kordesch, 2010; Ghadeer 

and Macquaker, 2012). Wavy laminations (F18) indicate that mass flows from sediment gravity 

flows or storm events occurred, and effects reached the profundal zone (Schieber, 2011, Ghadeer 

and Macquaker, 2012).  

 FA7.1: Gravitational Oil Shale: Soft-Sediment-Deformed Oil Shale 

FA7.1 includes soft sediment disturbed oil shale (F19), wavy laminated oil shale (F18), and 

tuff (F21). Beds are laterally discontinuous deposits which contain soft sediment folds and 

overturned strata. FA7.1 is generally associated with oil shale breccias (FA7.2) and are vertically 

encased by laminated oil shales (FA6). 

These soft-sediment deformed shales are interpreted as the result of slide and slump deposits 

that were transported a short distance in the profundal zone (Tӓnavsuu-Milkeviciene and Sarg, 

2015).  

 FA7.2: Gravitational Oil Shale: Oil Shale Breccias 

FA7.2 includes laterally discontinuous deposits of matrix supported oil shale breccia (F20) 

and tuff beds (F21). Oil shale breccias are encased laterally and vertically by laminated oil shale 

(FA6) and soft sediment deformed oil shale deposits (FA7.1).  
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These brecciated shale deposits are interpreted as gravitational deposits in the profundal area 

(Dyni and Hawkins, 1981, Gierlowski-Kordesch and Rust, 1994, Keighley and Flint, 2008). 

Thick units have been interpreted as amalgamations of debris-flow deposits due to high-energy 

turbulent currents (Shanmugam, 2000, Arnott, 2010). 
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CHAPTER 5                                                                                                     

EVACUATION CREEK OUTCROP STRATIGRAPHY 

 Measured Sections 

Measured sections and corresponding data from Hogan (2015), Tӓnavsuu-Milkeviciene and 

Sarg (2012), and Tӓnavsuu-Milkeviciene et al., (2017) were incorporated here to create a 

representative combined section of Evacuation Creek. The facies and facies associations 

established in these were combined with the facies and facies associations created by this study, 

which are described in Chapter 5. The location of the measured sections in the Evacuation Creek 

area can be found in Figures 2-6 and 2-7.  

 White Face Butte 

Hogan (2015) and Tӓnavsuu-Milkeviciene and Sarg (2012) measured sections up White Face 

Butte. Although two different paths were taken, the sections are similar and the resulting two 

sections are used in conjunction, given their proximity. This allows combining the handheld 

spectral gamma ray survey from Hogan (2015) with the measured section of Tӓnavsuu-

Milkeviciene and Sarg (2012). The resulting combination is shown in Figure 5.1.  

 Evacuation Creek North and South Measured Sections 

Tӓnavsuu-Milkeviciene et al. (2017) has Evacuation Creek North and Evacuation Creek South 

measured sections. These sections are at stratigraphically higher intervals than the White Face 

Butte section and include the Mahogany Zone. As presented in their paper, the White Face Butte, 

Evacuation Creek North, and Evacuation Creek South measured sections are shown in Figure 

5.2. 
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Figure 5.1: Correlation of Tӓnavsuu-Milkeviciene and Sarg (2012) (left measured section) and 

Hogan (2015) (right measured section and handheld spectral gamma survey). The two sections 

were measured geographically close and line up relatively parallel. Lithology key for Hogan 

(2015) included. 

White Face Butte Measured Sections 
from Tӓnavsuu-Milkeviciene and Sarg (2012) and Hogan (2015) 
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 Park Mountain Section 

This study includes a new measured section that is north of Evacuation Creek (Figure 2.7). 

This section is approximately 200 meters thick and has handheld spectral gamma ray data similar 

to Hogan (2015). This section was measured to obtain a complete measured section with 

handheld spectral gamma data for the Evacuation Creek geographic area. The measured section 

is displayed in Figure 5.3.  

 Outcrop Correlations 

Using the previously mentioned measured sections from the Evacuation Creek geographic 

area, correlations were made between sections. The correlations used organic rich and lean zones 

as well as sequence boundaries to compare changes in the area in preparation for creation of the 

reference section. 

 Definition of Correlatable Units and Surfaces 

Distinctive oil shale units and identified sequence boundaries were used to correlate the 

outcrop measured sections. Rich and lean oil shale zones, as defined in the Piceance basin 

(Cashion & Donnell, 1972, 1974) are regional units and well defined. Sequence boundaries, as 

defined by Tӓnavsuu-Milkeviciene et al. (2017) were also used to correlate genetic stratigraphic 

packages. Considering the facies changes from littoral to profundal, the sequence boundary 

model from Tӓnavsuu-Milkeviciene et al. (2017) is shown in Figure 5.4 and described below.  

Two types of sequence boundaries, as defined by Tӓnavsuu-Milkeviciene et al. (2017) were 

identified in this project. Type 1 boundaries characterize deposits in the littoral to sublittoral 

environment. These occur at the base of delta deposits (FA4) or sharp based carbonate deposits 

(FA1 or FA2). These are followed basinwards by remaining below the basinward facies 

association delta deposits (FA4.3 and FA4.4). Type 2 boundaries characterize the sequences as 
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Figure 5.2: Photomosaic and measured sections from Evacuation Creek area: White Face Butte and Evacuation Creek are displayed 

here (from Tӓnavsuu-Milkeviciene et al., 2017). A) Evacuation Creek outcrop of the upper and middle sections of the Green River 

Formation. B) White Face Butte outcrop of the middle and upper portions of the Green River Formation. C) Larger overview of the 

White Face Butte outcrop area.
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Figure 5.3: Park Mountain measured section and associated Gamma Ray in API units. Section is 

shown at the facies association level. Facies Associations modeled after Tӓnavsuu-Milkeviciene 

and Sarg, 2012. 
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they occur in the profundal environment. The continuing sequence boundaries in this 

environment are subtle and are marked by the changes from rich oil shales to lean oil shales 

(FA5 to FA6). These boundaries are used to define the sequence boundaries in the correlations. 

The Curly Tuff was used to datum the cross section due to its consistent age of deposition and 

correlative regional extent. 

 Outcrop Correlation Results 

The correlation of outcrop measured sections is shown in Figure 5.5. These correlations were 

made to integrate the Park Mountain section into the stratigraphic framework of the Evacuation 

Creek area. Using the correlation as a guide line, a complete best-representation section is 

proposed (Figure 5.6). This section places emphasis on the Park Mountain and White Face Butte 

sections, as they were along strike of with one another and they have collected handheld spectral 

gamma data. This combined section is used for correlations into the subsurface in Chapter 6.  
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Figure 5.4: Model for depositional sequences from Tӓnavsuu-Milkeviciene et al. (2017). This model serves as a guide for identifying 

sequence boundaries in the measured sections of this study. A) Three idealized depositional cycles, of which type 1 and type 2 are 

seen in this study. Type 1 characterizes fining- and deepening-upward littoral and sublittoral deposits while type 2 characterizes 

profundal deposits without evaporites. B) Idealized depositional sequence showing characteristic deposition and relation of facies 

associations. Facies associations listed are from Tӓnavsuu-Milkeviciene et al. (2017
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Figure 5.5: Measured section correlation from Evacuation Creek area. Sequence boundaries 

developed using model from Tӓnavsuu-Milkeviciene et al., (2017). Park Mountain measured 

section and gamma ray data collected in this study. White Face Butte, Evacuation Creek North 

and Evacuation Creek South sections adapted from Tӓnavsuu-Milkeviciene et al. (2017). Gamma 

ray data from White Face Butte from Hogan (2015). Datum is on the Curly Tuff. 
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Figure 5.6: Combined section representative of the Green River Formation in the Evacuation 

Creek Area. This section is a composite section, that relies on the White Face Butte (Tӓnavsuu-

Milkeviciene et al., 2017) and Park Mountain measured sections, as these are on strike of one 

another. Gamma ray data is combined between Evacuation Creek (Hogan, 2015) and Park 

Mountain. This section spans from the Green River Tongue through the Mahogany Zone, 

encompassing approximately 390 meters or 1280 feet. 
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CHAPTER 6                                                                                                     

OUTCROP TO SUBSURFACE CROSS-SECTION CORRELATIONS 

The understanding of outcrops through facies and facies association sets the foundation for 

understanding expected mineralogy, and therefore log responses, in the subsurface as well as the 

changes seen from the littoral zone to the profundal zone. Regional cross sections were built to 

regionally examine the mineralogical changes in the southeast portion of the basin, from the 

margin to the basin center. Three cross sections of wells with calculated volume mineralogy, 

using the method outlined in Chapter 3, have been constructed. The Skyline 16 core, studied 

previously (Birgenheier and Vanden Berg, 2011, Hogan, 2015, Vanden Berg and Birgenheier, 

2017), has been incorporated to serve as the tie point between the combined measured outcrop 

section, presented in Chapter 5, with the calculated volume mineralogy wells. The measured 

section from Vanden Berg and Birgenheier (2017) is displayed in Figure 6.1. Although 

correlations with rich-lean zones have been presented by Vanden Berg and Birgenheier (2017), 

these interpretations are revised in this study, as the core only examines the Parachute Creek 

Member of the Green River Formation. 

 Marker and Rich and Lean Zone Picks 

The three cross sections were interpreted and correlated using marker units, rich and lean 

zones, and sequence boundaries. In previous studies, the intervals were defined by the tops that 

oil and gas companies use in portions of the basin, as presented in Hogan (2015). In contrast, this 

study focuses on the characterization of rich-lean zones and lake stages while incorporating 

Green River lacustrine sequence stratigraphy, as presented by Tӓnavsuu-Milkeviciene et al. 

(2017). The rich and lean zones and sequence boundary picks are presented and explained in the 

following section.  



 

114 

 

 

Figure 6.1: Skyline 16 core description modified after Vanden Berg and Birgenheier (2017). 

Track one rich and lean zones are shown as interpreted in the publication, and are correlated 

differently for this study, as the understanding of this core has evolved. Track two shows the oil 

yield from Fischer Assay. Track three shows the gamma ray (blue) and resistivity (red) logs 

while track four shows the caliper (green) and bulk density (red). The fifth track is the published 

core description.   
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 Wasatch 

The Wasatch top was chosen based on the transition from the alluvial and fluvial deposition 

of the Wasatch Formation to the first lacustrine incursion of the basin. This pick was made based 

on a high gamma ray spike and increase in neutron porosity. An example of this pick is shown in 

Figure 6.2. This pick was made prior to the calculation of RHOmaa and Umaa values and served 

as the basal surface for calculating mineralogy above this formation.  

 Uteland Butte 

The Uteland Butte is the lowest member of the Green River Formation and is considered the 

first incursion of lacustrine deposition in the basin. The Uteland Butte consists of basin-centered 

dolomite-rich carbonates (Johnson 1984). The top of the Uteland Butte dolomitic unit occurs at 

the base of a siliciclastic package, termed the Wasatch Tongue.  

In the outcrop at White Face Butte, this unit is described as a limestone- and dolomite-rich 

grainstone with thin interbedded sands and muds (Figure 5.6). This mineralogical understanding 

of the Uteland Butte guided the subsurface picks. This pick was correlated using the RHOmaa-

Umaa results. The top of the Uteland Butte marks a dramatic increase in the volume of dolomite, 

as shown in Figure 6.2. The Uteland Butte has a consistent gamma ray signature throughout the 

basin where the gamma values are lower and become more blocky towards the center of the 

basin (west) indicating the lowest clay volume. The Uteland Butte gamma values increase and 

becomes less blocky towards the top of the interval, and have higher clay volume (Figure 6.2). 

The interval increases in thickness to the west into the basin. 
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WEST    EAST 

 43047510130000 43047520920000 43047504880000 

 
 

 

 

Figure 6.2: Enlarged correlations between 43047510130000, 43047520920000, and 

43047504880000 to illustrate the nature of tops picked in the basin. Cross section flattened on 

Uteland Butte to best display nature of contacts. The Wasatch pick denotes large gamma ray high 

spike and overall increase in neutron porosity. The Uteland Butte picks the top of the high 

dolomite volume and low gamma ray volumes and thickens to the west. The Wasatch Formation 

shows blocky, low gamma values for sands and high gamma values for shaley intervals. The 

Long Point bed is regionally correlative, between two high gamma spikes with high neutron 

porosity values. The Long Point is also dominantly made up of carbonate material (80% or 

greater). 
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 Wasatch Tongue 

Uteland Butte is overlain by an incursion of alluvial sediments known as the Wasatch 

Tongue within the study area (Johnson 1984). In the outcrop at White Face Butte, this interval is 

dominated by paleosols and isolated fluvial channels (Figure 5.6). This is reflected in the 

calculated mineralogy as it is dominated by high clay volumes and isolated sections of high 

quartz content, up to 30 feet thick. The base of this section is the Uteland Butte, marked in the 

subsurface by a signifigant drop in dolomite percentage. The zone increases in thickness into the 

basin, and has a variable gamma signature with blocky low values associated with higher quartz 

volumes and high values associated with the higher clay volumes (Figure 6.2). The neutron 

porosity is high when associated with higher quartz volumes and lower when associated with 

high clay volumes. Density is relatively constant, and when values decrease it is an indicator of 

washouts, indicated by black bars in Figure 6.2. The top of the Wasatch Tongue is marked by the 

an increase in total carbonate volume percent above the Wasatch Tounge and a high gamma ray 

spike. 

 Long Point Bed – Castle Peak 

The Long Point bed overlays the Wasatch Tongue and represents a carbonate bed that marks 

a transgression throughout both the Uinta and Picance basins (Johnson, 1985). This bed is 

determined to be equivalent to the Castle Peak Marker, which is used by several companies that 

operate in the Uinta basin. This interval is a productive reservoir in many parts of the basin 

(Ryder et al., 1976). This bed at White Face Butte is composed of a skeletal grainstone 

comprised mainly of ostracods and gastropods (Hogan, 2015). In the subsurface, the Long Point 

Bed is defined by two high gamma peaks and has high neutron porosity. The calculated 

mineralogy also shows that 80 to 100% of this interval is carbonate material (Figure 6.2).  
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 Black Shale – Rich Zone 0 (R0) 

The Long Point bed is overlain by Green River sediments of the Black Shale facies, an 

organic rich mudstone unit (Picard, 1955, Johnson, 1984, Hogan, 2015). This is often identified 

as the first organic rich zone (Rich Zone 0 or R0) of the alternating rich and lean zones of the 

formation. The base of the zone is the Long Point Bed. In the outcrop, this interval is a dark grey 

to black shale with high organic content. This varies between mudstone and shale, and is highly 

laminated (Hogan, 2015) (Figure 5.6). This lamination is evident in the subsurface as there are 

many washouts (Figure 6.3). In the subsurface, the unit is denoted by a relatively consistent 

gamma ray value, and has a high neutron porosity value and low density value. The unit is also 

primarily composed of carbonate material and shale, with very little quartz input. The top of the 

section is marked by a decrease in neutron porosity, increase in density, and onset of quartz input 

above the unit. The Black Shale unit thickens into the basin.  

 Lean Zone 0 (L0) 

Lean Zone 0 (L0) is marked by siliciclastic input in both the outcrop and subsurface over the 

Black Shale. In outcrop at White Face Butte, this section is difficult to discern between the rich 

and lean zones, due to high siliciclastic input from the margins of the basin diluting the rich 

zones. (Figure 5.6). In the outcrop this zone is siliciclastic dominated and at White Face Butte it 

is a fluvial channel that cuts into R0. In the subsurface, this siliciclastic input, through volume 

quartz percentages, is the driving factor for picking the base and top of L0. The zone has a 

consistent gamma and resistivity value with a decrease in neutron porosity and an increase in 

density (Figure 6.3). This unit shows thickening into the basin, as seen between wells 

43047510130000 and 43047520920000 in Figure 6.3. 
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Figure 6.3: Enlarged correlations between 43047510130000, 43047520920000, and 

43047504880000 to illustrate the nature of tops picked in the basin. Cross section flattened on 

Long Point bed to best display nature of contacts. R0 (Black Shale) interval has a relatively 

narrowly varying gamma, high neutron porosity value, and low density value of mainly 

carbonate material and shale. Note that L0 has consistent volume quartz percentages between 

wells, that provides criteria for the top and base picks of L0. R1 is unique due to its neutron-

density response; decrease in density and increase in neutron porosity at the base, followed by an 

increase in density and decrease in neutron porosity, and finally reverting to the base-like 

density-neutron values. L1 has a lower neutron porosity and higher density, while also showing 

calculated mineralogy with less dolomite that R1. R2 shows an increase in dolomite.   
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 Rich Zone 1 (R1) 

Rich Zone 1 (R1) overlies L0 and shows a decrease in siliciclastic input. This zone’s basal 

surface is marked by a gamma signature with two small low peaks, spaced approximately 20 feet 

apart. This signature was apparent in both the outcrop gamma collected at White Face Butte as 

well as in the wells from marginal to basin-centered (Figure 5.6). In outcrop, it is difficult to 

distinguish this zone due to proximity to the margin and siliciclastic input, but the top and base 

were defined by the handheld spectral gamma survey. In the subsurface, the basal surface has a 

thin bed with high dolomite volume percent (Figure 6.3). There is a sudden decrease in density 

and increase in neutron porosity at the base, followed by an increase in density and decrease in 

neutron porosity, and finally reverting to the decreased density and increased neutron porosity at 

the top of this zone (Figure 6.3). The sharp gamma ray increase at the top of this unit is also 

persistent throughout the correlations into the basin. 

 Lean Zone 1 (L1) 

Lean Zone 1 (L1) overlays R1 and has an increase in quartz. In outcrop at White Face Butte, 

this zone is mainly mudstones and siltstones, with a few sandstone interbeds that are under 5 

meters in thickness (Figure 5.6). In the subsurface, the base of this zone shows higher density 

and lower neutron porosity values with a sharp increase in gamma (approximately 45 API) near 

the margins that tapers to a smaller increase in gamma (approximately 10 to 15 API) near the 

basin center (Figure 6.3). This unit has a higher quartz percentage than R1, and the top of the 

unit is below an increase in dolomite volume percentage (Figure 6.3) that defines the base of R2. 

 Rich Zone 2 (R2) 

Rich Zone 2 (R2) overlies L1. In the outcrop, this unit is primarily mudstone (Figure 5.6), 

however, it is difficult to determine this zone in outcrop, as it is proximal to sedimentary input. 
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The basal surface of R2 was determined by the gamma signature from the handheld survey 

(Figure 5.6) and is consistent throughout the basin, as seen in Figure 6.3. The density through the 

zone is not much lower than L1, but the neutron porosity increases. There is an increase in 

dolomite overall and there are thin primarily limestone beds scattered throughout this section.  

  Lean Zone 2 (L2) 

Lean Zone 2 (L2) overlays R2, and is one or the more difficult zones to pick. In the outcrop, 

there is no clear gamma signature associated with this zone, and with the lack of rich-zone 

development along the margins, it is difficult to identify L2 in outcrop or the subsurface. From 

Tӓnavsuu-Milkeviciene et al. (2017), the outcrop description of L2 is mainly composed of FA4 

(Delta) deposits. In the subsurface, the correlation attempts to pick a basal surface that has an 

increase of quartz volume percent and incorporates the understanding that  

For L0 and L1, the zone should show a higher density and lower neutron porosity values as 

compared with R2 (Figure 6.4). This unit has a higher quartz percentage than R2 and matches the 

neutron and density changes in L1. The top of the unit is defined below a thin limestone bed that 

has a sharp neutron and density log change (Figure 6.4).  

 Rich Zone 3 (R3) 

Rich Zone 3 (R3) overlays L2, and is picked based on a similar approach to R2. R2 and R1 

show an increase in neutron porosity and a decrease in density. There interval shows shifting 

neutron porosity with a low beteen two highs. This was used as the criteria for subsurface picks, 

due to the outcrop lacking a clear R3 zone. The identified and inferred R3 zone at White Face 

Butte was primarily mudstones and carbonate grainstones (Figure 5.6). There appears to be a 

higher carbonate percentage for R3 than surrounding lean zones, adding confidence to the R3 

base (L2 top) and the top R3 pick (Figure 6.4).   
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WEST    EAST 

 43047510130000 43047520920000 43047504880000 

 
 

 

 

Figure 6.4: Enlarged correlations between 43047510130000, 43047520920000, 

43047504880000 to illustrate the nature of tops picked in the basin. Cross section flattened on 

Rich Zone 2 (R2) to best display nature of contacts. Note that L2 shows an increase in quartz 

volume percent, and the base and top are chosen, based on a higher density and lower neutron 

porosity values. There is a higher carbonate percentage for R3, which supports its top and base 

picks given that the White Face Butte outcrop is carbonate rich. L3 sees an increase in quartz and 

decrease in dolomite.  
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 Lean Zone 3 (L3) 

Lean Zone 3 (L3) is above R3. This unit is distinguished in outcrop in both the Park 

Mountain and Evacuation Creek Sections. It is mainly composed of FA4 (Delta) deposits in 

these marginal environments. In the subsurface, there is also an increase in quartz, which was 

used in conjunction with neutron and density to pick the base and top of L3 (Figure 6.4). The 

base of L3 is marked by a limestone bed and a decrease in neutron porosity and increase in 

density. This neutron and density trend remains consistent through the section (Figure 6.4). The 

zone is primarily limestone and quartz. The top of L3 is defined as below a regional carbonate 

bed that is correlative across the study area. In this zone, the gamma curve shows evidence of 

blocky, clean gamma as well as potentially fining upward or cleaning upward log signatures 

(Figure 6.4).  

 Rich Zone 4 (R4) 

Rich Zone 4 (R4) overlies L3 and has a unique gamma log signature that can be correlated from 

the outcrop into the subsurface. In the Park Mountain outcrop, R4 is mainly composed of 

mudstones and carbonate grainstones and microbialites (Figure 5.6). There is very little shale in 

this zone, but it is dominated by laminated mudrocks. The handheld spectral gamma survey is 

correlative with the gamma collected for the Skyline core and the well logs, making this a well-

defined zone. In the subsurface, the base of R4 is marked by a limestone bed that can be 

followed regionally. The mineralogy is primarily limestone at the base, with increasing volume 

percentages of dolomite until the top of the zone is primarily dolomite. The density decreases 

and the neutron porosity increases in this section, going through multiple increases of neutron 

porosity and decreases of density, paired with an increase in resistivity (Figure 6.5). The top of 

R4 occurs at the base of a sharp increase in gamma ray, a decrease in resistivity, a decrease in 
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WEST    EAST 
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Figure 6.5: Enlarged correlations between 43047510130000, 43047520920000, and 

43047504880000 to illustrate the nature of tops picked in the basin. Cross section flattened on 

Lean Zone 3 (L3) to best display nature of contacts. A regionally correlatable limestone bed 

occurs at the base of R4 and the zone consists of limestone at the base with an increasing trend of 

volume dolomite until the top of the zone is primarily dolomite. The base of L4 is marked by a 

decrease in dolomite, increase in gamma ray, decrease in resistivity, decrease in neutron 

porosity, and increase in density. The L4 interval is primarily calcite. R5 shows an abrupt 

increase in dolomite at its base and shows increase in neutron and decrease in density values. 

  

0            20 
 

0.45     0.15 
 

1.95     2.95 
 

D
E

P
T

H

0            20 
 

0.45     0.15 
 

1.95     2.95 

PE 
 

Neutron 
 

Density  
GR Resistivity 

% Clay 
 

% Quartz 
 

% Limestone 
 

% Dolomite 
 

% Porosity 

GR
 

D
E

P
T

H

% Clay 
 

% Quartz 
 

% Limestone 
 

% Dolomite 
 

% Porosity 

Resistivity 

PE 
 

Neutron 
 

Density 

Resistivity GR

% Clay 
 

% Quartz 
 

% Limestone 
 

% Dolomite 
 

% Porosity 

0            20 
 

0.45     0.15 
 

1.95     2.95 

PE 
 

Neutron 
 

Density 

D
E

P
T

H

0           200 
 

0           200 0.2      2000 0.2      2000 0           200 0.2      2000 

L3 L3 

L4 

R5 



 

125 

 

neutron porosity, and an increase in density (Figure 6.5). This also corresponds to a sharp 

decrease in dolomite. 

 Lean Zone 4 (L4) 

Lean Zone 4 (L4) overlies R4, and is marked by a decrease in dolomite and increase in clay. 

In the outcrop, L4 is primarily made up of FA4 (delta deposits). L4 is the deepest complete zone 

that can be identified in the Skyline 16 core (Figure 6.1) and shows that this zone is primarily 

siltstone to sandstone. In the subsurface the mineralogy is predominately calcite, which could be 

because of cementation. The basal surface shows a decrease in dolomite, increase in gamma ray, 

decrease in resistivity, decrease in neutron porosity, and increase in density (Figure 6.5). The 

mineralogy, in particular, causes L4 to stand out and the top is a clear increase in gamma and 

increase in dolomite. 

 Rich Zone 5 (R5) 

Rich Zone 5 (R5) overlies L4 and is a transition back into mudstone and dolomite. In the 

outcrop and core, R5 is primarily mudstones, shales, carbonate grainstones, and microbialites 

(Figure 5.6). With the outcrop and core information, the correlations are clearer by utilizing 

Skyline 16’s gamma ray, density, and resistivity curves (Figure 6.1). The subsurface shows an 

increase in dolomite at the basal surface, decreased gamma, decrease in density, and increase in 

neutron porosity (Figure 6.6). Within the zone, the calculated mineralogy shows concentrations 

of thin dolomite-rich beds and an increase in resistivity up the zone. The gamma stays relatively 

low, and the increase at the top marks the transition into Lean Zone 5 (Figure 6.6) 

 Lean Zone 5 (L5) 

Lean Zone 5 (L5) overlies R5. In the Park Mountain outcrop and Skyline 16 core, L5 

contains the last very fine-grained sandstones in the Green River before transitioning upward to  
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Figure 6.6: Enlarged correlations between 43047510130000, 43047520920000, and 

43047504880000 to illustrate the nature of tops picked in the basin. Cross section flattened on 

Mahogany Marker (M) to best display nature of contacts. L5 has a decrease in dolomite, but is 

still predominately carbonate and clay. The top of R6 is chosen based on the neutron-density 

shift to the right, and R6 is dolomite rich. L6 and B-Groove (BG) show decreases in dolomite, 

but B-Groove is separated from L6 as it has no significant dolomite and L6 does incorporate 

dolomite.  The interval from the top L6 to the Mahogany Marker (M) is predominately dolomite 

with a significant decrease in density.  
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mudstones and siltstones. In the subsurface, there is very little quartz in comparison to calcite 

and clay. The base contact in the subsurface is marked by an increase in neutron porosity and a 

decrease in density which then change through the section (Figure 6.6). The density increases 

and the neutron porosity decreases (Figure 6.6). The top is below an increase in dolomite volume 

percentage and below another increase in neutron porosity and decrease in density (Figure 6.6).  

 Rich Zone 6 (R6) 

Rich Zone 6 (R6) lies above L5. This zone in outcrop is predominately laminated mudrocks 

and oil shales. In the subsurface this zone’s basal contact is marked by a decrease in gamma ray, 

increase in neutron porosity and decrease in density (Figure 6.6). In contrast to L5, R6’s neutron 

and density values become more extreme, as density decreases more and neutron porosity 

increases up through this zone due to an increase in organic matter content (Figure 6.6). R6 

contains high dolomite volumes. The top of this zone is marked by decrease in gamma ray, 

decrease in neutron porosity, and increase in density (Figure 6.6).  

 B-Groove (BG) 

The B-Groove (BG) overlies the R6 and is considered the basal part of Lean Zone 6. The 

BG, in outcrop and core, marks the transition between laminated mudstones to dominantly oil 

shales (Figure 5.6). In outcrop, the BG is made up of laminated mudstones and organic lean oil-

shales (Figure 5.6). This unit is distinct in the subsurface, as its mineralogy is predominately 

limestone. This mineralogy result is consistent throughout the basin and the neutron porosity and 

density relationship is consistent as well, with lower relative neutron porosity and an increase in 

density (Figure 6.6). The top is marked by an increase in dolomite above the B-Groove (Figure 

6.6).  
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 Lean Zone 6 (L6) 

Lean Zone 6 (L6) is above the B-Groove and consists of the dolomite-rich lean oil-shales of 

L6 as well as the BG. This zone is evident by a low gamma with two high gamma peaks that 

determine the base and top of L6 (Figure 6.6.) 

 Mahogany Marker (M) 

The Mahogany Marker (M) is prominent in both log response and outcrop. In outcrop, these 

are black laminated organic-rich oil shales that are resistant to weathering. In Figure 6.6 the log 

response is a high gamma spike coupled with an increase in neutron porosity and decrease in 

density due to high organic matter content in the mahogany zone. The Mahogany Marker 

interval is a part of Rich Zone 7. The interval generally has high dolomite values with some 

quartz and calcite (Figure 6.6).  

 Sequence Boundary Picks  

Sequence boundaries based on Tӓnavsuu-Milkeviciene et al., (2017) have been picked on the 

outcrop and core descriptions and correlated into the basin on the 18 correlated wells. Fifteen 

sequence boundaries were identified with many aligning with rich and lean zone tops while 

others falling within rich and lean zones. Sequence boundary picks and their identifying features 

are presented in Table 6.1.  

In general, the trends showed that SB1-SB5 had sequence boundaries below sands or 

limestone on top of high clay volumes. These are in the Lower Green River, and this section has 

been documented to have higher clay preservation, generally illite, than higher in the section. 

These well log derived sequence boundaries are interpreted to correlate to sharp based sands on 

top of less altered clay, like what is seen by the type one sequence boundaries in outcrop. The 

sequence boundaries in the upper portion, such as SB12 to SB15 show dolomite bases and 
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limestone or quartz above. Given that the dolomite content is higher in organic rich zones than 

organic lean zones, these changes are interpreted as sequence boundaries that occur at the top of 

organic rich units and are overlain by organic lean zones. This reflects the type two sequence 

boundaries observed from outcrop. This methodology shows that these surfaces can be correlated 

into the subsurface, and the contacts reflect a change in the environment of deposition, either 

proximal to input points or in the distal mudrock dominated lake. 

 Cross Sections 

Three sub-regional cross-sections have been compiled using the tops and sequence 

boundaries defined previously and are correlated across 18 wells in the eastern portion of the 

basin. Well locations are shown in Figure 6.7. Well information is summarized in Appendix A. 

A northern east to west-oriented cross section (A-A’) was constructed to tie from the eastern 

outcrop, through the Skyline 16 core, and east into the center of the basin, which is presented in 

Figure 6.8. These wells were correlated into a north to south-oriented cross section and are 

presented in cross-section B-B’ (Figure 6.9). These were then utilized to create a southern east to 

west-oriented cross section (C-C’), located closer to the southern margin of the basin (Figure 

6.10). Due to the paleogeomorphic geometry of this lacustrine basin, all cross-sections have an 

element of dip (Figure 1.1, Figure 2.2). Each cross section includes sequence boundaries (red) 

(from Table 6.1) and rich and lean zone tops (black) (described in section 6.1).
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Table 6.1: Sequence boundaries identified in outcrop and subsurface. Well log examples taken from 43047508010000. Track one is 

gamma with 0 API on the left and 200 API on the right. Track two is depth in feet. Track three is Resistivity on a logarithmic scale, 

0.2 on the left and 2,000 ohms on the right. Track 4 is photoelectric log in yellow, density in red, and neutron in blue. Note the scale 

for track 4 is 0 to 20 for PE,  (all values left to right). Track five is the RHOmaa-Umaa calculated volume mineralogy. Grey is clay, 

yellow is quartz, blue is limestone, and purple is dolomite. Red lines indicate the identified sequence boundary in the examples. 

Sequence boundaries were identified using Tӓnavsuu-Milkeviciene et al., (2017). Sequence boundaries have been numbered according 

to order of deposition, with SB1 the oldest and SB15 the youngest.  

# 

RICH/ 

LEAN 

ZONE 

WELL LOG EXAMPLE 

43047508010000 

SUBSURFACE 

CALCULATED 

MINERALOGY 

OUTCROP 

LITHOLOGY 

ABOVE BELOW ABOVE BELOW 

SB15 Top R6 

 

Limestone Dolomite Lean Oil 

Shale 

Rich Oil 

Shale 

SB14 Within 

L5 

 

Quartz-

Limestone 

Dolomite Sandstone Mudstone 

SB13 Top R5 

 

Quartz-

Limestone 

Dolomite Lean Oil 

Shale 

Rich Oil 

Shale 

SB12 Within 

R5 

 

Quartz Dolomite Deltaic 

Sand 

Lean Oil 

Shale  

SB11 Top R4 

 

Clay Dolomite Deltaic 

Sand 

Mudrock 
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Table 6.1: Continued 

# 

RICH/ 

LEAN 

ZONE 

WELL LOG EXAMPLE 

43047508010000 

SUBSURFACE 

CALCULATED 

MINERALOGY 

OUTCROP 

LITHOLOGY 

ABOVE BELOW ABOVE BELOW 

SB10 Within 

R4 

 

Quartz-

Limestone  

Dolomite Carbonate 

grainstone 

Mudrock 

SB9 Within 

L3 

 

Quartz Dolomite 

Limestone 

Deltaic Sand Mudrock 

SB8 Within 

L3 

 

Quartz Lime 

mudstone 

Deltaic Sand Mudrock 

SB7 Top R3 

 

Quartz Limestone Deltaic Sand Mudrock 

SB6 Top L2 

 

Dolomite Quartz Deltaic Sand Mudrock 

SB5 Top R2 

 

Quartz Limestone Deltaic Sand Mudrock 
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Table 6.1: Continued 

# 

RICH/ 

LEAN 

ZONE 

WELL LOG EXAMPLE 

43047508010000 

SUBSURFACE 

CALCULATED 

MINERALOGY 

OUTCROP LITHOLOGY 

ABOVE BELOW ABOVE BELOW 

SB4 Within 

L1 

 

Quartz Clay Deltaic Sand Mudrock 

SB3 Top R1 

 

Quartz Dolomite Deltaic Sand Mudrock 

SB2 Top 

Black 

Shale 

(R0)  

Quartz Clay Deltaic Sand Mudrock 

SB1 Top 

Wasatch 

Tongue 
 

Limestone Clay Carbonate 

Marker- Long 

Point Bed 

Alluvial 

Sediments 
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Figure 6.7: Base map showing state and country boundaries, creeks and rivers, major roads, cities, and the location of the wells, core, 

and outcrop used in the cross-sections. Wells listed by API numbers. 
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Figure 6.8: A to A’ cross-section incorporating the Uteland Butte Member through the Mahogany Marker. This cross-section spans 

from the eastern edge of the basin (right side) with outcrops from the Evacuation Creek measured section, through the Skyline 16 

core, and into the center of the basin towards the west (left side). Figure 6.7 shows the location of the included wells, which have API 

numbers listed above and distance between wells listed above the tracks of the cross-section. Each subsurface well has five tracks. 

Track 1 is gamma with 0 API on the left and 200 API on the right. Track 2 is depth in feet. Track 3 is Resistivity on a logarithmic 

scale, 0.2 on the left and 2,000 ohms on the right. Track 4 is photoelectric log in yellow, density in red, and neutron in blue. Track 5 is 

the RHOmaa-Umaa calculated volume mineralogy. Grey is clay, yellow is quartz, blue is limestone, and purple is dolomite. Red lines 

indicate the identified sequence boundary in the examples. Rich and lean zones, Long Point Bed, Wasatch Tongue, and Uteland Butte 

interval are identified to the right of each well and between the three eastern wells. Note the thickening of units from right to left, 

margin to basin.  
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A NORTHERN WEST-EAST CROSS SECTION A’ 
WEST EAST 

 

  

Tops and Markers 

UB – Uteland Butte  L3 – Lean Zone 3 

WT – Wasatch Tongue  R4 – Rich Zone 4 

LP – Long Point Bed  L4 – Lean Zone 4 

BS – Black Shale (R0)  R5 – Rich Zone 5 

L0 – Lean Zone 0   L5 – Lean Zone 5 

R1 – Rich Zone 1   R6 – Rich Zone 6 

L1 – Lean Zone 1   BG – B-Groove 

R2 – Rich Zone 2   L6 – Lean Zone 6 

L2 – Lean Zone 2   M – Mahogany Marker 

R3 – Rich Zone 3 
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Figure 6.9: B to B’ cross-section incorporating the Uteland Butte Member through the Mahogany 

Marker. This cross-section spans from north in the basin (left side) towards the southern basin 

margin (right side). Figure 6.7 shows the location of the included wells, which have API 

numbers listed above and distance between wells listed above the tracks of the cross-section. 

Tracks and colored units are as in Figure 6.8. Note the thickening of units from left to right, more 

basin centered to more marginal.   
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Figure 6.10: C to C’ cross-section incorporating the Uteland Butte Member through the 

Mahogany Marker. This cross-section spans from north in the basin (left side) towards the 

southern basin margin (right side). Figure 6.7 shows the location of the included wells, which 

have API numbers listed above and distance between wells listed above the tracks of the cross-

section. Tracks and colored units are as in Figure 6.8. Note the thickening of units from right to 

left, from a marginal to a more basin centered location. Also note the higher volumes of quartz in 

C to C’ than A to A’. 
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CHAPTER 7                                                                                                         

DISCUSSION 

Integration of calculated mineralogy using the RHOmaa-Umaa methodology with outcrop and 

core observations, and XRD and QEMSCAN analyses has resulted in detailed, lithofacies-based, 

chronostratigraphic correlations of wells in the eastern Uinta basin. Sequence boundaries were 

identified in outcrop and correlated into the basin to construct a stratigraphic framework for the 

Green River Formation.  

Outcrop work on the Park Mountain measured section has resulted in the combined measured 

reference section and complete handheld spectral gamma survey for the Evacuation Creek area 

(Figure 5-6). This section allowed for rich and lean zones to be described and characterized in 

outcrop, from the Uteland Butte Member through the Mahogany Zone. The Douglas Creek 

Member section was dominated by deltaic deposits that overprinted the distinction between 

organic rich and organic lean zones. The only clear rich zone that is identifiable in outcrop is R0, 

Black Shale. Given that the rich and lean zones were developed in the Piceance basin, the 

overprinting of these signatures by deltaic input suggests that there are more fluvial inputs in the 

Eastern Uinta basin in the Douglas Creek member than in the Piceance basin where the rich and 

lean zones were identified. However, the Parachute Creek member has clearly identifiable 

organic rich and organic lean zones (R5 through the Mahogany Zone) as seen in Figure 2-5. This 

supports that over time the lake level rose, decreasing the fluvial input to the Evacuation Creek 

area as the margin stepped back, and eventually joined with the Piceance basin. 

Using the sequence stratigraphic model from Tӓnavsuu-Milkeviciene et al. (2017), sequence 

boundaries were picked from the measured section. For the Douglas Creek Member, these 
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sequence boundaries occurred at the base of sharp-based deltaic sandstones which overlie grey-

green mudstones. This is consistent with the proposed type one sequence boundary from their 

paper that occurs in the littoral to sublittoral environment. In the Parachute Creek Member, the 

sequence boundaries occur at the base of an organic lean oil shale and on top of a rich oil shale. 

This is consistent with the proposed type two sequence boundary that occurs in the sublittoral to 

profundal environment. Throughout the combined measured section there in an interpreted 

sequence boundary at the top of each rich zone. The rich and lean zones are interpreted to be 

associated with changing lake level (Tӓnavsuu-Milkeviciene et al., 2017) and conditions during 

lake level falls and lowstands is accompanied by wind-blown silt and a reduction in organic 

productivity resulting in lean oil shale zones.   

From the Park Mountain measured section, samples were collected for mineralogical 

evaluation. Originally, the focus was to examine the types of clays in the formation and the 

amount of variation through the Green River Formation. This would help to set a “mixed-clay 

point” for using Cluff et al. (2015)’s approach to RHOmaa-Umaa calculations. However, 

through thin section analysis and automated mineralogy, it was apparent that the mineralogy was 

far more complex than clay, calcite, dolomite, and quartz. Analcime was present in varying 

concentrations throughout the samples examined. Unlike its zeolite occurrence, which confines 

analcime to tuffs, this mineral occurred in mudrocks, shales, sandstones, and tuffs. Examples of 

analcime in thin section are shown in Figure 7.1 and analcime from automated mineralogy 

results can be found in Chapter 4. Analcime is the result of diagenetic alteration of tuffaceous 

material in alkaline waters (Surdam and Parker, 1972).  
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Figure 7.1: Analcime seen in thin sections. A) Mudstone with multiple white analcime rings, 

some with a porous open centers. This sample is from the Douglas Creek Member. B) Analcime 

occurrence within an oil shale from the Parachute Creek Member. 

  

A 
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QEMSCAN also revealed a high concentration of feldspars throughout the sandstones, 

carbonates, and mudrocks. Many feldspars in the sandstones were identified as detrital feldspar 

grains (Figure 7.2). This was not the case for mudrocks and carbonates and the high-volume 

percentage of feldspars in the sandstones could not be entirely explained by petrographically 

visible feldspar grains. The automated mineralogy was run at a micron resolution, allowing 

identification of authigenic feldspars. In addition, there was very little clay content in the 

mudrocks, and when there was, it was dominantly illite and from the Douglas Creek Member. 

This is likely due to the diagenesis of clays and their subsequent alteration to clay-size feldspars 

(Boak and Poole, 2015).  

 

 

Figure 7.2: Example of detrital feldspars (Fsp) identified in thin section. This is an example of 

FA4.1 (Delta Mouth Bar).  

 

Fsp 
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The high-volume content of diagenetic feldspars is a problem for the RHOmaa-Umma ternary 

diagram. Figure 3.5 shows the proximity of potassium-rich feldspars to the quartz end-point. 

This means that data from the logs will drift towards this point when they have high volumes of 

diagenetic feldspars. When the RHOmaa and Umaa values for wells are plotted, it becomes 

evident that many points are pulled to this zone (Figure 7.3). These feldspars cannot be 

eliminated therefore volume quartz for the subsurface wells may be either indicative of quartz or 

clays that have been altered to feldspars.  

This complex mineralogy serves to complicate the RHOmaa-Umaa calculation methodology 

described in Chapter 3. The second major complication to the RHOmaa-Umaa methodology 

proposed is the high volume of organic matter in the formation. This organic matter has a low 

density, which lowers the bulk density value in the RHOmaa calculation. Although the 

photoelectric effect minimizes the impact, the bulk density will be lower in the organic rich 

zones. This will change where the points plot. Other issues that need to be addressed in using this 

methodology are bad borehole conditions and the potential error in normalizing the data without 

adequate XRD information. 

To address the clay-size authigenic feldspars, zoning for clay properties has been proposed by 

this study. Through zoning the well logs using distinctive well log responses, and careful 

evaluation of clay density and photoelectric effect, much of the feldspar portion is accounted for 

in the volume clay portion. High gamma was used for determining overall volume of clay, and 

neutron-density relationship was used to assess if the gamma was behaving properly. This 

method allows for more accurate determination of quartz, calcite, and dolomites, with the added 

understanding of the mineralogy of the clay volume.  
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Figure 7.3: RHOmaa-Umaa plot showing the data that is "pulled" towards the feldspar point. The blue circled data shows the pulled 

data while the black circled data is a result of bad borehole conditions.
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The lowering of bulk density by organic matter can be corrected for, using adequate total 

organic carbon (TOC) data. This project did not include TOC data, which limits the accuracy of 

the results, but not the relative changes in mineral percentages. This should be taken into 

consideration for future projects.  

The method applied resulted in mineralogy plots that clearly displayed trends in the minerals. 

Often, the quartz occurred with limestone. This could appear as a limestone with a level of quartz 

input however, I have interpreted these beds as calcite cemented sandstones. Resolution of the 

photoelectric log through this method also produced results identifying thin carbonate beds. 

These beds are important, as they can indicate the rich or lean zone conditions but also could 

potentially reflect microbial and carbonate shoal layers in the marginal wells. In any RHOmaa-

Umaa method, bad borehole conditions appear as limestone. Although the bulk density lowers 

and neutron porosity rises, which could appear as quartz, the photoelectric effect has the most 

impact as it reads a high value, shifting the plotting point towards the calcite endpoint. A caliper 

would be the best way to eliminate this data, but the well data here did not include caliper, and a 

photoelectric effect cutoff of 4 barns/electron was used to flag potential washout zones. Many of 

the wells processed were eliminated from this study due to the washout zones. In order to 

examine trends through this method, it is important to have maintained good borehole 

conditions.  

Understanding the mineralogy and limitations of the methodology led to the correlations 

presented in Chapter 6. The sections, especially A to A’ (Figure 6.8) show a thickening trend as 

the section moves from east to west, from margin to basin-center. This reflects the movement 

into the basin where there is more accommodation and deeper water. This trend is also apparent 

in B to B’ (Figure 6-9), where the north is more basinward than the south, and C to C’ (Figure 6-
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10). There is also a net decrease in quartz content from margin to basin-center. This is shown in 

A to A’ with more quartz present to the east than to the west. This can also be seen in comparing 

the overall quartz content in A to A’ to that of C to C’. Given that C to C’ is located closer to the 

margin this increase of quartz is related to the same process as the decrease of quartz in the east 

to west examination of A to A’. Less siliciclastic material is transported into the profundal 

environment, as it is sourced from the fluvial inputs along the margin and is deposited in the 

nearshore littoral to sublittoral environments. 

In general, the log character between the individual rich and lean zones differ, but also on a 

gross sense between all rich and all lean. The rich zones tend to have higher neutron porosity 

values and lower densities while the lean zones tend to have higher densities and lower neutron 

porosity values. This is likely attributed to the higher concentrations of organic matter in the rich 

zones lowering densities. The lean zones have less organic matter; therefore, the lean zones 

would have neutron porosity and density values that more closely align with the lithology 

encountered in the wellbore. 

When comparing rich and lean zone mineralogy on a total well to multiple well scale it 

became apparent that there was a trend in how the carbonate percentage varied between the two 

zones. Average volumes of mineralogy for rich and lean zones for two different wells is 

displayed in Figure 7.4. Rich zones have higher percentages total carbonate, dolomite and 

limestone, and higher dolomite percentages while the lean zones have lower dolomite and total 

carbonate volumes. Well 43047405840000 is located more basin centered while well 

43047383000000 is more marginal, demonstrating that this trend is not dependent on location in 

the study area. Higher dolomite percentages during rich zones suggest that the degree of 

dolomitization is different between the rich and lean zones. Rich zones associated with a higher 
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Average of Calculated Mineralogy for Zone in Margin Well 

43047383000000 

 

Average of Calculated Mineralogy for Zone in Basin Centered Well 

43047405840000 

 
Figure 7.4: Average calculated mineralogy for a A) marginal and B) basin centered well. Note 

the overall increase in dolomite from R0 to the Mahogany Marker (Mah_1). Marginal well has a 

more established alternation of high volume dolomite in the rich zones and lower volume 

dolomite in the lean zones. This trend is somewhat apparent in the basin centered well however 

the well has an overall higher carbonate percentage and lower quartz.   

A 

B 
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lake level have higher organic matter productivity (Pitman 1996). This could indicate that the 

dolomitization in the lake is related to organic matter productivity. This supports that there is 

increased dolomite and organic matter in the rich zones and decreased levels of dolomite and 

organic matter in the lean zones. The dolomite percentage also tends to increase through time, 

moving higher in the section. Pitman (1996) links the stratification of the lake to the organic 

matter productivity, with highly stratified being more productive. This suggests that the 

productivity of organic matter and dolomitization generally increased from S1 (Fresh Lake) to 

S4 (Rising Lake) due to increasing degree of lake-water stratification. These wells also 

demonstrate that the total carbonate percentage increases into the basin while the quartz lowers. 

This is likely a factor of alkalinity being higher in the profundal zone as well as a reduction in 

quartz deposition from the littoral to sublittoral environment. Wells examined for average 

volume percent for the four minerals in the differing rich and lean zones are presented in 

Appendix D.  

Fifteen sequence boundaries identified and correlated from the outcrop into the subsurface 

demonstrate that the RHOmaa-Umaa methodology results help identify sequence boundaries. 

The two types established by Tӓnavsuu-Milkeviciene et al., (2017) support the transitions from 

littoral to profundal. However, there are sequence boundaries in the basin center, which would be 

interpreted as profundal, that have the quartz occurring above the sequence boundaries. With a 

type one interpretation, this would suggest that these sequence boundaries are in the littoral zone. 

Given the wells are in the basin center and likely in the profundal zone, this suggests that either 

quartz is being transported even into the profundal zone during the sequence boundaries 

formation, or that the volume of quartz is actually high feldspar content due to diagenetic 

alteration above the sequence boundary. This method applied to a basin centered core with 
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mineralogy analysis using XRD or automated mineralogy, would address which of these two 

possibilities is correct.  

The quartz volume is also useful in identifying potential fluvial input points. If this method 

was applied on a more bulk sense, it could be used to model and identify concentrations of quartz 

in specific intervals in specific geographic areas. This was observed between cross sections A-A’ 

and C-C’ (Figures 6-8 and 6-10) which show that C-C’ has higher quartz volumes and is 

probably closer to a point source than A-A’. High density well penetrations with good borehole 

conditions could lead to 3D modeling.  

Further work using this method would require more mineralogical analysis. Denser XRD 

sampling would build a mineral assemblage model for Uinta Green River. This would allow for a 

closer examination of diagenetic minerals and alkalinity in the lake. The XRD would be 

extremely useful for setting more accurate RHOmaa-Umaa endpoints. Pyrolysis would yield 

TOC data that could be used to better correct the RHOmaa-Umaa values in organic rich zones. 

Another interesting addition would be to run more automated mineralogy work and characterize 

mineral assemblages of each facies association. Then, using data analytics, the facies 

associations could potentially be determined from the RHOmaa-Umaa mineral volumes.  
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CHAPTER 8                                                                                                    

CONCLUSIONS 

The development of this RHOmaa-Umaa methodology has enabled the building of a 

stratigraphic framework of the eastern Uinta basin that can be extended from outcrop and core 

into the basin. By integrating the outcrop and core lithofacies, the basin the margin lithofacies 

and its mineralogy was determined. By integrating the subsurface data and calculated 

mineralogies with the outcrop, an interpretation of basinward lithology and stratigraphic changes 

were achieved. This framework helps to better understand littoral to profundal changes in the 

eastern Uinta basin, and predict mineralogy and facies changes using commonly available well 

data.  

Conclusions from the outcrop work:  

• The development of a combined measured section in the Evacuation Creek area 

provides a reference section for the Uteland Butte Member through the Mahogany 

Zone of the Green River Formation. 

• QEMSCAN or XRD is necessary to determine between authigenic and detrital 

feldspars in the Green River Formation. 

Conclusions from the calculations of mineralogy: 

• Through assigning clay densities to the clay volume, the effect of diagenetic feldspars 

on the ternary diagram can be decreased, which increases the accuracy of calculated 

volume percentages of quartz, dolomite, and calcite. 
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• The gamma ray and neutron-density calculated clay volumes are more consistent in 

the lower Douglas Creek Member than the Parachute Creek Member, indicating an 

increase in diagenetic minerals in the upper Green River Formation. 

• Maintaining good borehole conditions, minimizing washouts, during drilling is 

important for deducing accurate information from the well logs, especially for PE 

derived calculations.  

Conclusions from the outcrop to subsurface correlations: 

• Rich and Lean zones thicken significantly into the basin. 

• Marginal wells have higher quartz content than basin-centered wells. 

• Rich zones have increased levels of dolomite as compared to lean zones, suggesting 

that organic matter productivity and stratification of the lake may mediate the 

dolomitization process. 

• Rich zones have a decreased matrix density due to high organic matter volumes that 

can be corrected for, using TOC data. 

• Sequence boundaries can be identified and correlated using the RHOmaa-Umaa 

calculated mineralogy and are either marking lithology transitions from clay to quartz 

in the littoral environment or dolomite to quartz or calcite in the profundal 

environment. 
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APPENDIX A 

LIST OF WELLS 

This appendix contains the list of wells used in the subsurface calculations (Table A.1). These wells were chosen based on location 

in study area and availability of logs. The logs must contain good quality photoelectric curve, neutron porosity, bulk density, and 

gamma ray. Gamma ray, at least, must have penetrated from the top of the Wasatch through the Mahogany Marker.  

 

Table A.1: Location information for the wells, core, and outcrops included in the cross-section of this study.  

API NAME TYPE FIELD NAME LAT LONG 

- Combined Section OUTCROP Evacuation Creek 39.794072 -109.052654 

- Skyline 16 CORE - 39.870665 -109.112269 

43047371800000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 39.90361 -109.403556 

43047381720000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 39.900603 -109.438404 

43047383000000 BONANZA 1023-1L WELL NATURAL BUTTES 39.975739 -109.281525 

43047390050000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 39.937788 -109.6005 

43047391390000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 39.929085 -109.473255 

43047397530000 BITTER CREEK 1122-4E WELL BITTER CREEK 39.891319 -109.466717 

43047397650000 BITTER CREEK 1122-10 WELL BITTER CREEK 39.878376 -109.44502 

43047402300000 UTE TRIBAL 10-8-5-2E WELL PARIETTE BENCH 40.061393 -109.788761 

43047405840000 UTE TRIBAL 3-8-5-2E WELL PARIETTE BENCH 40.070078 -109.793899 

43047504880000 BONANZA 1023-5G3BS WELL NATURAL BUTTES 39.979488 -109.345979 

43047505990000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 40.01947 -109.568433 

43047508010000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 40.013057 -109.531966 

43047510130000 NATURAL BUTTES UNIT WELL NATURAL BUTTES 39.988726 -109.483802 

43047515260000 NBU 1021-29E4BS WELL NATURAL BUTTES 39.921174 -109.579216 

43047520920000 BONANZA 1023-5C2CS WELL NATURAL BUTTES 39.983756 -109.357817 

43047522720000 MORGAN STATE 921-36B WELL NATURAL BUTTES 39.997765 -109.501676 
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APPENDIX B 

XRD RESULTS 

Appendix B contains the x-ray diffraction (XRD) results from F1 (grey-green laminated mudstone). This was run by the process 

mentioned in Chapter 3. Figure B.1 shows the air dried (blue) and glycolated (red) XRD results from the clay sized portion of the 

sample. Figure B.2 shows the air dried peaks and how they match with analcime, a diagenetic mineral from tuffaceous material.  
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Figure B0.1: XRD results from a sample of F1 (grey-green laminated mudstone). Methods for collection described in Chapter 3. Blue 

line is the air-dried clay fraction sample and the red line shows the glycolated sample results. The peaks represent that a specific 

occurrence of a element. This XRD shows that there is a significant amount of organic matter (carbon) in the sample. This organic 

matter affects the results of the XRD, and generally needs to be removed. Future XRD work in the green river should follow 

procedures to remove organic matter.  
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Figure B0.2: XRD results from a sample of F1 (grey-green laminated mudstone). Methods for collection described in Chapter 3. Blue 

line shows the results from the air-dried clay-fraction sample. The table below shows that the results align with analcime in the 

sample. The ideal lines below match with the results. This confirms the presence of analcime in this facies, and raises the potential that 

analcime is present throughout the formation.  
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APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILE 

Appendix C is a copy of the supplemental electronic file XRF FULL.xlsx. This file has the table for all samples from the Park 

Mountain measured section (Table C.1). The table also shows the samples location on the measured section, with 0 meters being the 

base of the section and MAH-1 and MAH-2 being taken from the mahogany marker beds at the top of the section. The results from x-

ray fluorescence are included in Table C.1 run by the description in Chapter 3.  
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Table C.1: XRF results from Park Mountain measured section. Elemental results in parts per million. 
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Table C.1: Continued 
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Table C.1: Continued
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 
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Table C.1: Continued 

 



 

200 
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APPENDIX D 

ADDITIONAL AVERAGE CALCULATED MINERALOGY 

Appendix D contains additional average calculated mineralogy for three wells not mentioned 

in Chapter 7. These wells show similar trends to those listed in the conclusions. Their relative 

locations in the study area can be found in Figure 6.7.  

 

Average of Calculated Mineralogy for Well 43047504880000 

 
 

Figure D12.1: Average calculated mineralogy. Note the overall increase in dolomite from R0 to 

the Mahogany Marker (Mah_1) and the higher dolomite volume in the rich zones.  
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Average of Calculated Mineralogy for 43047402300000 

 
 

Figure D12.2: Average calculated mineralogy. Note the overall increase in dolomite from R0 to 

the Mahogany Marker (Mah_1). 
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Average of Calculated Mineralogy for Well 43047508010000 

 
 

Figure D12.3: Average calculated mineralogy. Note the overall increase in dolomite from R0 to 

the Mahogany Marker (Mah_1) and the higher dolomite volume in the rich zones. 
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