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ABSTRACT 

The Green River Formation in Piceance Creek basin is estimated to have the 

largest oil shale deposits in the world today, and it also provides a classic model for 

lacustrine source rock deposition. Based on study of facies associations, depositional 

trends, and basin-scale correlations, a sequence stratigraphic framework has been built 

for the Green River Formation in the Piceance Creek basin. Geochemical analysis is a 

useful method to characterize source rock properties, and in turn provides a means for 

interpreting the influence of lake level fluctuations on depositional controls. Thus, an 

integration of sequence stratigraphy and geochemistry provides a method to predict 

the occurrence, quality and distribution of source rock and hydrocarbon 

characteristics, which is a significant component of assessing oil and gas exploration 

risk in sedimentary basins. 

Pyrolysis experiments were carried out on a Weatherford Source Rock 

Analyzer
 TM

 (SRA) for detailed study of organic matter content and type in the Green 

River oil shale. The following samples were analyzed: 163 samples from two central 

basin cores (Shell 23X-2 and John Savage 24-1), representing deposits in the 

depocenter of the ancient lake; 61 samples from outcrops in Douglas Pass, 

representing shallow lake margin deposits. In addition, USGS open file datasets 

including Fischer Assay data of 782 boreholes, inorganic and organic geochemistry 

analyses of one central well USBM 01-A are re-evaluated to provide information 

about provenance and climate evolution in the Piceance Creek basin during Eocene.  

Evaluation of measured parameters derived from SRA yields reliable results of 

total organic carbon (TOC) and hydrogen index (HI). Oxygen index is affected by 

evaporitic minerals in the basin center and surface weathering in the basin margin, and 

is generally not reliable. Source rock in the depocenter of Piceance Creek basin shows 

good hydrocarbon potential. TOC results of 163 samples range from 1 to 45 wt. %, 

with an average value of ~17 wt. %. Comparison among TOC values from SRA, 

organic content from quantitative XRD, and oil yields from Fischer Assay method 

show general consistency. HI results range from 70 to 970 mg HC/g Corg, and are 
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generally high throughout the formation with an average value of 713 mg HC/g Corg 

indicating dominance of type I kerogen. Rocks from basin margin are generally 

organically lean and only show good source rock properties in several thin intervals. 

Source rock properties (TOC & HI) are presented in the sequence stratigraphy 

framework of the lake. The organic deposition of the Green River oil shale is closely 

related to three critical factors: production, destruction, and dilution. The pattern of 

organic richness variation in the fourth order sequences suggests a net-productivity-

driven organic depositional model in Lake Piceance. This model is tested in the 

Greater Green River basin and is applicable when net productivity (production – 

destruction) plays the major role and there is minor terrestrial dilution.  Inorganic 

geochemistry proxies (P, Al, and V/Cr, etc) in the third order sequence of the basin 

center section, suggest net productivity also controls the average organic richness 

variation in this long term sequence. Three factors are summarized for lake stages as 

follows: Stage 1 (Fresh Lake) has moderate average organic richness when high 

productivity and moderate destruction result in high net productivity, while dilution by 

detritus is high; Stage 2(Transitional Lake) has high average organic richness when 

moderate productivity and low destruction result in high net productivity, while 

dilution from detritus is low and dilution from saline minerals is moderate; Stage 3 

(Highly Fluctuating Lake) has decreasing average organic richness from high in the 

beginning to a minimum at the end of this stage, when decreasing productivity and 

constant low destruction result in decreasing net productivity, while dilution by saline 

minerals is increasing; Stage 4 (Rising Lake) has moderate average organic richness 

when moderate productivity and moderate destruction result in moderate net 

productivity, while dilution is high from detritus; Stage 5 (High Lake) has high 

average organic richness when high productivity and low destruction result in high net 

productivity, while dilution from clastic sediment is low and from carbonate is high. 

Incorporation of inorganic geochemistry proxies and carbonate isotope data suggests 

that organic richness variations in the fourth- and third- order sequences are mainly 

controlled by the climate through lake level changes in the history of Piceance Creek 

basin during Eocene. Basin morphology changes possibly have some effect on the 

organic richness changes in the third order sequence.   
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CHAPTER 1 

INTRODUCTION 

1.1 Significance and Research Objectives 

The Green River Formation has historically received considerable attention 

due to its vast economic resources of oil shale and saline minerals (i.e., nahcolite and 

trona). It covers portions of Colorado, Utah, and Wyoming and was deposited in the 

Piceance Creek, Uinta, Greater Green River, and Washakie Basins (Figure 1.1). The 

Green River Formation in all four basins has many similarities, but a significant 

difference is that deposits in Piceance Creek basin have much higher organic content 

than in other basins. Oil yields of 20 to 30 gallons/ton are considered high for oil shale 

in Wyoming and Utah, whereas oil yields of 40 to 60 gallons/ton are common in oil 

shale in Colorado (Lundell and Surdam, 1975).  

The Piceance Creek basin is estimated to have the largest oil shale deposits in 

the world today, with an estimated total in-place oil of about 1.5 trillion barrels 

(Johnson et al., 2010). Besides its economic significance, the Piceance Creek basin 

provides a classic model for lacustrine source rock deposition (Bradley, 1931; Cole 

and Picard, 1978; Dyni and Hawkins, 1981; Hasiotis and Honey, 2000).  

Generally, lake systems are much more sensitive to changing accommodation 

and climate, because the lacustrine settings usually contain much smaller volumes of 

sediment and water than marine settings (Bohacs et al., 2000; Kelts, 1988). As a result, 

lake levels change more widely and rapidly than sea level, which causes more 

distinctive vertical and horizontal variations in source rock through the lake basin. 

Sequence stratigraphy provides an approach to decipher the systematic variations 

caused by sea level and lake level changes in fine grained rocks (Bohacs and Lazar, 

2010). Geochemical analysis is a useful method to characterize source rock properties, 

and in turn provides a means for interpreting the influence of sea level and lake level 

fluctuations on depositional controls. Thus, an integration of sequence stratigraphy 

and geochemistry provides a method to predict the occurrence, quality and distribution 
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of source rock and hydrocarbon characteristics, which is a significant component of 

assessing oil and gas exploration risk in sedimentary basins (Bohacs et al., 2005; 

Harris et al., 2004). 

 

Figure 1.1 Green River Formation deposits in four basins (modified after Tänavsuu-

Milkeviciene and Sarg, 2010). 

 

Many published articles record the character and origin of organic matter in the 

Green River oil shale in the Piceance Creek basin (Bradley, 1931, 1948, 1970; 

Collister et al., 1994; Robinson, 1979; Robinson et al., 1965). However, few articles 

have documented the heterogeneity of organic matter composition and its distribution 

within a well-defined sequence stratigraphic framework in this basin. In contrast, this 

kind of work has been done in the Green River Formation in the Greater Green River 

basin, and organic geochemical results have been presented in a sequence stratigraphic 

framework (Horsfield et al., 1994).  



3 
 

With these considerations in mind, this study focuses on a combined sequence 

stratigraphy-organic geochemistry study of the Green River oil shale in Piceance 

Creek basin. Three main objectives of this research are: (1) to document the 

stratigraphic variation in source rock quality in relationship to both fourth (100k - 

400k yr) and third (~6 myr) order sequence stratigraphic evolution; (2) to assess how 

the evolving stratigraphy may have led to systematic changes in source rock quality; 

and (3) to propose an organic matter depositional model for source rock deposition in 

Piceance Creek basin. The first objective is addressed by presenting organic 

geochemical data from two reference sections at the basin margin and in the basin 

center, each of which spans the entire lake evolutionary history. The second and third 

objectives are addressed by comparing control factors that were responsible for 

organic matter accumulation in the context of the lake level change, and then testing 

the organic matter depositional model by applying the model in the Green River 

deposits in the Greater Green River basin. 

1.2 Previous Research 

Previous research about the origin of organic matter and depositional model of 

the Green River oil shale, as well as controls on source rock deposition, was reviewed 

as follows. 

1.2.1 Origin of Organic Matter in Green River Oil Shale 

One of the early investigators was Bradley (Bradley, 1931, 1948, 1970) who 

proposed a hypothesis for the origin of the Green River oil shale by identifying fossils 

and microfossils in the samples. Two kinds of insoluble organic material (kerogen) 

were distinguished in Green River oil shale in his work. One kind makes up the major 

portion of the total organic material, which is entirely structureless, translucent, and 

lemon yellow to reddish brown in color, and occurs in long, thin bands or stringers 

parallel to the bedding laminae. The other kind represents a minor portion of the total 

organic material, which consists of partially structured remains of precursor 

organisms. The sediment contains small amounts of soluble organic material 

(bitumen) as well. Organic matter of the Green River Formation probably was derived 

from two major sources: 1) abundant aquatic algae that grew in fresh water and highly 
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saline water bodies; and 2) organic material from terrestrial plants that was deposited 

by wind or carried by streams into the lake. In Bradley's opinion, blue-green algae 

were the predominant precursor organism, with contributions from yellow-green algae 

and green algae, and minor contributions from bacteria, fungi, protozoa and wind-

borne pollen and spores from the land plants that grew on the surrounding lake 

margin.  

Early characterization studies have provided fundamental background 

information about the organic matter in the Green River Formation, and the following 

research provides further detailed study of the organic matter using more advanced 

analysis. The soluble organic material obtained from Green River oil shale samples of 

the Mahogany Zone (discussion of specific zones of the Formation appears in Chapter 

2) has been examined in great detail, and is summarized as follows: the soluble extract 

from the Mahogany Zone can be fractionated into about 1-5% n-alkanes, 12-18 % 

branched and cyclic alkanes, 6- 10% aromatics, 48-52 % acids, 18-22 % bases, and 2-

6 % neutral nitrogen compounds (Robinson, 1979). Ruble et al. (2001) examined the 

mechanisms of hydrocarbon generation and accumulation in the Uinta basin. They 

combined analyses of representative source rocks from the entire Green River 

stratigraphic section with detailed laboratory simulation experiments using both open- 

and closed-system pyrolysis. Their results suggest that the basal Green River 

Formation contains a unique type I source facies responsible for generation of 

paraffinic crude oils. The classic type I oil shales in the upper Green River Formation 

correlate well with low-maturity aromatic-asphaltic samples. 

Considerable research effort has been expended in determining the nature of 

Green River kerogen from step-oxidation of the kerogen (Djuricic et al., 1971; 

McGowan and Diehl, 1985a, b; Robinson and Lawlor, 1961; Young and Yen, 1977). 

Robinson and Lawlor (1961) suggested that a significant part of the total esterified 

(using butanol and sulfuric acid) product occurred as saturated cyclic compounds 

having one to six rings. Djuricic et al. (1971) suggested that the kerogen consisted of a 

'nucleus' of interconnected, long aliphatic methylene bridges to which unbranched and 

isoprenoid chains are attached. Young and Yen (1977) esterified step-oxidation 

products of Green River kerogen using BCl3 in methanol and suggested that this 



5 
 

kerogen contains 20-40% straight-chain aliphatic structures, and that the kerogen 

matrix forms a three-dimensional network of non-chain clusters interconnected by 

long polymethylene crosslinks. McGowan and Diehl (1985a, b) suggested that the 

major oxidation product of kerogen was a mixture of carboxylic acids, which 

consisted primarily of aliphatic materials containing both saturated carbon chains and 

cyclic compounds. Ether groups were indicated. Aromatic material and long-chain 

fatty acids were also isolated in low relative concentration. No consensus has been 

arrived on the oxidation products of Green River Formation kerogen yet. 

Studies have been conducted on cores of the Green River Formation in 

Piceance Creek basin (Anders and Robinson, 1971; Anders, 1973; Robinson and 

Cook, 1971; Robinson, 1979), attempting to determine differences of the organic 

material in different zones of the formation. Significant differences occur in the nature 

of the insoluble kerogen, and the soluble bitumen in Green River Formation. The most 

aromatic kerogen (based on average values of H/C ratio, carbon residue ratio, and 

volatile material ratio) occurred above the Mahogany zone, and in the Garden Gulch 

zone. Other changes vertically from base to top of Green River Formation include   1) 

a decrease in kerogen carbonyl groups, 2) a decrease in specific gravity of assay oil 

(Smith, 1963), and 3) a decrease in odd-even predominance of normal alkanes from 

the soluble bitumen. These observations could be related to change of organic matter 

source, but are also similar to the effects of diagenesis with increased depth of burial. 

So the specific causes of these changes are not evident.  

Display patterns of n-alkane combined with isotopic analysis of individual n-

alkanes is a useful tool to infer biological inputs in ancient environments. Collister et 

al. (Collister et al., 1994) analyzed isotopic compositions of individual extractable n-

alkanes (C16-C29) of samples from the saline portion of the Parachute Creek Member 

of Green River Formation in the depositional center of Piceance Creek basin in 

Colorado. Quantitative modeling of changes in 
13

C content was interpreted as 

indicating contributions from at least five distinct sources, which appear to be 

cyanobacterial (C16-C18, δ
13

C = -37‰ vs PDB), phytoplanktonic (C16-C23, δ 
13

C = -

32‰), chemoautotrophic bacterial (C20-C29, δ 
13

C = -38‰), phytoplanktonic or 



6 
 

beterotrophic bacterial (C20-C29, δ 
13

C = -30‰), and vascular plants (C23-C29, δ 
13

C 

= -29‰). 

To sum up, geochemistry analyses reveal composition and origin of Green 

River oil shale in the Piceance Creek basin. Visual and biomarker analysis suggest that 

lacustrine algae are the dominant source of the organic matter. Vertical change has 

been notified in the organic matter of different zones from the base to the top of Green 

River Formation, but an agreement has not been reached concerning the cause of these 

differences.     

1.2.2 Depositional Model 

There are two models developed to explain the depositional environment of the 

Green River Formation. Organic matter deposition is suggested to link to these 

depositional models. 

(1) Stratified Lake Model 

The stratified lake model suggests that the Green River lakes were possibly 

more than 300 meters deep (Bradley and Eugster, 1969; Desborough, 1978; Johnson, 

1981). This model proposes that large amounts of soluble salts were carried into the 

basins which increased the salinity of the lake waters until they became chemically 

stratified. The lower part was a highly-reducing, sodium- and bicarbonate-rich saline 

zone; the upper part was a less saline oxidizing zone. In the upper part of the lake, 

abundant quantities of microscopic algae and other biota grew. Certain amounts of 

terrestrial plants were also carried into the lake. The lower section of the lake waters 

was highly reducing and stagnant due to lack of seasonal oxidative turnovers. 

Planktonic algae in the upper oxidizing zone would capture most of the carbon dioxide 

and increase the PH. Calcite crystals precipitated and fell through the lower saline 

zone together with the algal remains. The sediments settled on the lake bottom to form 

alternating organic-rich and carbonate-rich lamina. In the process of settling through 

the saline zone, organic matter depleted oxygen in the saline zone and enriched it with 

carbon dioxide. Trona (Na3(CO3)(HCO3)·2H2O), nahcolite (NaHCO3), dawsonite 

(NaAl(OH)2CO3 ), or halite (NaCl) could then be precipitated to form beds containing, 

or even composed primarily of, saline minerals.  
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 (2) Playa Lake Model 

A second proposed lake model for the Green River lakes is a playa lake model. 

It was first proposed by Eugster and Surdam (1973) for Lake Gosiute, in Wyoming, 

and later applied to Lake Uinta by Lundell and Surdam (1975). A relatively shallow 

saline lake is surrounded by broad playa-like flats. As a result of evaporative pumping 

of lake waters through the marginal facies, calcite is precipitated which also increases 

the Mg/Ca ratio causing precipitation of protodolomite. During the lake history, calcite 

and protodolomite are flooded into the central lake by inflow of waters and distributed 

in the lacustrine sediments. Meanwhile the inflow also made the lake water less saline 

and algal blooms occurred during these periods. During dry periods, the lake water 

was highly saline and saline minerals like trona, nahcolite, dawsonite, or halite 

precipitated. In this way alternating organic-rich and carbonate-rich lamina was 

formed. 

1.2.3 Controls on Source Rock Deposition 

Recent research has focused on determining the depositional controls of 

organic-carbon-rich deposits using both organic and inorganic geochemistry (Bohacs 

et al., 2005; Katz, 2005). The concept was first developed in marine settings and later 

applied in lacustrine settings (Bohacs et al., 2000; Goncalves, 2002; Harris et al., 

2004). Three primary triggers have been identified as the key factors that govern 

deposition of organic carbon-rich sediments, and much of the literature debate has 

focused on their relative significance. These factors include organic productivity, 

oxygen levels, and sedimentation rates (Harris, 2005). Historically, three independent 

models have been proposed: 

(1) Primary Productivity Model 

A number of authors have suggested that elevated productivity is the dominant 

factor controlling the formation of organic-rich source rocks (Hay, 1995; Parrish, 

1995; Pedersen and Calvert, 1990). Primary productivity is mainly controlled by the 

availability of nutrients including H2PO4-, NO3-, H4SiO4, and dissolved Fe (Hay, 

1995). Elevated nutrient supply in marine settings is usually dependent on the relative 

importance of upwelling and river input. In lacustrine settings, nutrient input into the 
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lake system is typically associated with stream runoff, which is largely dependent on 

the relative amounts of precipitation and evaporation within the drainage basin (Katz, 

2005). Topographic evolution of the region could influence the buildup of an internal 

nutrient pool in a lake system as well. Harris et al. (2004) suggested that within rift 

systems the increase in chemical weathering associated with diminishing topographic 

relief during the late rift stage maximizes nutrient input to the system, and can lead to 

elevated productivity.  

(2) Organic Preservation Model 

Preservation depends on the redox conditions of the water column and, if 

reducing conditions exist, the extent of the water column that is reducing is increased, 

and less organic matter is destroyed.  Free oxygen is considered as the primary control 

on organic matter destruction. Oxygen availability is a function of both initial 

solubility, and its renewal rate. Oxygen solubility decreases with increasing 

temperature and salinity (Katz, 2005). Oxygen renewal rate to the water column is 

controlled by circulation patterns, like thermohaline circulation (Erbacher et al., 2001). 

Diffusion is generally an inefficient or slow process for resupply of oxygen throughout 

the water column.  

The significance of role that secondary oxidizers such as sulfate play in the 

loss of organic matter is under debate. Jorgensen and Cohen (1977) and Warren 

(1986) suggested that under certain circumstances, such as evaporitic settings, these 

secondary oxidizers may be as important as free oxygen. Incubation studies of 

sediments from the Chilean continental margin also show that bacterially driven 

sulfate reduction under anoxic conditions can consume nearly 100% of the organic 

matter produced in the overlying water column (Thamdrup and Canfield, 1996). 

However, Lallier-Verges et al. (1993) suggested that the amount of metabolizable 

organic matter may exceed sulfate availability when productivity is high. Hedges and 

Kiel (1995) suggested that sulfate reduction is not efficient enough for the destruction 

of organic matter, due to the inability of the sulfate-reducing bacteria to directly 

decompose larger molecules, and that the first step involving the breakdown of 

macromolecular organic matter is the rate-limiting step (Canfield, 1994). 
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Sediment texture or grain size was proposed as one of the factors that increase 

preservation of organic matter. Increased mineral surface area for small grain sizes 

increases the binding of organic matter to the mineral surfaces, stabilizing the organic 

matter, and protecting them from degradation (Hedges and Keil, 1995; Mitchell et al., 

1997). Salmon et al. (2000) and Kennedy and others (2002) concluded that clay 

minerals aid in the preservation of organic matter. 

 (3) Sedimentation or Burial Rate Models 

Two opposed models have been proposed by different researchers regarding 

sedimentation/burial rates. Creaney and Passey (1993) propose that slow accumulation 

of clastic or carbonate sediments favors deposition of organic-carbon-rich sediments, 

and otherwise they would dilute the organic matter. A number of researchers, most 

recently (Tyson, 2001) concluded that increased sedimentation rates serve to isolate 

organic matter from an oxidizing water body and enhance organic-carbon content 

when sedimentation rates were less than 5 cm/1000yr. At greater rates, increased 

sedimentation rates simply dilute the organic carbon. 

Researchers have suggested that each of the factors interact and may at times 

be interdependent (Arthur et al., 1984; Bohacs et al., 2000; Schwarzkopf, 1993; Stow, 

1987).  For example, a number of investigators (Bailey, 1991; Calvert, 1987; Horsfield 

et al., 1994) have suggested that anoxia results from elevated levels of productivity 

through the consumption of available oxygen by organic–matter oxidation. And the 

linkage between productivity and anoxia can be so strong that in regions where there 

is strong seasonal variation in productivity there is often temporal cycling of anoxia 

within the water column (Bailey, 1991). Bohacs et al. (2000) focused on the interplay 

of these factors in the lacustrine setting and concluded that optimum organic 

enrichment occurs where production is maximized and destruction and dilution are 

minimized. The relationship is as follows: 
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CHAPTER 2 

GEOLOGICAL BACKGROUND 

2.1 Brief Geologic History of Piceance Creek Basin 

The Piceance Creek basin is a northwest-southeast elongated feature some 100 

miles long, which averages about 60 miles wide. It encompasses an area of 

approximately 6000 square miles in northwestern Colorado. It is surrounded by 

positive structural elements shown in Figure 1.1: on the north by the Uinta uplift and 

Axial Arch; on the east by the White River uplift; on the southwest by the 

Uncompahgre uplift; and on the west by the Douglas Creek Arch (Young, 1995b).  

During the Mid-Cretaceous, the Piceance Creek basin area was covered by the 

Western Interior seaway that extended over much of the Rocky Mountain region, and 

thick sections of Cretaceous marine shale (e.g., Mancos Formation) was deposited. In 

the Late Cretaceous (~75Ma), the Western Interior seaway slowly retreated to the 

northeast and paludal and inland flood-plain deposits of shale, sandstone, and coal 

(Mesaverde Formation) were deposited. 

The Piceance Creek basin started to subside approximately 65Ma during the 

early part of the Laramide Orogeny. The subsidence was due to subduction of the 

Farallon and Eastern Pacific crustal plates beneath the westward-moving North 

American plate (Young, 1995b). Basin subsidence was accompanied by uplift on one 

or more of the bordering uplifts, probably the Uinta Mountain and Uncompahgre 

uplifts and the Douglas Creek Arch, as they are geographically nearest to the 

subduction zone. Because the Laramide deformation appears to have progressed from 

west to east,  the next uplifts to form in the vicinity of the subsiding Piceance Creek 

basin would have been the Axial Arch and Gunnison uplifts, followed by the White 

River uplift and the Elk Mountains (Young, 1995b). 

During the early to late Paleocene, coarse siliciclastic units formed around the 

margins of the basin while paludal shale with thin coal layers, sandstone and siltstone 
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accumulated in the center of the basin (Young, 1995a). In the late Paleocene, paludal 

rocks covered the entire basin (Colton, and Wasatch formations).  

During the Eocene (~52 Ma), a freshwater or brackish water lake developed in 

the central and northwestern portion of the basin, which started the deposition of 

Green River Formation. The Green River Formation was deposited in three ancient 

lakes: Lake Piceance in northwestern Colorado, Lake Uinta in northeastern Utah, and 

Lake Gosiute in southwestern Wyoming. The Uinta Mountain Uplift, an east-west 

positive structural element, separated the Lake Gosiute from Lake Uinta, and the 

Douglas Creek Arch periodically provided separation between the Lake Uinta and 

Lake Piceance (Figure 2.1).  

 

Figure 2.1 Paleogeographic reconstruction map of the Middle Eocene Western North 

America that shows three lake systems (Modified after Blakey, 

http://jan.ucc.nau.edu/~rcb7/). 

 

http://jan.ucc.nau.edu/~rcb7/
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At some time during the Eocene, the entire Colorado Plateau appears to have 

been slowly uplifted from near sea level, and tilted toward the north (Young, 1995a). 

This tectonic event accelerated the erosion across most of the Colorado Plateau 

Province and resulted in a significant amount of sediment deposited in the Piceance 

Creek basin (Young, 1995a). Around the end of Eocene time, volcanism and possible 

tectonic activity occurred at the eastern end of the Uinta uplift. A large delta of 

volcaniclastic material (Uinta Formation) began to prograde southward across the 

basin and eventually filled the Piceance Creek basin.  

During the Early Miocene, epeirogenic uplift raised the basin and all the 

surrounding structurally high areas to approximately their current elevation and 

initiated the erosion cycle that has produced the present-day topographic features 

(Young, 1995b). 

2.2 Stratigraphy of Green River Formation in Piceance Creek Basin 

A brief summary of stratigraphy of the Green River Formation in the Piceance 

Creek basin is shown in Figure 2.2. The oldest member of the Green River Formation 

is the Cow Ridge Member, which intertongues with the variegated mudstone, 

sandstone, and siltstone of the underlying Wasatch Formation. The early stages of the 

lake are marked by clay-rich oil shale zones which are referred to as the Garden Gulch 

Member. The Garden Gulch is overlain by carbonate-rich oil shale zones which are 

called the Parachute Creek Member. These oil shale units grade landward into 

marginal lacustrine rocks of the Douglas Creek Member, in the western margin of the 

lake, and the Anvil Points Member on the eastern margin of the lake. The sandstone 

and siltstone containing abundant volcanic debris that intertongues with the upper part 

of the Green River Formation comprises the Uinta Formation (Cashion and Donnell, 

1974). Green River oil shale-bearing strata has been divided into alternating layers of 

kerogen-rich zones (R-zones) with high oil yield, and kerogen-poor or lean zones (L-

zones), following (Cashion and Donnell, 1972), which are traceable across much of 

the Piceance Creek basin. The Garden Gulch Member is a clay-rich interval which 

includes zones R-0 through L-1. The Parachute Creek Member is a carbonate-rich 

zone which includes zones above L-1.  



13 
 

 

Figure 2.2 SW-NE schematic cross section in the Piceance Creek basin showing 

lithostratigraphic subdivision of the lower and middle Eocene deposits, and correlation 

with organic matter rich and lean zones (Tänavsuu-Milkeviciene and Sarg, 2010). 

 

Lacustrine systems may display many scales of stratigraphic cyclicity, 

kilometers to meters thick, in a hierarchy from formation and member scale to 

sequence-set, sequence, and parasequence scales (Bohacs et al., 2000). Based on study 

of facies associations, depositional trends, and basin scale correlations, a sequence 

stratigraphic framework has been built for the Green River Formation in the Piceance 

Creek basin (Tänavsuu-Milkeviciene and Sarg, 2010). Two scales of stratigraphic 
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cyclicity are recognized: fourth order sequences (12 sequences) on the order of 100 - 

400 ky in time length, and a third order sequence, comprising 6 lake stages covering a 

time length of approximately 6 myr. 

Twelve sequences can be delineated in the Piceance Creek basin based on 

systematic stacking patterns of lithofacies. As shown in Figure 2.3, the idealized 

lithofacies in one sequence in the basin margin section is represented first by 

channelized sandstone and littoral, sublittoral carbonates, which overly a lower 

sequence boundary. These facies are overlain by laminated oil shale at a high lake 

level. In the basin center, the stacking pattern in a sequence starts with saline mineral 

beds with some laminated oil shale layers during low lake level times. It is followed 

by turbidite, oil shale breccia, and deformed oil shale deposited during rising lake 

times indicating bottom currents bringing in sediments into the basin center. In high 

lake level times, sedimentation is dominated by laminated oil shale. This stacking 

pattern of facies associations in one sequence is interpreted as reflecting deepening of 

lake level (Tänavsuu-Milkeviciene and Sarg, 2010). This organization of lithofacies 

and their interpretation provides the sequence stratigraphic framework within which 

the geochemical data will be integrated.  

Analysis of larger-scale lithofacies variability in the cores and outcrops has led 

to recognition of six evolutionary Lake Stages as shown in Figure 2.4: (1) Fresh lake, 

(2) Transitional lake, (3) Rapidly fluctuating lake, (4) Rising lake, (5) High lake, and 

(6) Closing lake (Tänavsuu-Milkeviciene and Sarg, 2010). Stage 1 formed prior to the 

Eocene climate optimum. In the beginning of the Eocene climate optimum, a restricted 

transitional lake formed that was followed by a rapidly fluctuating lake, Stage 3, 

which indicates rapid climate changes during the peak of the Eocene climate optimum. 

This was followed by the rising and high lakes, Stages 4 and 5, after the climate 

optimum, and during a change to a more humid climate. The closing of lake, Stage 6, 

was caused by the increased sand input from the north indicating both tectonic as well 

as climatic influence. Moderation of the climate resulted in increased runoff, and 

increased sandstone input. Oil shale deposition first ceased in the northern part of the 

basin, and deposition father south ceases when the lake is finally overwhelmed by the 

Uinta clastic sediments (Tänavsuu-Milkeviciene and Sarg, 2010).  
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Figure 2.3 Idealized sequence succession in basin margin and basin center sections 

(modifed after Tänavsuu-Milkeviciene and Sarg, 2011). 

 

 



16 
 

F
ig

u
re

 2
.4

 L
o
g
-c

o
re

-b
as

ed
 c

ro
ss

-s
ec

ti
o
n
s 

o
f 

th
e 

G
re

en
 R

iv
er

 F
o
rm

at
io

n
 i

n
 t

h
e 

P
ic

ea
n
ce

 C
re

ek
 b

as
in

. 
W

es
t 

to
 e

as
t 

cr
o
ss

-s
ec

ti
o

n
 

(A
-A

’)
 a

n
d
 n

o
rt

h
 t

o
 s

o
u
th

 c
ro

ss
-s

ec
ti

o
n

 (
C

-B
’)

 t
h

at
 s

h
o
w

s 
th

e 
fa

ci
es

 a
ss

o
ci

at
io

n
s,

 r
ic

h
 z

o
n
es

 (
R

1
, 
et

c.
),

 s
eq

u
en

ce
s,

 a
n

d
 s

ta
g
es

 (
S

1
, 

S
2
, 
et

c.
).

 (
m

o
d
if

ed
 a

ft
er

 T
än

av
su

u
-M

il
k
ev

ic
ie

n
e 

an
d
 S

ar
g
, 
2
0
1
1

) 

  



17 
 

 

CHAPTER 3  

DATASETS AND METHODOLOGY 

This research includes two datasets: one is the analytical results obtained using 

the Weatherford Source Rock Analyzer
 TM

 on portions of samples collected from 

outcrop and cores.  The other one is from a United States Geological Survey (USGS) 

open file report including Fischer Assay data of 782 boreholes, as well as inorganic 

and organic geochemistry data from the USBM 01-A well. Locations of wells and 

outcrops are shown in Figure 3.1. 

3.1 Source Rock Analyzer Dataset 

Pyrolysis experiments were carried out on a Weatherford Source Rock 

Analyzer
 TM

 (SRA) for detailed study of organic matter content and type in the Green 

River oil shale.  

3.1.1 Sampling Method 

Source Rock Analyzer samples are from two reference sections. One section is 

from the basin center, including the whole John Savage 24-1 well and the lower part 

of the Shell 23x-2 well in order to cover all the lake evolutionary stages 1 to stage 6. 

The other section is from the basin margin in the Douglas Pass outcrop. Detailed 

sedimentology, stratigraphy, and depositional lake stages are described and discussed 

in the paper presented by Tänavsuu-Milkeviciene and Sarg (2010) as part of the 

Center for Oil Shale Technology and Research (COSTAR) collaborative study. 

(1) Basin Center Reference Section (Figure 3.2) 

The John Savage 24-1 well (NE NE sec. 24, T01S, R98W) is located in the 

center of the depocenter of the Eocene-aged Lake Piceance (Figure 3.1). It was chosen 

as the reference section because it has well-preserved saline mineral zones. The 

sampled core interval is from 1293 ft (394.1m) to 2796 ft (852.2m), which is 1503 feet 

(458.1 m) in thickness, and covers from Stage 2 to Stage 6 in the lake stratigraphy 

framework. The core was sampled every place a major lithofacies change occurred 

according to core description by Tänavsuu-Milkeviciene and Sarg (2010), yielding a 
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total of 117 samples. The samples were cut from a 4 inch (10 cm) diameter core; 

samples taken are 0.8 inches (~2 cm) wide and 2 inches (~5 cm) long on average.  

The Shell 23X-2 well (NE SW sec. 2, T02S, R98W) is located in the 

depocenter as well, and samples were taken from the lower part of the core to cover 

stage 1 and stage 2. Samples from the two wells consist of two major facies, one is oil 

shale breccia, and the other is laminated oil shale. Some disturbed oil shale facies were 

also sampled (Table 3.1). Detailed sample locations and pictures of the core are 

compiled in Appendix A. 

(2) Basin Margin Reference Section (Figure 3.3) 

This reference section is measured in Douglas Pass outcrop, which is located 

on the margin of lake during the Eocene (Figure 3.1). Samples were collected in two 

separate sections, that represent approximately 984 ft (~300m) of total stratigraphic 

thickness. The two separate sections are about three miles apart, and are connected 

together by a described core that was taken between the two measured sections. The 

Douglas Pass section has less oil shale and saline minerals, and more kerogen-poor 

carbonate, siliciclastic mudstone, microbialite limestone, and sandstone compared to 

the basin center section. The section is important in investigating lake evolution and 

climate change, because deposition of sediments in the basin margin is more sensitive 

to lake level changes.  It is chosen as the marginal reference section because of its 

possible connection point between the Piceance Creek basin and the Uinta basin. 

Three main facies are chosen for analyses in SRA, including littoral/sublittoral oil 

shale, littoral/sublittoral siliciclastic sediment, and profundal oil shale facies (Table 

3.2). Sixty one samples were picked out of 76 total samples to run in the Weatherford 

Source Rock Analyzer
 TM

, and they are marked on the measured section. Detailed 

locations and pictures of all 76 samples in the outcrop are compiled in Appendix B.  

3.1.2 Analytic Method 

Pyrolysis experiments were carried out on the CSM Weatherford Source Rock 

Analyzer
 TM

 (SRA). This instrument applies a Rock-Eval pyrolysis approach to rapidly 

characterize petroleum generative potentials of source rocks. This pyrolysis method 

uses an open-system heating process in which the organic matter is converted to
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Figure 3.1 Map of Piceance Creek Basin with outcrop and well locations. Shaded area 

in the northern part of the basin indicates area with bedded evaporite deposits in basin 

depocenter (modified after Tänavsuu-Milkeviciene and Sarg, 2010).  
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Figure 3.2 Basin center core description with facies and samples location marked. 

Core description by Tanavsuu-Milkeviciene, 2009. 
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Figure 3.3 Basin margin outcrop and core description with facies and samples location 

marked.  Descriptions by Tanavsuu-Milkeviciene, 2009. 
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Table 3.1 Description of major facies sampled in the basin center reference section 

Facies Description Interpretation Photo 

Laminated 

Oil Shale 

(FA 8) 

Couplets of kerogen-rich 

and kerogen-poor 

carbonate mudstone (oil 

shale), rhythmically 

laminated, light brown to 

dark brown, black or grey. 

Thin, mm-thick siltstone to 

very fine-grained 

sandstone layers and lenses 

occur interbedded with oil 

shale. In places, nahcolite 

nodules of variable size, 

from 0.5 cm to 30 cm in 

diameter, nahcolite 

crystals, and pyrite occur. 

No trace fossils were 

found. 

Settling of 

suspended 

sediments, and the 

light to dark lamina 

may be related to 

short-term variation 

in sediment supply, 

periodic algal 

blooms, or 

individual floods. 

The siltstone to 

sandstone layers 

and lenses could 

indicate deposition 

from storms or 

sediment gravity 

flows.  

 

Oil Shale 

Breccia 

(FA 9) 

Consists of blebby 

appearing and matrix 

supported oil shale deposits 

containing angular, 

subangular, and 

subrounded carbonate and 

siliciclastic clasts, as well 

as flat organic clasts. The 

carbonate clasts preserve 

primary lamination. In 

places, evaporite rip ups, 

composed of fine nahcolite 

crystals occur. 

Gravitational 

deposits that have 

been transported in 

relatively high 

energy, for some 

distance. 

 

Disturbed 

Oil Shale 

(FA 9) 

Composed of soft sediment 

folds and overturned strata. 

The scale of deformed 

deposits varies between 

several millimeters to a 

meter.  

Gravitational 

deposits due to 

slumping and 

sliding that are 

transported for a 

short distance 

 

*FA is facies associations described in Tänavsuu-Milkeviciene and Sarg (2010) and 

are shown in Figure 3.2.  
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Table 3.2 Description of major facies sampled in the basin margin reference section 

Facies Description Interpretation Photo 

Littoral/ 

Sublittoral 

Oil Shale 

(FA 7) 

Consists dominantly of 

fine laminated and silt-

rich oil shale. Thin, 

mm thick, or wave 

ripple-laminated, and 

current ripple-

laminated siltstone to 

very fine grained 

sandstone layers and 

lenses occur 

interbedded with the 

oil shale. 

An association of 

fine laminated 

mudstones and 

siltstones with 

rippled 

sandstones 

suggests 

generally low-

energy 

environment with 

intermittent 

coarse clastic 

input. 

 

Littoral/ 

Sublittoral 

Siliciclastic 

(FA 6) 

Consists of laminated 

mudstones and 

siltstones with wave 

ripple lamination, and 

current ripple-

lamination, 

interbedded with very 

fine- to fine-grained 

sandstone lenses and 

layers. In places, 

massive siltstones and 

very fine-grained 

sandstones. 

Dominantly fine 

grained sediments 

with wave ripple-

laminated and 

current ripple-

laminated 

sandstone lenses 

and layers 

indicate 

deposition in low 

to moderate 

energy, lower 

littoral to 

sublittoral zone 

 

Laminated 

Oil Shale 

(FA 8) 

Couplets of kerogen-

rich and kerogen-poor 

carbonate mudstone 

(oil shale), 

rhythmically 

laminated, light brown 

to dark brown, black 

or grey. Thin, mm-

thick siltstone to very 

fine-grained sandstone 

layers and lenses occur 

interbedded with oil 

shale. 

Suggest settling 

of suspended 

sediments, and 

the light to dark 

lamina may be 

related to short-

term variation in 

sediment supply, 

periodic algal 

blooms, or 

individual floods. 

 

*FA is facies associations described in Tänavsuu-Milkeviciene and Sarg (2010) and 

are shown in Figure 3.3.  
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hydrocarbon without oxygen. It is a fast method to recognize the type of organic 

matter, to quantify the organic richness, and to evaluate the organic matter maturity. 

(Espitalié et al., 1977).  

The procedures of the Source Rock Analyzer
 TM

 are described as follows:  

1) Oven temperature is 340°C when the sample is put into the oven. The sample is 

held isothermal at 340°C for 3 minutes. During this isothermal heating, the free 

hydrocarbons are volatilized and detected by the FID detector as S1 signal (standard 

SRA signal, Figure 3.4).  

2) The temperature is then ramped up at 25°C/minute to 640°C. In this period, organic 

hydrocarbons generated from the pyrolytic degradation of the kerogen in the rock are 

detected by flame ionization detector (FID) and reported as S2 signal. The free CO2 

liberated during the temperature range from 340 to 390 °C is detected by the infrared 

detector (IR) cell and reported as milligrams (mg) of S3 per gram of rock.    

3) At the end of pyrolysis the oven is cooled to 580°C and the carrier lines are purged 

with air for 3 minutes. The oven is then held at isothermal conditions at 580°C while 

the sample is purged with oxygen to oxidize the remaining kerogen material. During 

this time carbon monoxide (CO) and CO2 are measured with the IR cells to determine 

S4.  

To prepare samples for the Weatherford Source Rock Analyzer
 TM

, the core 

pieces and outcrop chips are first crushed using ball mill and shatter box instruments 

to less than 40 mesh size. Approximately 100 milligrams of ground whole rock sample 

is run in the instrument. Organic-rich samples are analyzed at reduced weights 

according to the instruction by Weatherford (Table 3.3). 

Nahcolite, the mineral form of sodium bicarbonate, is present in large 

quantities in Green River oil shale of Northwestern Colorado. Dawsonite 

(NaAl(OH)2CO3) coexists with nahcolite in the saline interval in basin center 

sediments (Brownfield et al., 2010). Thermal decomposition of sodium bicarbonate in 

an open system is usually as follows: 2 NaHCO3(s)  CO2 (g) + H2O (g) + 

Na2CO3(s). The conversion starts gradually around 100 °C, and is fast at 200°C. 
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Further heating to around 400°C begins the process of converting sodium carbonate 

into the oxide: Na2CO3 → Na2O + CO2. Thermal decomposition processes of 

dawsonite have been proposed by Huggins and Green (1973). By 350°C the dawsonite 

(NaAl(OH)2CO3 ) structure collapses and water equivalent to the hydroxyl group and 

a large portion of the carbonate CO2 are lost. This decomposition product then 

gradually loses the remainder of the CO2 and remains amorphous until crystalline 

NaAlO2 is formed at approximately 670°C. In this case, the thermal decomposition 

product of both nahcolite and dawsonite CO2 could possibly affect the S3 peaks of 

Source Rock Analyzer which is a measurement of CO2 liberated from 340 to 390°C 

(Shaded yellow area in Figure 3.4). 

Table 3.3 Sample weight standard used for running samples in Source Rock Analyzer. 

TOC range (wt. %) Max Weight (mg) Recommended weight 

(mg) 

<5% 100 ~100 

5% - 10% 75 ~50 

10% - 15% 40 ~20 

15% - 20% 20 ~20 

20% - 30% 10 ~10 

>30 5 ~5 

 

In order to test the effect of saline minerals on Source Rock Analyzer results, a 

subset of samples (47 Samples) in the saline zone were washed using de-ionized water 

to leach the minerals out of the sample. Sodium bicarbonate has significant solubility 

at 7.8g/100ml water at 18 °C. Dissolution of dawsonite is more complicated, as the 

thermodynamic stability of dawsonite is a function of coexisting phases in the system, 

temperature, CO2 pressure, and relative formation/ dissolution kinetics of the phases 

(Bénézeth et al., 2007; Stoica, 2010). As a test, generally 2 grams of the crushed 

sample is dissolved in 1000ml DI water, and stirred at ~30°C for overnight. The 

dissolution is filtered and dried under room temperature in the fume hood. Both the 

whole sample set and washed sample subset are run in the Source Rock Analyzer. A 

blank and a standard sample were run before each sequence to control the quality. A 
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standard check was run after every 8-10 samples to assure the data quality within 

reliable range. Duplicate sample was run for about every ten samples. 

 

Figure 3.4 Standard Source Rock Analyzer data profile. Yellow shaded area is the 

temperature range S3 parameter is measured during which thermal decomposition of 

nahcolite and dawsonite would have an effect on S3 data quality. 

 

3.2 USGS Open File Dataset 

A re-evaluation of the dataset from the U.S. Geological Survey (USGS) open 

file report has been carried out in this study to correlate with SRA dataset and provide 

supporting evidences. 

3.2.1 Fischer Assay Dataset 

The USGS have completed an assessment of in-place oil shale resources, 

regardless of richness, in the Eocene Green River Formation in the Piceance Creek 

basin (Johnson, 2010). Oil yields are measured using the Fischer assay method, which 

is a standardized laboratory test for determining the oil yield from oil shale. Fischer 

Assay has been used widely to determine oil yield for Green River Formation oil shale 
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((ASTM), 1980; Stanfield and Frost, 1949), and is considered to be the standard by 

which other methods are compared. This standard method consists of heating a 

crushed and screened (-8 mesh (2.38-mm mesh) 100-gram sample in a small 

aluminum retort to 500° C at a rate of 12° C per minute and then holding the sample at 

that temperature for 40 minutes. The volatile vapors of shale oil, gas, and water pass 

through a condenser cooled with ice water (about 5° C) and are collected in a 

graduated centrifuge tube. The oil and water are then separated by centrifuging and 

weighed. The quantities reported in the original sample are the weight percentages of 

shale oil, water, shale residue (contains carbon char), and “gas plus loss” 

(noncondensable gas yield) by difference. The specific gravity of the shale oil is 

measured and used to calculate the oil yield in gallons per ton (GPT) (Johnson et al., 

2010). The extensive collection of Green River oil shale data contains 782 sets of 

borehole Fischer Assay data in the Piceance Creek basin. Well head information and 

Fischer Assay log data are imported into Petra 
TM

 to make further interpretation. 

Interpretation of this dataset focused on the wells with rich and lean zone tops picked 

by the USGS, as shown in Figure 3.5. 

3.2.2 Inorganic and Organic Geochemistry of Well USBM01A 

The USBM 01A well (NW SW sec. 29, T01S, R97W) is located in the 

depocenter of the lake and is close to the John Savage well (marked as blue dot in 

Figure 3.1). USGS published an open-file report that contains a collection of chemical, 

mineralogical, and stable isotope compositional data for the Green River oil shale 

(Tuttle, 2009). The spreadsheet is available in Appendix C. In this study, major-oxide 

concentrations analyzed by wavelength dispersive X-ray fluorescence spectroscopy 

(WDXRF) and major-, minor-, and trace-element concentrations analyzed by 

inductively coupled plasma atomic emission spectrometry (ICP-AES) are reevaluated 

in the context of the Green River sequence stratigraphy.  
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Figure 3.5 Map showing Fischer Assay database in the Piceance Creek basin. All the 

circles are 782 sets of borehole with Fischer Assay data, blue circles are wells with 

rich and lean zone tops picked by USGS. Shaded area in the northern part of the basin 

indicates the depocenter of ancient lake, and it is also area with bedded saline mineral 

deposits (after Dyni, 1981).  
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CHAPTER 4  

RESULTS 

4.1 Source Rock Analyzer Results 

Due to the unique mineral package in the Green River oil shale samples which 

possibly could have effects on pyrolysis, and also because of the differences in 

analytical processes between the Weatherford Source Rock Analyzer
TM

 instrument 

(SRA) and standard Rock Eval
TM

 analysis, an evaluation of data quality prior to the 

discussion of source rock characterization is necessary. In the following section, 

measured parameters derived from Source Rock Analyzer are evaluated first, and then 

source rock properties are interpreted from reliable measured parameters. All the SRA 

results are attached in Appendix D. 

4.1.1 Measured Parameters Evaluation  

S1—the amount of free, thermally extractable hydrocarbons present in the 

whole rock sample. A cross plot of Source Rock Analyzer and Rock Eval results on 22 

oil shale samples from all over the world shows that S1 from the two methods does 

not correlate very well (R
2
 = 0.57) (Birdwell unpublished work, personal 

communication). Measured S1 is used to calculate the organic richness of source rock 

in the equation of TOC (wt. %) = [S4 + 0.83(S1 + S2)]/10 (Jarvie and Tobey, 1999), 

so error in S1 could lead to error in TOC. However in the case of Green River oil 

shale, the ratio of free hydrocarbon to total organic material (S1/TOC) is generally 

low, with an average around 2.5% (Log1 in Figure 4.1A,B,C,D). Measurement error in 

S1 is in the acceptable range and does not bring significant error to the source rock 

characterization of the Green River Formation samples. 

S2—the amount of hydrocarbons generated through thermal cracking of the 

remaining kerogen and high molecular weight free hydrocarbons that do not vaporize 

in the S1 peak. Crossplot of Source Rock Analyzer and Rock Eval results on 22 oil 

shale samples all over the world  shows that S2 correlates very well with a R
2
 of 0.95 

(Birdwell unpublished work, personal communication), indicating that the S2 results 
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of Source Rock Analyzer is generally reliable in the range from 0 to 500 mg/g. Green 

River oil shale sample results all fall in this range, as is shown in Log 2 in Figure 

4.1A, B, C, and D, which indicates reliable S2 data quality.  

 S3— the amount of carbon dioxide (CO2) produced during pyrolysis of 

kerogen in the range of 340°C to 390°C, is regarded as mainly organic-sourced CO2. 

This parameter is problematic as the cross plot of Source Rock Analyzer and Rock 

Eval results on 22 oil shale samples all over the world shows a poor correlation (R
2
 = 

0.52) (Birdwell unpublished work, personal communication). Specifically in the Green 

River oil shale, thermal decomposition of certain carbonate and bicarbonate minerals 

(e.g., nahcolite, dawsonite) could have possible effect on the S3 results as discussed in 

the previous chapter. As shown in Log 3 in Figure 4.1C and Figure 4.1D, high S3 

values occur from 1900-2800ft in John Savage 24-1 well and from 2100-2500ft in 

Shell 23X-2 well, which are both in the saline interval. Quantitative XRD results 

confirmed the mineral effects on S3 values (Poole, 2011). As shown in Figure 4.2, 

dawsonite percentage and SRA S3 values show good correlation in the basin center 

samples. The reason is that the temperature range from 340°C to 390°C during which 

S3 is measured is also the range of intense dawsonite thermal decomposition. So S3 in 

the saline zone samples is mainly recording the CO2 released from thermal 

decomposition of dawsonite, rather than of organic-matter sourced CO2. There are also 

some very high S3 values in the basin margin samples, as shown in Log 3 in Figure 

4.1A and B. Organic petrology analysis on three samples indicates oxidation coating 

of certain minerals (Figure 4.3), so the high S3 could possibly be due to surface 

weathering in the outcrops. In sum, S3 results are generally not valid in this study. S3 

is usually used to calculated the oxygen index (S3*100/TOC) of source rock. Oxygen 

index and hydrogen index are commonly plotted on a pseudo-Van Krevelen diagram 

to give information about kerogen type, but this is of uncertain value in characterizing 

Green River oil shale. 

TOC—weight percentage of total organic carbon. TOC is composed of two 

fractions, and is calculated as [S4 + 0.83(S1 + S2)]/10 (Jarvie and Tobey, 1999). S1 

and S2 represent the convertible fraction, and S4 represents the residual fraction, 
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Figure 4.2 Cross plot of dawsonite component from Quantitative XRD and S3 

measured parameter from SRA shows good correlation, which indicates effect of 

mineral decomposition to SRA S3 results. 

 

 

Figure 4.3 Organic petrology analysis on Douglas Pass outcrop samples indicates 

oxidation coating of certain minerals (cubic mineral is probably pyrite, further analysis 

required to make more complete determination). 
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which is the carbon dioxide and carbon monoxide released during combustion of the 

kerogen remaining after pyrolysis. The cross plot of SRA TOC and classic Leco TOC 

results on 22 world oil shale samples shows good correlation (R
2
 = 0.92) (Birdwell 

unpublished work, personal communication). This means TOC from SRA is generally 

reliable. However, the Green River oil shale samples are rich in saline carbonate and 

bicarbonate minerals and these minerals may have an effect on the SRA.  

Sample wash tests suggests that there are two groups of samples in the saline 

zone in basin center section: one group that shows major change in TOC between 

washed and unwashed sample sets, and another group that shows a very minor change 

in TOC values (Figure 4.4). As shown in Table 4.1, quantitative XRD results of one 

sample from each group indicates that the group with major change is rich in nahcolite 

and halite, whereas the group with minor change is rich in dawsonite (Poole, 2011). In 

the nahcolite rich sample JS-53, TOC for a washed sample and an unwashed sample 

recalculated to remove the saline mineral content (evaporite-free sample) show very 

good consistency. In the dawsonite-rich sample JS-41, TOC of the washed sample is 

lower than TOC of evaporite-free sample, probably due to only partial elimination of 

dawsonite using the sample wash method in this study.  

The results suggest that the major change in the washed sample set is probably 

caused by removing the dilution effect of saline minerals.  The saline minerals in the 

saline zone samples only dilute the TOC, but do not cause significant error to the 

measured parameters.  So the TOC results from the original sample set is a 

representative parameter for the proportion of total organic carbon in the whole rock 

sample (including saline minerals), and thus is used for further source rock 

characterization. To further prove the reliability, a cross plot of TOC from SRA and 

Quantitative XRD show good correlation in John Savage 24-1 samples (R
2
 = 0.84) and 

Shell 23X-2 samples (R
2
 = 0.95) (Figure 4.5). Relative low correlation in John Savage 

24-1 samples might be due to analysis in not exactly the same sample aliquot. Relative 

smaller TOC values from Quantative XRD than SRA is because that the organic 

matter measured by the XRD method is not pyrolyzed. 
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Figure 4.4 Comparison of TOC for original sample set and washed sample set shows 

two type of changes in the basin center saline zone samples. 

 

Table 4.1 Representative samples for two groups of samples in basin center saline 

zone. 

Samples Nahcolite 

(%) 

Halite 

(%) 

Dawsonite 

(%) 

SRA TOC 

(unwashed) 

(%) 

SRA 

TOC 

(washed) 

(%) 

TOC 

(Evaporite- 

Free) (%) 

JS-53 63 10 4 6.36 27.18 27.65 

JS-41 0 0.4 21 13.36 12.74 17.00 

 

Tmax— the temperature of maximum release of S2 hydrocarbons. Tmax 

values are of uncertain reliability on samples with low organic matter content, where 

the S2 value is less than 0.50 and the S2 peak does not have a definitive peak (Jarvie 

and Tobey, 1999). Also, organic lean clay-rich sediments with S2 values as high as 

2.00 mg/g may have unreliable Tmax values (Espitalie et al., 1985). In addition, Tmax 
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may be affected by the presence of heavy, free hydrocarbons in the S2 peak, which 

may cause the Tmax value to be anomalously low (<400°C). Or Tmax may be 

affected by reworked organic matter or salt ionization, which may cause the Tmax 

value to be anomalously high (>550°C) (Jarvie and Tobey, 1999). So the SRA results 

are filtered according to the possible effects to exclude samples with S2 < 0.5mg/g, 

samples from clay rich zones showing S2 < 2 mg/g, and samples that have Tmax 

values larger than 500°C or less than 400°C. The filtered Tmax results are used to 

reflect kinetics of oil generation for the Green River oil shale samples. 

 

Figure 4.5 Cross plot of TOC from SRA and Quantitative XRD shows good 

correlation in thebasin center sections.  

 

4.1.2 Source Rock Properties 

Organic Richness—TOC is generally used to indicate organic richness of the 

source rock. Shale or carbonate with TOC between 1-2 wt. % is considered to be good 

richness and TOC > 2.0% is very good (Peters, 1986). Green River oil shale deposits 
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in the basin center generally show very high organic richness. TOC in John Savage 

24-1 well ranges from 1.1 to 45.3 wt. %, with an average of 17.5 wt. %. TOC in Shell 

23X-2 well ranges from 3.4 to 40.1 wt. %, with an average of 15.6 wt. % (Log 4 in 

Figure 4.1C and Figure 4.1D). In the basin margin outcrops, organic richness is much 

lower than in the basin center section, ranging from 0.2 to 26.2 wt. %, with an average 

of ~4 wt. % (Figure 4.1A and B). A good source rock not only requires elevated TOC, 

but also a substantial amount of hydrogen present in the organic matter (Dembicki, 

2009) to make hydrocarbon compounds. S2/TOC is referred to as hydrogen index in 

SRA results, and is an indirect way to estimate hydrogen content. In the John Savage 

24-1 well, hydrogen index values are generally very high, ranging from 270 to 970 mg 

HC/g Corg, with an average value of 736 mg HC/g Corg (Log 5 in Figure 4.1C). In 

the Shell 23X-2 well, hydrogen index ranges from 121 to 885 mg HC/g Corg with an 

average of 666 mg HC/g Corg  (Log 5 in Figure 4.1D). In the basin margin sections, 

hydrogen index for samples with TOC less than 1 wt. % is generally low, but the 

index is high for samples with TOC higher than 1 wt. % with an average of 612 mg 

HC/g Corg (Log 5 in Figure 4.1A and B). To sum up, the results suggest that basin 

center samples are general very good oil prone source rock, and the basin margin 

samples also show good source rock properties in several intervals. 

Kerogen Type—The hydrogen index and oxygen index are commonly plotted 

on a pseudo-Van Krevelen diagram to give information about kerogen type 

(Dembicki, 2009). In this study, oxygen index is generally not reliable, but the 

hydrogen index alone still suggests the kerogen type as shown in Table 4.2 (Jones, 

1984). The cross plot in Figure 4.6 shows the kerogen type in basin center and margin 

sections. Samples towards the high TOC end fall into the type I kerogen zone, whereas 

samples towards the low TOC end gradually fall into type II and type III kerogen 

zone. There are two reasons for this trend, one of which is mixing. As suggested by 

Dembicki (2009), very few source rocks contain only one type of kerogen and mixed 

kerogen types would show a general trend in pseudo-Van Krevelen diagrams. Another 

reason is that, in a more mature suite of source rocks, this effect can arise by depletion 

of the hydrogen by oil and gas generation, not because more than one type of kerogen 

was necessarily present. In the case of Green River oil shale, most of source rocks are 
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immature. So the type II and III organic matter in samples towards the low TOC end is 

most probably caused by a mixture of terrestrial material into the lacustrine organic 

matter. The SRA results suggest dominantly type I lacustrine organic matter in the 

Green River Formation oil shale samples, with certain degree of type III terrestrial 

material mixed into the rocks (as noted earlier, and described by Bradley, 1931).  

Table 4.2 Kerogen type suggested by hydrogen index. (From (Jones, 1984)) 

Kerogen Hydrogen Index Potential 

Type I >700 
Oil prone, usually 

lacustrine 

Type II 350-700 
Oil prone, usually 

marine 

Mixed Type II/III 200-350 Mixed oil/gas prone 

Type III 50-200 
Gas/oil prone, usually 

terrestrial 

Type IV <50 Gas prone 

 

 

Figure 4.6 Cross plot of the kerogen type in basin center and margin sections. 
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Maturity—Tmax is dependent upon the kerogen type and is a reflection of the 

kinetics of oil generation as shown in Table 4.3 (Jarvie and Tobey, 1999). Type I 

kerogen with narrow distribution of activation energies will have a narrow Tmax oil 

window, e.g., some Green River oil shale is immature at 440°C and post-mature at 

448°C (Espitalie et al., 1985). Type III kerogen with a very broad distribution of 

activation energies will increase from immature at 435°C to the end of the oil window 

at about 465-470°C. Type II kerogen is quite variable depending on both oxygen and 

sulfur contents (Espitalie et al., 1985). Thus, Tmax needs to be interpreted in light of 

kerogen type and other data such as kerogen conversion ratio, vitrinite reflectance, and 

thermal alteration index. The production index (PI) calculated from S1/ (S1+S2) is 

indicative of the conversion of kerogen into free hydrocarbons, or in a general sense, 

the transformation ratio. The PI increases with increasing thermal maturation in the 

absence of expulsion (Espitalie et al., 1977). PI interpretation guidelines are from 

Jarvie and Tobey (1999), and include, production index in the range from 0 to 0.08 is 

immature, in the range of 0.08 - 0.50 is in oil window, and larger than 0.50 is in the 

gas window. A cross plot of filtered Tmax results (discussed in previous Tmax 

section) and production index is shown in Figure 4.7. The samples fall almost entirely 

in the low-level conversion zone indicated by production index, but fall into both 

immature and oil window zones indicated by Tmax. This trend does not follow the 

normal hydrocarbon generation trend (black dashed curve). One possible explanation 

is that the guideline in interpreting Tmax of SRA is still under debate. Another 

possibility is that the error in S1 would cause error in PI. Vitrinite reflectance is a 

classic method to assess maturity, but this method is difficult in type I kerogen 

characterization. A more detailed study using biomarkers is required to make further 

interpretation.  

Table 4.3 Thermal maturity derived from SRA Tmax (Jarvie and Tobey, 1999). 

Type I Type II Type III Maturity 

 < 425°C < 435°C Immature 

440-448°C 425-450°C 435-465°C Oil Window 

 >450°C > 465°C Gas Window 
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Figure 4.7 Cross plot of filtered Tmax results and production index to show the 

maturity of source rock. 

 

4.1.3 Source Rock Quality Variation in Sequence Stratigraphic Framework  

When the SRA TOC and oil yield are plotted together in the vertical section 

(Figure 4.8), general consistency is found in two types of organic richness 

measurements. Inconsistency in some intervals is due to different sample sets. The 

Fischer Assay oil yield mainly represents a homogeneously crushed sample of about 

one foot of section, whereas SRA samples represent a homogeneously crushed sample 

of two inch interval, so a wider range of values is observed in the SRA results.  As 

discussed earlier, hydrogen index is indicative of kerogen type, and a decrease in the 

index could indicate an increase of terrestrial type III kerogen input into organic 

matter dominated by type I kerogen. Fischer Assay oil yield, SRA TOC, and hydrogen 

index are thus plotted in the context of sequence stratigraphic framework both in the 

basin center section (Figure 4.8) and the basin margin section (Figure 4.9) to 

document stratigraphic variation in source rock quality in relationship to lake 

evolution.  Organic richness is correlated with two orders of sequences: 
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(1) Organic Richness Variations within Fourth-Order Sequences (100 – 400 ky) 

Organic richness trend is fitted within the fourth order sequences. In most of 

the basin center section sequences (Figure 4.8), TOC shows low values above the 

lower sequence boundary, followed by an increasing trend towards the middle part of 

the sequence and decreasing trend towards the upper sequence boundary. In a few 

sequences, there are multiple spikes in one sequence that is probably caused by higher 

order sequences within the fourth order sequence. Hydrogen index is generally high 

with relatively low values in intervals where TOC starts to rise. In the basin margin 

section (Figure 4.8), TOC and HI are close to zero in the lower part of the sequence; 

this trend is followed by a peak in both TOC and HI in the higher part of the sequence. 

(2) Organic Richness Variations within Third-order Sequences (~ 6 myr) 

In order to evaluate the organic richness trend within a longer time interval, 

average values of TOC or Fischer Assay oil yield for all zones from R0 to L7 are 

calculated (Table 4.4). Fischer Assay data points are denser than SRA results, and 

Fischer Assay samples cover almost every one foot interval across the whole core. So 

Fischer Assay results are calculated to represent the average organic richness in basin 

center sections, whereas SRA results are used in the basin margin sections due to lack 

of Fischer Assay results. Oil yields from Fischer Assay method are normalized 

according to rich and lean zone thickness and calculated using following equation: 

                       
                                                           

              
 

Average oil yields for different zones in the Shell 23X-2 and John Savage 24-1 

wells show good consistency as in shown in Table 4.4. The average values are plotted 

in relation to the zones and stages in Figure 4.8, and Stage 1 and 2 oil yield results are 

from Shell 23X-2 core, Stage 3, 4, 5, and 6 results from John Savage 24-1 core. A 

trend line is fitted within the third order sequences (purple curve). The trend in the 

basin center section shows that richness increases from Stage 1 to early Stage 3, and is 

really high in late Stage 2 and early Stage 3. Then it decreases and come to the lowest 

value in the end of Stage 3. The organic richness starts to increase again from Stage 4 

towards Stage 5. Average organic richness in the basin margin outcrop is plotted and 
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shown in Figure 4.9. The trend is similar to basin center section, except organic 

richness is very low in stage 3 and the highest values occur in Stage 5.  

 

Figure 4.8 Organic richness variation trends in the basin center section. Yellow and 

green curves are trends that fit within fourth order sequences. Purple curve is the trend 

that fit within third order sequences. 
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Figure 4.9 Organic richness variation trends in the basin margin section. Yellow and 

green curves are trends that fit within fourth order sequences. Purple curve is trend fit 

within third order sequences.  
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Table 4.4 Average organic richness for all the zones in different stages. 

Stages 
Rich/Lean 

Zones 

Basin Center Basin Margin 

FA Oil Yield 

Average (Shell 

23X-2) 

(gallons/ton) 

FA Oil Yield 

Average (John 

Savage 24-1) 

(gallons/ton) 

TOC Average 

(wt. %) 

Stage 6 
L7  (A-

groove) 
  5.39 

Stage 5 R7 29.94 29.45 17.45 

Stage 4 
L6 (B-groove) 4.51 6.69 N/A 

R6 23.05 24.71 2.35 

Stage 3 

L5 16.73 10.37 0.28 

R5 20.62 20.47 2.46 

L4 19.40 20.64 0.45 

R4 37.19 34.91 0.34 

Stage 2 

L3 19.45 18.39 N/A 

R3 26.29 23.92 1.17 

L2 21.89  N/A 

R2 38.88  0.55 

Stage 1 

L1 18.23  2.63 

R1 26.96  7.10 

L0 10.19  N/A 

R0 21.42  0.5 

* Stage 1 and 2 are results from Shell 23X-2 core, Stage 3, 4, 5, and 6 results are from 

John Savage 24-1 core. N/A- zone not recognized in the outcrop. 
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4.2 USGS Open File Data Re-evaluated Results 

Re-evaluated results of the USGS open file dataset are presented as follows, 

including Fischer Assay contour maps of 782 boreholes and geochemistry proxies of 

the central well USBM 01-A. 

4.2.1 Fischer Assay Contour Maps 

Average of Fischer Assay oil yields (gallons/ton) for each lake evolutionary 

stage are contoured in Petra 
TM

 and shown in Figure 4.10. Stage 1 is not contoured due 

to lack of a lower stage boundary in the dataset. Other stages are contoured using same 

scale from 0 to 44 gallons/ton. Stage 2 and Stage 3 show a similar pattern with the 

organic source rock restricted to the basin center and decreasing rapidly in richness 

towards the margin (Figure 4.10A and B). As the lake evolves to stage 4, which is the 

rising lake stage, organic rich source rocks become more wide-spread, and the stage 

does not show a sharp change between basin center and margin (Figure 4.10C). In 

Stage 5, the whole basin is covered with organic rich source rock (Figure 4.10D).  

Isopach maps are also contoured for Stage 2 to Stage 5 and shown in Figure 

4.11. The scales for different stages are different but the contour interval is the same 

(20 ft) since the purpose of the maps is to show the gradient changes during lake 

evolutionary stages. The maps generally show a NW-SE trend in thickness. Isopach 

maps in Stage 2 and 3 show a restricted lake with a depocenter in the northern part of 

the basin (Figure 4.11 A and B). Especially in Stage 3, thickness changes rapidly from 

depocenter to the margin, indicating a steep slope. In contrast, the slope gradients in 

Stage 4 and 5 tend to be more gradual (Figure 4.11 C and D), suggesting that the 

morphology of the basin changed from high gradient slope in Stage 3 to low gradient 

in Stage 5.  

4.2.2 Geochemistry Proxies from USBM-01A Well 

Recent studies about controls on organic matter deposition in marine and 

lacustrine settings have revealed some geochemical proxies that are significant for 

indicating the depositional environment (Bohacs et al., 2000; Goncalves, 2002; Harris 



48 
 

et al., 2004). Inorganic geochemistry data from USBM-01A is re-evaluated here to 

provide information for sediments in the basin center. 

(1) Provenance of Sediment Supply 

Al2O3/TiO2: Elemental oxides like Al2O3, SiO2, TiO2, Fe2O3, and K2O in basin 

center sediments show significantly positive correlations. These elements are mainly 

associated with clastic minerals, so the strong correlation suggests that Al, Si, Ti, Fe 

and K originate mainly from a mixed clay assemblage. The abundance of aluminium 

relative to titanium is commonly taken to show the relative influence of cratonic 

 

Figure 4.10 Average of Fischer Assay oil yields (gallons/ton) for each lake 

evolutionary stages are contoured in Petra. A is Stage 2; B is Stage 3; C is Stage 4; D 

is Stage 5. 
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Figure 4.11 Isopach maps of different stages using Petra. A is Stage 2; B is Stage 3; C 

is Stage 4; D is Stage 5. 

 

sources (Fyffe and Pickerill, 1993; Harris, 2000a; Harris, 2000b). Detritus near 

oceanic ridges derived from volcanic sources and pelagic sediments are relatively 

enriched in TiO2, resulting in Al2O3/TiO2 values as low as 8. As the contribution of 

detritus from the continental margin increases, the proportion of Al2O3 in pelagic 

sediments also increases and results in relative higher Al2O3/TiO2 ratios (Bostrom et 

al., 1973). This ratio is generally constant and high (~30) in the vertical section in the 

basin center section (Figure 4.12), indicating continental detritus as major sediment 

source with no significant change. 
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 (2) Organic Productivity and Nutrient Supply  

P2O5: Abundance of phosphorus is usually one indicator of the nutrient level in 

the water. So P2O5 results are used here as a proxy to indicate productivity in the lake 

water. As shown in Figure 4.12, nutrient supply is moderate and highly fluctuating in 

Stage 1, Stage 2, and early Stage 3, probably due to seasonal stream runoff. After it 

comes to a minimum value at the end of Stage 3, the productivity starts to rise 

dramatically from Stage 4 and becomes very high in Stage 5. 

Al2O3/K2O: Nutrients are largely derived from dissolution of minerals in soils 

and bedrock, and consequently, weathering rates are a significant control on their 

availability. Increased chemical sedimentation in the lake basin could reflect enhanced 

chemical weathering processes and thus is useful in indicating nutrient supply in the 

lake (Harris, 2000a). Because kaolinite and plagioclase don’t contain potassium 

whereas illite and K-feldspar do, the ratio of Al2O3/K2O in shale may reflect the 

relative proportion of kaolinite to illite and plagioclase relative to K-feldspar. In this 

case, Al2O3/K2O in the basin center could be used to indicate the level of chemical 

weathering. The trends in Al2O3/K2O show small-scale fluctuation, with higher values 

(more chemical weathering) in rich zones and lower values in lean zones. A larger 

scale cyclicity (purple curve) superimposed on the small cyclicity also shows more 

chemical weathering in Stage 1, followed by a decreasing trend from Stage 2 to Stage 

3. After a minimum in late Stage 3, the extent of chemical weathering starts to 

increase again towards Stage 4 and Stage 5.  

(3) Redox Condition  

V/Cr: this ratio relies on the sensitivity of V to redox conditions (Jones and 

Manning, 1994). In relatively oxidizing conditions, V is relatively insoluble and 

concentrates in sediments, resulting in high V/Cr ratios, whereas under reducing 

conditions, it is soluble and dissipates into the water column. V/Cr boundaries from 

Jones and Manning (1994) can be used as an indication of redox conditions in the 

sediments during deposition. V/Cr ratios less than 2 are considered to indicate oxic 

conditions during sediment deposition, whereas a ratio larger than 4.5 is regarded as 

indicating suboxic to anoxic condition, and values in between 2 and 4.5 are considered 
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to indicate dysoxic condition. Results show that most of the samples from Green River 

oil shale are deposited under dysoxic and anoxic conditions; only very few points lie 

in oxic water condition. 

(4) Clastic vs. Chemical Sedimentation 

Chemical sedimentation includes carbonate and saline mineral deposition in 

the basin center, and mainly carbonate deposition in the basin margin. Chemical 

sedimentation is determined by the concentration of cations in the lake, which is 

related to source of sediments and level of chemical weathering. Clastic sedimentation 

is largely related to location within a basin as sedimentation rate decreases with 

distance from the source of the sediment.  

Al2O3: Previous workers commonly used Al as the main proxies for detrital 

sedimentation, precisely because they are dominantly found in detrital clays and 

feldspars (Rimmer, 2004; Sageman et al., 2003; Tribovillard et al., 2004). This study 

will focus on Al as a proxy for detrital sedimentation. Clastic input could cause change 

in the abundance of vitrinite and inertinite in the sediments and thus affect the kerogen 

type of organic matter. Results plotted in Figure 4.12 indicate that in the basin center, 

clastic input is high in Stage 1 and relatively low in Stage 2 and 3. It starts to increase 

towards Stage 4 and becomes low again in Stage 5.   

SiO2/Al2O3: As suggested by van Buchem et al. (Van Buchem et al., 1992), the 

ratio SiO2/Al2O3 can be used as a proxy for grain size, since quartz and feldspars 

contain more silica relative to aluminum than clay minerals do, and sand grains, 

commonly composed of quartz and feldspar, are commonly coarser grained than clay 

minerals. This ratio is best seen as an indicator of the sand/clay ratio, which is 

compounded both of weathering and sorting or transport distance. Thus the 

SiO2/Al2O3 ratio could indicate the abundance of clastic input into the basin center. 

High ratios indicate coarser material brought to the lake margin, and less clay 

transported into the basin. Low ratios suggest significant fine-grained material brought 

into the lake center. Lake Stage 2 shows the highest SiO2/Al2O3 ratio in the vertical 

section, indicating that the sediments are trapped in the basin margin due to their 

larger grain-size. This is in accord with mineralogical data in the basin margin (Poole, 
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2011), which indicate the proportion of quartz and feldspar to total clay is at a 

maximum in Stage 2. The trends generally show positive excursions corresponding to 

rich zones, which indicate that less clay-sized sediment is transported into the basin 

center to cause dilution to organic matter.  

CaO: The level of CaO could indicate the carbonate sedimentation in the basin 

center. The carbonate content is moderate in Stage 1, 2 and 3. It starts to increases in 

Stage 4 (Rising Lake) and reach highest value in Stage 5 (High Lake). This indicates a 

major increase in the delivery of dissolved chemical components to the lake from 

Stage 4.  

Na2O: Na2O level in the basin center mostly indicates evaporite and saline 

mineral deposition in the saline zone; Most of the evaporites from the end of Stage 3 

(L5 zone) upwards are leached out, so the low Na2O values do not represent lack of 

evaporite deposition in the uppermost section. Evaporite sedimentation is intense in 

lake Stage 2 and Stage 3. 
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CHAPTER 5 

DISCUSSION 

In this chapter, climate changes in different lake stages are first reconstructed 

using previous studies based on carbon and oxygen isotopes of carbonates. Then 

organic richness results are correlated with three factors affecting organic matter 

deposition (production, destruction, and dilution), in order to determine the controls on 

the change of organic richness. Elemental ratios and carbonate isotopic data are then 

plotted together with organic richness in a sequence stratigraphy framework (Figure 

5.1).  

5.1 Climate Evolution 

Carbonate is present in both the basin margin and basin center sections. The 

major oxygen isotope trends of these carbonates could reflect changes in the ratio of 

lake inflow to evaporation. In general, an increase in temperature would result in an 

increase in δ
18

O due to enhanced evaporation that removes the light isotope of oxygen 

from lake water, and vice versa. Pitman (1996) studied the evolutionary trends on 

oxygen isotope curves of carbonate in the depocenter of Piceance Creek basin. Placing 

the Pitman results into lake stage context, this study shows trends in runoff and 

evaporation related to possible climate changes during Green River deposition.  

Relative low values in Stage 1 with negative excursion, indicate a fresh lake with 

significant runoff. This is followed by a pronounced positive δ
 18

O excursion in the 

beginning of Stage 2, showing enhanced evaporation. The δ
 18

O values show very 

slight increases paralleling increased concentration of evaporites, suggesting 

progressive evaporation and shallowing of the Piceance Lake from Stage 2 to 3. Long-

term decrease towards the Mahogany zone in δ
 18

O values is also consistent with 

expansion and deepening of the lake from Stage 4 to Stage 5.  

Suriamin (2010) also recorded a similar variation in oxygen isotopic 

composition of the carbonate through the Douglas Pass section on the basin margin.  
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The overall isotope trends are consistent between the basin center and the basin 

margin. Oxygen isotope of carbonate shows more variation in the basin margin 

compared to the sediments in basin center. Especially in Stage 2 and 3, the oxygen 

isotope values show minor fluctuations in the basin center sediments but are highly 

fluctuating in the basin margin sediments. This is because the basin margin is more 

sensitive to lake level change. As fresh water is brought into the lake by seasonal 

stream runoff, it would cause a negative excursion in δ
 18

O in basin margin carbonate, 

but may not cause much change to the bottom water in depocenter of the lake. This 

difference in oxygen isotope also supports the idea of a highly stratified lake in Stage 

2 and 3.  

Covariant trends between carbon and oxygen isotope are present in shallow 

water carbonates in the basin margin (Suriamin, 2010), but are not well displayed in 

the pelagic lacustrine carbonates in the basin center (Pitman, 1996).  According to 

review on many modern and ancient lake isotope data, carbon and oxygen isotopic 

covariance is most typical for carbonates from lakes that are hydrologically closed. 

The degree of correlation between carbon and oxygen isotope compositions 

distinguishes primary versus diagenetic calcites and dolomites in modern closed, 

saline, alkaline lakes that have high organic productivity (Talbot, 1990; Talbot and 

Kelts, 1986). Thus, shallow water carbonates of Green River Formation in the basin 

margin are probably mostly primary carbonates, while the carbonates in the basin 

center are mainly diagenetic.  

In general, carbonate carbon isotopes record the composition of the dissolved 

inorganic carbon (DIC) reservoir in the lake water at the time the carbonates are 

deposited. The DIC reservoir is modified by processes like atmospheric exchange of 

CO2, organic productivity in the water, and bacterially mediated diagenetic reactions 

(Pitman, 1996). In the basin margin carbonates, 
12

C-enriched atmospheric CO2 (δ 
13

C 

typically close to 0‰) or vegetated soil DIC could easily be mixed into the shallow 

water when the fresh inflow is brought into the lake (as indicated by the negative 

excursion in oxygen isotope). This will cause a large negative carbon-isotope 

fractionation between lake water and 
12

C enriched CO2. This also explains the 

covariance of oxygen and carbon isotope in the margin carbonates. Nutrients brought 



56 
 

into the lake would promote the photosynthesis activity, at the same time oxygen in 

the fresh water would enhance the respiration process as well. But when the 

temperature is high, the evaporation rate is enhanced (as indicated by the positive 

excursion of oxygen isotope), and this will lead to enrichment in the heavy isotope 

both for oxygen and carbon. Besides, increasing salinity prohibits the 

respiration/oxidation of organic matter, and less isotopically light carbon from organic 

matter is released into the water, which also contributes to a positive excursion in 

carbonate carbon isotope.  

Due to different carbonate forming conditions, there is some difference in 

interpreting positive and negative excursions in carbon isotope in the basin center 

samples. Pitman (1996) interpreted the positive excursion of δ
13

C initially to be related 

to intense photosynthetic activity through removal of 
13

C-depleted organic carbon. 

And the high productivity increased the rates of organic matter burial and promoted 

bacterial methanogenesis in the sediments, which leads to the even more 
13

C-enriched 

calcites and dolomites. The carbonate 
13

C negative excursion trends are interpreted to 

be the effects of increased respiration rather than fractionation between lake water and 

atmospheric/soil CO2. As the salinity of the lake water is increased, CO2 exchange 

between the stream inflow and bottom water is restricted, so oxidation of organic 

matter is considered the major source of isotopically light CO2 into bottom water mass 

of a stratified lake (as indicated by the relative stable oxygen isotope). To sum up, 

carbonate carbon isotope could be used as a proxy to reflect the net productivity 

(production-destruction) of organic matter, especially in the basin center samples 

where a lot of organic matter is buried. This relationship between carbonate carbon 

isotope and net productivity of organic matter is also present in some other lake basins 

(Goncalves, 2001). 

5.2 Models for Organic Carbon Deposition 

As reviewed in the first chapter, three independent models for deposition of 

organic-carbon-rich source rock have been proposed historically, including the 

primary-productivity driven model, the organic-preservation driven model, and the 

sedimentation or burial-rate driven model. Production, destruction, and dilution are
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evaluated in the context of fourth-order and third-order sequences in order to 

determine the controlling factors for organic-rich carbon deposition in the Green River 

oil shale. 

5.2.1 Interpretation of Organic Matter Richness within Fourth Order Sequences 

(100k to 400k yr) 

Because the geochemical analysis data (Well USBM-01A), and the sequence 

stratigraphic description (Well John Savage 24-1 and Shell 23X-2) are not from the 

same well, it is difficult to evaluate each factor quantitatively versus depth within each 

sequence.  So the role of three factors are evaluated qualitatively and compared in low 

lake, rising lake, and high lake periods within one sequence (Tanavsuu-Milkevicene 

and Sarg, 2011, in press).  

(1) Low Lake (Figure 5.2) 

Destruction: During lowstands in a lake basin, there is little stream runoff into 

the lake, which encourages reducing conditions by restricting renewed oxygen supply. 

Less fresh water inflow also contributes to an increase in the salinity of the water body 

and enhances density stratification. Water column mixing is thus likely restricted to 

shallow wave- and wind-induced mixing and cannot increase oxygen supply at great 

depths. Anoxia condition is most likely to develop in the deep depocenter of the lake 

enhancing preservation of organic matter.  

Production: The impacts of longer stratification periods were shown in a 

simulation study of Lake Michigan, which suggested that primary production would 

decline slightly because nutrient inputs to surface waters from the sediments would be 

reduced by the earlier onset of thermal stratification (Brooks and Zastrow, 2002).  

These findings suggest that warmer and drier summers, or prolonged or stronger 

stratification, will lead to lower nutrient levels, thus lower primary production in many 

lakes (Boyce et al., 1993; Peeters et al., 2002). 

Dilution: As the shoreline would shift basinward during low lake level, detrital 

material brought into the basin by runoff is usually trapped in the basin margin area, 

thus the detrital sedimentation rate is high in the basin margin area but relatively low 
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in the basin center. However, enhanced deposition of evaporites could dilute the 

organic matter significantly in the basin center. 

 

Figure 5.2 Evaluation of source rock depositional control factors in a low lake period. 

Figure modified after Tanavsuu-Milkevicene and Sarg (2011).  

 

(2) Rising Lake (Figure 5.3) 

Destruction: As increasing runoff brings in more oxygen, organic carbon 

deposition decreases because of increased oxygenation of the water column, which 

causes greater degradation during settling. Increased turbulence on the basin floor as 

indicated by the turbidites and hyperpycnites could possibly disturb the stratification 

in the basin center and cause more destruction of the organic matter.  

Production: Higher nutrient input is expected as the runoff is significantly 

increased. So production should be fairly high in the lake water.  
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Dilution: Detrital sedimentation rate is high in the basin margin area as the 

increasing runoff brings in more sediment. Turbidite and hyperpycnite deposits that 

are observed in core samples (Tanavsuu-Milkevicene and Sarg, 2011, in press) also 

suggest increasing clastic sedimentation into the basin center. 

 

Figure 5.3 Evaluation of source rock depositional control factors in a rising lake 

period. Figure modified after Tanavsuu-Milkevicene and Sarg (2011) 

 

 (3) High Lake (Figure 5.4) 

Destruction: As the lake level becomes high and stable again (dominated by 

laminated oil shale facies) runoff begins to decrease. The second half of the high lake 

time is marked by enhanced evaporation and a falling lake level when the shoreline 

begins moving basinward again. So the destruction of organic matter is relatively low 

compared to rising lake and become even more so as the lake evolves towards more 

saline and stratified condition.  
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Production: As the lake level is high, a larger lake volume is in the photic zone 

and productivity should be fairly high with appreciable nutrient brought in by runoffs. 

Algal blooms are most likely to occur at this lake level, which would consume 

significant amounts of oxygen in the water enhancing the anoxic condition favorable 

for organic matter preservation. When the evaporation is high and the high lake 

evolves towards the low lake, production will decrease.  

Dilution: The clastic input in the margin decreases perhaps due to increased 

vegetation cover compared to the rising lake period, and relatively minor clastic 

detritus is brought into the basin center. 

 

Figure 5.4 Evaluation of source rock depositional control factors in a high lake period. 

Figure modified after Tanavsuu-Milkevicene and Sarg (2011) 

 

Based on the discussion above, curves of the three factors affecting organic 

matter richness are drawn in Figure 5.5 to show the relative changes within one 

sequence both in the basin margin section and basin center section. The source rock 
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potential in each systems tract is determined based on a combination of three factors in 

the equation below (Bohacs, et al., 2000): 

                 
                      

        
 

The idealized organic enrichment and hydrogen index pattern within one 

sequence (Figure 5.5) is largely similar to the measured TOC trends within fourth 

order sequences (Figure 4.8 and Figure 4.9). In the basin center sequence, the peak in 

organic richness occurs near the maximum flooding surface where production is 

maximized while destruction and dilution are low. Hydrogen index is generally high 

with relative low values near the transgressive surface, when the rising lake brings 

terrestrial organic matter all the way into the basin center. In the basin margin 

sequence, peaks in organic matter richness and hydrogen index both occur in the 

highstand, with low values in lowstand and transgressive system tracts.  

To test and extend this hypothesis, it is applied and tested in the Greater Green 

River basin in Wyoming. A similar trend is observed in two measured sections from 

the depocenter of Lake Gosiute (Bohacs et al., 2000). As shown in Figure 5.6A and 

Figure 5.6B, TOC, HI patterns in the Wilkins Peak Member (time equivalent to Stage 

3) and the Laney Member (time equivalent to Stage 4 and Stage 5) fit well into the 

basin center sequence organic depositional model in the Piceance Creek basin. 

However, the patterns do not occur in the Luman Tongue Member (time equivalent to 

Stage 1) (Figure 5.7).  The reasons for this inconsistency are explained as follows: 

similarities were found in the quality of the source rocks of basin center deposits in the 

Piceance Creek basin, Wilkins Peak Member, and Laney Member where most of the 

samples have hydrogen indices greater than 600, suggesting a uniform contribution of 

organic matter. However this is not the case for the Luman Tongue Member. A 

significant proportion of samples in Luman Tongue Member have hydrogen index less 

than 600 (Figure 5.8).  A typical shallowing upward trend in a parasequence from the 

Luman Tongue consists of organic matter-rich shale and mudstone (distal lake 

deposits) and organic matter-poor bioturbated mudstone and siltstone (proximal lake 

deposits) deposited on a sharp flooding surface followed by coquinas (shell deposits), 

small sandy delta sandstone and occasional thin coal beds. Considerable clastic input 
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brings in terrestrial organic matter that dilutes the organic richness (Bohacs et al., 

2000). So the dilution effects overwhelm the net productivity in the basin center 

organic matter and cause a different pattern in organic richness. Thus one significant 

difference with the model of organic deposition in the Piceance Lake is due to minor 

detrital dilution in the Piceance basin center sediments.  

5.2.2 Interpretation of Organic Matter Richness within Third Order Sequences 

(~ 6 myr) 

The source rock potential in a longer term sequence is also closely related to 

the combination of the three factors of production, destruction and dilution. The 

density of geochemistry data in USBM-01A well allows a quantitative evaluation of 

three factors in the basin center sediments. 

Production: As presented in the results chapter, geochemical proxies (P2O5 

and Al2O3/K2O) for productivity show consistent trends within third-order sequences 

(Purple line in Figure 5.1). The productivity is moderate to high in Stage 1, and then 

decrease towards Stage 2 and Stage 3.  After it comes to a minimum value at the end 

of Stage 3 (Time of highest salinity and halite precipitation), the productivity starts to 

rise from Stage 4 and lasts until Stage 5.  

Dilution: Dilution is a function of sedimentation rate (clastic and chemical). Age 

determination in of the Piceance Creek basin is poorly constrained because of the 

absence of tuffs. So the sedimentation rates are difficult to estimate for sediments in 

the basin. However, a shifting balance between clastic and chemical sedimentation can 

be observed in deposition both in basin center and margin. Geochemical proxies 

generally show less clastic sedimentation but more chemical sedimentation up section 

in the basin center. Stage 1 is dominated by detrital input, and then in Stage 2 and 3 

saline mineral sedimentation becomes prominent. In Stage 4, clastic input plays a 

significant role and carbonate deposition also starts to increase. Carbonate 

sedimentation is most important through Stage 5. Through changing roles between 

clastic and chemical sedimentation in different lake evolutionary stages, the overall 

balance is relative steady. So overall dilution by clastic input is not the critical control  
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Figure 5.5 Summary of controlling factors in different system tracts and resulting 

organic richness and hydrogen index pattern in basin center (A) and margin sections 

(B).   
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Figure 5.7 TOC and HI patterns of organic deposition hypothesis in Piceance Creek 

Basin do not exist in Luman Tongue Member (time equivalent to Stage 1) (Bohacs et 

al., 2000). Red line is sequence boundary, blue mark is transgressive surface, and 

green mark is maximum flooding surface. 

 



67 
 

 

Figure 5.8 Hydrogen index of samples from Luman Tongue, Laney, and Wilkins Peak 

Members. Horizontal axis is hydrogen index, vertical axis is number of samples. 

(Bohacs, et al., 2000) 
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in the basin center sediments, which is also is reflected by a dominance of type I 

kerogen.   

Destruction: The geochemical proxy of V/Cr shows that most Green River oil 

shale samples in the basin center were deposited in dysoxic and anoxic water 

conditions, and only very few points lie in oxic waters. Just one proxy is not 

necessarily enough to indicate the redox condition in the lake. However, the 

sedimentation of inorganic material provides certain information on the depositional 

environments of organic matter. Evaporite sedimentation is most intense in Stages 2 

and 3, which indicates that the highest salinity and density stratification is most likely 

to develop during these stages. Oxygen solubility would decrease with increasing 

temperature and salinity (Katz, 2005). Oxygen renewal rate to the water column would 

also decrease due to lack of circulation (Erbacher et al., 2001). So destruction of 

organic matter is overall low for the whole section, and preservation of organic matter 

is especially high in Stage 2 and 3. 

As shown in Figure 5.1, the trend line of organic richness fitted within the third 

order sequences (purple curve) in the basin center section is very similar to the trend 

line fitted in carbonate carbon isotope. This indicates that net productivity 

(production-destruction) is still the major control in third-order sequences.  

The cause of change in net productivity may be related to climate change 

during the early-middle Eocene. As shown in δ
18

O-based climate curve for the Eocene 

era from Zachos et al. (2001) (Figure 5.9): Stage 1 is formed during the warm up to 

the Eocene climate optimum, and there was probably considerable runoff and nutrient 

input into the fresh lake, resulting in high production and moderate destruction of 

organic matter. Stage 1 is thus quite rich in preserved organic matter. From Stage 2, 

the lake became restricted with the first evaporite deposition in the beginning of the 

Eocene climate optimum. Nutrients brought into the lake also become restricted, but 

the preservation condition is excellent, resulting in good source rock potential.  Stage 

3 is formed at the peak of Eocene climate optimum and contains thick evaporite 

intervals. Nutrient supply is restricted and mostly from seasonal runoff as shown in 

fluctuation in geochemical proxies but the preservation condition becomes even better. 
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This seasonal or decadal bloom of organic matter results in high organic richness 

appearing as thin oil shale layers between thick evaporite layers. Though Stage 3 

contains the richest organic matter in thin layers, the average organic richness 

decreases in this stage and comes to a minimum at the end of Stage 3. Production 

starts to rise in Stage 4 and this is related to the long term cooling climate after the 

Eocene climate optimum. More nutrients are brought with increased runoff. But 

destruction is also high during this stage. This lasts until Stage 5, when high 

production and low destruction at the highest lake condition results in high net 

productivity.  

 

Figure 5.9 Climate trends in different lake stages fitting into large scale climate 

change in the Eocene era. (Tänavsuu-Milkeviciene and Sarg, 2010)   

 

Besides climate, change in net productivity might also be related to 

morphological changes of the basin. As shown in the isopach contour maps (Figure 

4.11), the basin changed from high gradient slope in Stage 3 to low gradient in Stage 

5. This is also reflected in the basin center facies that abundant oil shale debris 
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occurring in Stage 3 while laminated oil shale is dominated in Stage 5. A depositional 

model has been proposed where organic enrichment is related to the evolution of the 

basin slope in rift lake basins (Goncalves, 2002 ; Harris et al., 2004).  As shown in the 

Figure 5.10A, high erosion rate on steep slopes limits the soil profile. Because nutrient 

release from soils takes place as a result of microbial decay, limited storage of organic 

carbon in soils implies low fluxes of DIC to the lake. At the same time, a narrow and 

deep lake restricts circulation and limits mixing below shallow depth, leading to low 

oxygen levels in deep water. Low destruction of organic matter is thus the reason for 

high net organic productivity in Stages 2 and 3. As slopes degrade (Figure 5.10 B), 

dissolved CO2 and nitrate flux to the lake, and the larger fetch of the lake significantly 

increases the production of organic matter. High production of organic matter is then 

the reason for high net organic productivity in Stages 4 and 5.  Stage 1 sticks out as 

anomalous if this model works.  Since we have low clastic influx throughout Green 

River time in the Piceance Creek basin and we probably have a deep, stratified lake 

throughout Parachute Creek time, climate plays a more important role than basin 

morphology, although morphology may have had some effect. 



71 
 

 

Figure 5.10 Deposition model of organic matter in the evolving Congo rift basin. (A) 

Active rift stage. (B) Late rift stage. (Harris et al., 2004) 
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CHAPTER 6 

CONCLUSIONS 

The following conclusions are drawn based on the discussion of Source Rock 

Analyzer results, Fischer Assay dataset and inorganic geochemistry results: 

1. Source rock in the depositional center of Piceance Creek basin shows good 

potential, which is dominated by type I kerogen with an average TOC of ~15 wt. %. 

Rocks from the basin margin are generally organic lean and only show good source 

rock properties in several thin intervals. 

2. The organic deposition of the Green River oil shale is closely related to three 

critical factors: production, destruction, and dilution. The organic richness variation in 

the fourth order sequences suggests a net- productivity-driven organic depositional 

model in Lake Piceance. This model works when net productivity (production – 

destruction) plays the major role and there is minor terrestrial dilution. 

3. Based on quantitative discussion of various inorganic geochemistry proxies in the 

third order sequence of the basin center section, net productivity also tends to be the 

main reason for the average organic richness variation in the vertical section. 

However, evaporite dilution plays a big role in organic richness variation in Stage 3.  

Three factors are summarized for five stages in the basin center as follows, in which 

high, moderate and low are relative terms:  

 Stage 1 (moderate average organic richness): high productivity and moderate 

destruction result in high net productivity, and dilution by detritus is high. 

 Stage 2 (high average organic richness): moderate productivity and low 

destruction result in high net productivity, and dilution from detritus is low 

while dilution from saline minerals is moderate. 

 Stage 3 (average organic richness is decreasing from high in the beginning of 

this stage to a minimum at the end of this stage): decreasing productivity and 

constant low destruction result in decreasing net productivity, but dilution by 

saline minerals is increasing. (This stage contains the richest organic matter in 

thin layers, potentially due to seasonal or decadal bloom of organic matter, 
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while increasing dilution from thick evaporite mineral layers lowers the 

average organic richness) 

 Stage 4 (moderate average organic richness): moderate productivity and 

moderate destruction result in moderate net productivity, dilution is high from 

detritus.  

 Stage 5 (high average organic richness): high productivity and low destruction 

result in high net productivity, and dilution from clastic sediment is low while 

from carbonate is high. 

4. Incorporation of isotope data suggests that organic richness variations in the fourth- 

and third- order sequences are mainly controlled by the climate through lake level 

changes. Basin morphology change possibly has some effect on the organic richness 

changes in the third order sequence. 
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CHAPTER 7 

FUTURE WORK 

Limitations discussed in this study suggest several areas of future work that 

would be valuable for organic geochemistry research in the Green River oil shale. 

A comparison between SRA TOC and Quantitative XRD TOC is carried out to 

evaluate the data quality of SRA in this study. In order to confirm the data reliability 

of SRA in analyzing type I source rock, future work could extend to run the same set 

of sample using classical Leco TOC method and compare with SRA results.  

For indicators of redox conditions in the basin center sediments, one parameter 

was assessed, V/Cr, due to data limitation, and boundary values to delineate oxic and 

anoxic conditions are borrowed from marine settings.  However, it is usually difficult 

to identify specific thresholds for these ratios that delineate the redox zones in 

different settings. And previous studies have recommended not relying on a single 

redox proxy (Tribovillard et al. 2006; Rimmer 2004; Lyons et al. 2003), but rather 

using multiple proxies to better understand changes in redox conditions. So more data 

are required to make further interpretations about the depositional environments of 

Green River oil shale. Besides inorganic geochemical proxies, Harris (2004) applied 

biomarker studies in assessing redox condition in a rift lake, in which homohopane 

index, pristine/phytane ratio, and gammacerane ratio are used as indicators. A 

biomarker study is highly recommended for future research to assess the redox 

condition in Lake Piceance during Eocene. 

Besides evaluating the paleoenvironment, detailed biomarker analyses are 

useful in indicating biologic source and thermal maturity of the source rock. In this 

study, maturity is not well evaluated due to lack of good guidelines for interpreting 

SRA Tmax, so application of biomarker maturity parameters would provide maturity 

information for the deposits in the Green River Formation. Furthermore, if biomarker 

analyses were done on the same set of samples with SRA, correlation between two 
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methods would be helpful in building a guideline for interpreting maturity of type I 

kerogen using SRA Tmax values. 

A hypothesized model is proposed for organic matter deposition within fourth 

order sequence in this research. One deficiency for this study is that, only sequence 

boundaries are recognized for the fourth order sequences, transgressive surface and 

maximum flooding surfaces are not delineated. And data points are sparse in some 

sequences, so in order to test the hypothesis better, recommendation for future 

research is to focus on one well-defined sequence in the basin center, do denser 

sampling and then examine the trend. If possible, more detailed inorganic and organic 

geochemical analysis could be conducted on the same sample set to evaluate three 

critical factors quantitatively within the well-defined sequence, and thus provide 

evidence for the hypothesis.  

To address the role of climate, carbonate carbon and oxygen isotopic data from 

the literature is incorporated in this study. Future research could extend to analyze the 

carbon isotopic composition of organic matter and specific biomarker compounds, in 

order to further prove the role of net productivity on organic matter accumulation. By 

understanding the controls on organic carbon deposition and addressing the role of 

climate in more detail, it is possible to make predictions about the differences between 

the different Green River basins, and between these and other lacustrine basins. 
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