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ABSTRACT 

The Eocene Green River Formation was deposited in several Laramide foreland basins in 

the Rocky Mountain region.  The formation is well known for its abundance of high-grade oil 

shale. In the Uinta basin, Green River hydrocarbons are being produced from large fields such as 

Altamont-Bluebell, Monument Butte, and Red Wash.  Pre-salt discoveries in offshore Brazil and 

Angola have also helped bring recent focus to microbial carbonates as hydrocarbon reservoirs.  

Lacustrine systems are extremely variable, being controlled both by climate and tectonics.  

Continuous and well-exposed outcrops are invaluable for characterizing these important 

reservoirs.  

This study describes and interprets a continuous, three mile carbonate outcrop within the 

R5 section of the Green River Formation in Three Mile Canyon, Utah, on the eastern edge of 

Eocene Lake Uinta.  This canyon is currently a tributary of Evacuation Creek, an area well 

known for its excellent exposures of the Green River Formation.  The units exposed in Three 

Mile Canyon are marginal lacustrine deposits of shale, deltaic sandstone, and littoral to 

sublittoral carbonates.  

The study outcrop follows an obliquely basinward transect through shore to nearshore 

facies.  The carbonate unit geometries display a lateral transition from large-scale (m-scale) 

laterally linked stromatolite and thrombolite heads, to thin (cm-scale) planar laminations with 

smaller isolated microbial mounds.  Moving basinward toward Evacuation Creek, the unit 

pinches out into low grade oil shales.  

The carbonate consists of two facies associations: (1) microbial and (2) marginal non-

microbial lacustrine carbonates.  The microbialites are comprised of stromatolite, thrombolite, 

and dendrolite fabrics.  Non-microbial carbonates occur in association with these, and consist of 
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five lithofacies that record changing energy conditions associated with water depth.  Facies 

transitions appear to describe two overall deepening-upward cycles, with localized shallowing 

sequences. Thin section analysis reveals that the carbonates have undergone a complex 

diagenetic history that began syndepositionally and continued through burial, including 

micritization, dissolution, neomorphism, dolomitization, mechanical and chemical compaction, 

calcite cementation, dolomite cementation, and dedolomitization.  Significant porosity has been 

created and preserved through these processes. 
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CHAPTER 1 

INTRODUCTION 

  

The Eocene-aged Green River Formation is a lacustrine deposit present in three major 

sedimentary basins in the Rocky Mountain region: the Greater Green River basin located 

primarily in southwest Wyoming, the Piceance basin in northwest Colorado, and the Uinta basin 

in northeast Utah (Figure 1.1).   The extensive oil shale deposits of the Green River Formation 

are some of the largest in the world, and are of great economic importance.  Lake Uinta, which at 

times covered both the Uinta and Piceance basins, are known for their organic richness.  It is 

estimated that Green River oil shales contain roughly 1.32 trillion barrels of oil in place in the 

Uinta basin alone (Johnson, 2010).   

Much of the production from the eastern Uinta basin comes from conventional oil plays, 

where fluvio-deltaic sandstones and microbial carbonates offer the highest reservoir potential.  

Outside the U.S., recent large pre-salt hydrocarbon discoveries in places such as offshore Brazil 

and Angola have helped bring lacustrine microbialites to the forefront of oil and gas exploration 

(Guidry et al, 2009).  These reservoirs are often poorly imaged, and exploration can benefit 

greatly from studies of analogous deposits.  The Eocene-aged lakes of the Green River 

Formation may, in part, represent the analogues for these reservoirs.  

The Green River Formation in the Uinta basin has been the subject of much study, but 

relatively little work has been done on its lake margin microbial carbonate deposits.  Describing 

these porous reservoir units and understanding their depositional controls will partially fill this 

knowledge gap as well as help guide future exploration in the Uinta basin and abroad.   

The objectives of this study are to: 1) identify and fully describe the facies present in a 

deltaic sandstone-capping microbialite unit in the study area, 2) trace the lateral variability of 

microbialite facies along the outcrop, 3) determine the depositional history of this unit, 4) place 

this unit into the larger, existing stratigraphic framework developed for the Uinta basin, and 5) 

describe the diagenetic history.   
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1.1 Previous Work 

The geology of the Green River Formation, including origin, depositional environments, 

and stratigraphy of Lake Uinta, with focus on siliciclastics and basin-center carbonate- and 

organic-rich mudstones, have been researched by a number of authors, (Bradley and Eugster 

1963; Lundell and Surdam, 1975; Moncure and Surdam, 1980; Johnson, 1981; Boyer, 1982; 

Cole, 1985; Smith et al., 2008; Tänavsuu-Milkeviciene and Sarg, 2012).  Many of these studies 

have focused on the eastern portion of Lake Uinta in the Piceance basin, including the eastern 

edge of the Douglas Creek Arch (Figure 1.1).  Little study, however, has focused on shallow-

water marginal lacustrine carbonates, particularly in the Uinta basin.   

  Lake Uinta has variously been modeled as a shallow playa-type lake (Lundell and 

Surdam, 1975), to a deep, permanently stratified lake (Desborough, 1978; Johnson, 1981), to an 

evolving combination of the two (Boyer, 1982; Smith et al., 2008).  Much of the discussion has 

centered on the origin of the abundant dolomite found in Green River lake center organic-rich 

mudstones.  The playa lake model suggests that calcite precipitation during times of high 

evaporation on shallow mud flats led to high Mg/Ca ratios suitable for dolomitization.  Lundell 

and Surdam (1975) and Moncure and Surdam (1980) proposed a model of a shallow lake with a 

broad playa margin, pointing to a combination of shallow-water depositional features, and the 

prevalence of nahcolite.  Depositional cyclicity is explained through climatic variations and 

seasonal chemical stratification. 

Cole (1985) and Moncure and Surdam (1980) noted the presence of marginal lacustrine 

carbonates, including microbial and clastic carbonates, in the vicinity of Douglas Pass between 

the Uinta and Piceance basins.  Leggitt and Cushman (2001) studied marginal lacustrine 

carbonates in the Greater Green River basin, discussing the interaction between microbial 

carbonates and trichopterid pupae in the formation of biohermal buildups.  Sarg et al. (2013) 

conducted a more recent detailed study of the marginal lacustrine carbonates in the Douglas Pass 

area on the western edge of the Piceance basin, with a focus on tying carbonate successions to 

lake level fluctuations.   

Recent studies have indicated that Lake Uinta may have experienced a number of 

hydrologic conditions beginning with an open system, eventually deepening, and finally closing.  

To reflect these changes, the history of Lake Uinta has thus been divided into six stages based on 
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hydrologic conditions interpreted from depositional geometries, sedimentation patterns, and 

geochemical data (Tänavsuu-Milkeviciene and Sarg, 2012).  These stages are: Freshwater-

Mesosaline Lake (S1), Transitional Lake (S2), Rapidly Fluctuating Lake (S3), Rising Lake (S4), 

High Lake (S5), and Closing Lake (S6).  These evolutionary stages are thought to result from the 

interplay of tectonics and climate.   

 

 

 

  Figure 1.1 Location of field study within structural context. Study area is located on the 

western flank of the Douglas Creek Arch.  Taken from Tänavsuu-Milkeviciene and Sarg, 

2012, after Dickinson et al., 1988. 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

 

2.1 Study Location 

The Uinta basin is located on the western edge of the Rocky Mountains, almost entirely 

within the state of Utah.  This study was conducted on an exposed Green River outcrop along the 

eastern edge of the Uinta basin in Utah near the Colorado border (Figure 2.1), in the Dragon 

quadrangle of township 11S 25E.  It encompasses a three-mile-long stretch of Three Mile 

Canyon extending southwest from where it intersects Evacuation Creek (Figure 2.2).  The Green 

River Formation is well-exposed in the Evacuation Creek area, with extensive continuous 

outcrop.  The microbial carbonate sampled forms an erosion-resistant bench, which generally sits 

directly atop equally resistant deltaic sandstone or siltstone.  Over- and underlying shales have 

weathered to steep slopes which form the canyon walls. 

 

2.2 Tectonic Setting 

In the Early Cretaceous, subduction of the Farallon Plate under western North America 

initiated the Sevier Orogeny (DeCelles, 1995).  This resulted in the formation of the overthrusted 

Sevier Orogenic Belt and a depressed foreland to the east, which was subsequently flooded by a 

marine incursion, the Cretaceous Interior Seaway (Armstrong, 1968).  Near the end of the 

Cretaceous, the subducting Farallon Plate changed trajectory, halting the Sevier Orogeny and 

initiating a new suite of structural movements termed the Laramide Orogeny (Dickinson et al., 

1988). 

The Laramide Orogeny contributed to the withdrawal of the Cretaceous Interior Seaway, 

which previously covered much of the Rocky Mountain region (Dickinson et al., 1988). The 

Laramide Orogeny was characterized in part by the generation of a number of broken foreland 

basins with bounding uplifts to the east of the Cordilleran fold and thrust belt.  These basins can 

be classified as one of four generic types: ponded, perimeter, axial, and extensional (Dickinson et 

al., 1988; Smith et al., 2010).  The basins containing Green River Formation sediments are 

considered type examples of ponded basins
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Figure 2.1 Location of field study within geologic context.  Note gilsonite dikes running through study area.   
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Figure 2.2 Location of field study on western border of Utah.  Red line shows outcrop 

location with respect to area roads.  The entire transect is a little over 3 miles in length.  A 

more detailed map with marked locations of measured sections and rock samples is located 

in the appendices.   



 

7 

 

The Uinta basin is an asymmetric ponded basin (Figure 1.1) with an east-west structural 

axis, situated between the Uinta Uplift to the north, the Wasatch Plateau to the west, the San 

Rafael Uplift to the southwest, the Uncompahgre Uplift to the southeast (Dickinson et al., 1988), 

and the Douglas Creek Arch to the east.  During periods of high lake levels, the Piceance basin, 

to the east, and the Uinta basin were connected into one large Lake Uinta.  At low lake levels, the 

Douglas Creek Arch was generally thought to separate the basin lakes.   

 

2.3 Stratigraphy 

 Although the abundant fossils of the Green River oil shales were already well known, the 

Green River Formation was first described as such by Hayden (1869) in Wyoming.  In addition 

to the economically important oil shales, the Green River Formation of Lake Uinta also contains 

sandstone, carbonate, and evaporite units.  Marginal and littoral (i.e. above fair weather wave 

base) deposits vary from mudstone and siltstone to microbial, skeletal, and coated-grain 

carbonates.  Local fluvial inputs deposit near-shore deltaic sands, and some littoral oil shale is 

present.  The sublittoral and profundal environments (i.e. between fair weather wave base and 

storm wave base, and below storm wave base respectively) is dominated by laminated oil shale 

deposits and some microbial carbonates.  Hyperpycnal flows and turbidity currents also deposit 

sand farther out into the lake basin. Evaporite deposits are more common in the deepest part of 

the lake (Tanavsuu Milkeviciene et al., 2012). 

The Green River Formation is underlain by the early Eocene Wasatch Formation, and is 

overlain and interfingers with the Uinta Formation. The Green River Tongue of the underlying 

Wasatch Formation represents a first encroachment of lake environments into the basin (Figure 

2.3).  The mollusk-rich Long Point Bed of Johnson (1984) formed by a second major 

encroachment occurs at the top of the Wasatch Formation and is considered the base of the 

Green River Formation.  The Green River Formation is divided into a lower Douglas Creek 

Member and an upper Parachute Creek Member (Johnson et el, 2010).  Cashion and Donnel 

(1972) used organic richness surveys to further divide the formation into nine “rich” (R0-R8) and 

eight “lean” (L0-L7) zones (Figure 2.3).   
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2.3.1 Wasatch Formation 

 The Wasatch Formation is the lowest stratigraphic formation in the Uinta basin, and the 

Paleocene-Eocene boundary occurs within it (Young, 1995).  It is comprised of three members, 

from oldest to youngest: Atwell Gulch, Molina, and Shire.  The Atwell Gulch Member consists 

of fluvial and paludal sediments.  The basal portion features grey lenticular sandstones and 

siltstones, carbonaceous shale, and lignitic coal beds (Young, 1995).  The upper portion consists 

of brown lenticular sand bodies, variegated claystones, freshwater limestone lenses, and some 

carbonaceous shale and lignite (Young, 1995, Donnell, 1969). 

 The Molina Member consists of sequential brown to gray, thickly bedded, coarsening 

stacked channel sandstones, with variegated claystone (Young, 1995, Donnell, 1969). 

 The Shire Member consists of purple and gray mudstone with lenticular sandstones and 

layers of volcanic ash (Young, 1995). 

 

2.3.2 Green River Formation 

 The Green River Formation represents the deposits of two large Eocene lakes: Lake 

Gosuite in the Greater Green River basin, and Lake Uinta in the Uinta and Piceance basins.  The 

Green River Formation in the Piceance and eastern Uinta basins can be divided into two primary 

members: Douglas Creek and Parachute Creek.   

The Douglas Creek Member represents the marginal deposits of the Green River 

Formation and consists of alluvial deposits with mixed littoral carbonates and siliciclastics.  

Ostracodes, pelecypods, and gastropods are locally abundant, along with scattered littoral to 

terrestrial fossil fragments of crocodiles, turtles, fish, and plants (Young, 1995; Johnson et al., 

2010).  The Douglas Creek Member interfingers basinward with the Parachute Creek Member. 

 The Parachute Creek Member is dominated by oil shale deposits.  Fossils include locally 

abundant plant fragments, gar scales, fly larvae, and insects. 

 Shallow-water carbonate deposition is strongly correlated with rising and high water 

levels (Tänavsuu-Milkeviciene and Sarg, 2012; Sarg et al., 2013).  During times of low lake 

levels, the Douglas Creek Arch provided a topographic high which served to separate the Uinta 

and Piceance basins.  When waters rose, the arch became a shoaling area where shallow-water 

carbonates were deposited (Sarg et al., 2013).   
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 In the Three Mile Canyon location in the eastern Uinta Basin, Green River Formation 

successions consist primarily of repeated cycles of basal fluvio-deltaic sandstone, marginal 

lacustrine carbonates, and profundal oil shale.  The carbonates encompass a wide variety of 

lithofacies.  Oolitic and intraclastic lithofacies are common in areas of shallow-water deposition.  

Microbial carbonates commonly form large mounded features over and among these grainy 

carbonates.    

 

2.3.3 Uinta Formation 

 The Uinta Formation sits above and interfingers with the Green River Formation.  It was 

deposited through siliciclastic deltaic progradation that ultimately filled in the Uinta basin 

(Young, 1995).  The Uinta Formation is primarily composed of poorly-sorted channel sandstones 

and floodplain deposits. 

 

2.4 Lake History 

 Lake Uinta has variously been modeled as a shallow playa-type lake (Lundell and 

Surdam, 1975), to a deep and stratified lake (Johnson, 1981), to an evolving combination of the 

two (Boyer, 1982; Smith et al., 2008).  Recent studies have indicated that a number of hydrologic 

conditions may have existed in the lake basins, beginning with an open system, eventually 

deepening, and then closing. 

 The history of Lake Uinta has been divided into six stages by Tänavsuu-Milkeviciene and 

Sarg (2012).  These stages are: Freshwater-Mesosaline Lake (S1), Transitional Lake (S2), 

Rapidly Fluctuating Lake (S3), Rising Lake (S4), High Lake (S5), and Closing Lake (S6).  These 

evolutionary stages are thought to result from the interplay of tectonics and climate.  Stage one is 

likely tectonically controlled, stages two and three correspond to the Eocene Climatic Optimum 

and are largely driven by climate change, and stages four through six are controlled by both 

climate and tectonics (Tänavsuu-Milkeviciene and Sarg, 2012).   

 Temporally, the lake stage evolution represents change on a medium scale, while the 

switches between tectonic to climate control represent large-scale trends (Tänavsuu-

Milkeviciene and Sarg, 2012).  The rich and lean zones described by Cashion and Donnel (1972) 

are interpreted to be cyclic climate variations on a smaller scale.  These cycles are several to 10’s 
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Figure 2.3 Stratigraphic column of Eocene sediments, and correlation of Green River Formation 

members between Uinta and Piceance basins.  The right hand side of the figure shows “rich” and 

“lean” zone designations.  Figure from Tänavsuu-Milkeviciene et al. (2012)  

of meters thick and are interpreted to be on a time scale with Milankovitch 400K eccentricity 

cycles (Tänavsuu-Milkeviciene and Sarg, 2012).    
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CHAPTER 3  

LACUSTRINE MICROBIAL CARBONATES AND THEIR ORIGINS 

 

3.1 Lacustrine Deposition 

Lacustrine deposition is not simply a scaled-down version of marine deposition.  Lake 

levels are essentially the result of changes in accommodation and inflow of water and sediment. 

Because basinal volume is limited, sediment supply can have a great impact on lake levels 

(Bohacs et al., 2000). Climate and tectonics can be fundamental drivers of lake level because of 

volumetric restrictions and the intra-continental position of many lacustrine basins.   

 Lakes can be classified into one of three groups: underfilled, overfilled, and balanced-fill, 

according to their hydrologic conditions (Carroll and Bohacs, 1999).  Lakes often migrate 

between these types based on climatic influences and/or local tectonics.  Sedimentation patterns 

and stable isotope data can help determine when and how lakes undergo these changes. 

Underfilled lakes have rates of accommodation that exceed inflow of water and sediment. 

This results in water levels that never reach a spill point.  Underfilled lakes tend to have high 

evaporation to inflow ratios, commonly resulting in high salinities and deposition of evaporative 

facies (Carroll and Bohacs, 1999).  Lake levels can fluctuate highly as a function of climate.  

Underfilled lakes often have low biodiversity, and a wide range of total organic carbon (Bohacs 

et al., 2000). 

Overfilled lakes have accommodation and outflow rates that are generally much lower 

than sediment and water inputs, resulting in a freshwater system.  Water levels are always at or 

above the basin’s spill point, resulting in continuous overflow into an adjoining catchment.  For 

this reason, changes in climate have little effect on the water level in continuously overfilled 

lakes (Carroll and Bohacs, 1999).  Stratal stacking in overfilled lakes tends to exhibit mostly 

progradational geometries.  Freshwater biota is abundant, but preserved total organic content is 

generally low to moderate because of dilution by clastic input (Bohacs et al., 2000).   

 Balanced-fill lakes are characterized by accommodation rates that generally equal those 

of sediment and water input (Carroll and Bohacs, 1999).  A perfect balance is readily influenced 

in either direction by changes in climate, sedimentation, or accommodation, resulting in a 

fluctuation between slightly overfilled and slightly underfilled. A true balanced-fill lake should 
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spend roughly half its time in either state.  This results in a “fluctuating profundal” facies 

association, with mixed progradation and aggradation (Bohacs et al, 2000).  Balanced-fill lake 

biota is often tolerant of changing salinity, and preserved total organic carbon is often highest.  

During deposition of the unit studied here, Lake Uinta can be considered as fluctuating 

profundal. 

Lacustrine deposition can also be categorized according to water depth and subsequent 

depositional energy.  Three major lacustrine zones are recognized: littoral, sublittoral, and 

profundal (Figure 3.1).  The littoral zone constitutes the area of shallow water rimming the basin.  

The sublittoral zone is sometimes taken to start at the base of fair-weather wave base and extend 

down to the storm wave base.  Alternatively, the lower limit of the sublittoral zone may be 

defined by the end of the photic zone.  The profundal zone sees little to no sunlight penetration, 

and extends from the sublittoral to the deepest part of the lake.  For the purpose of this paper, we 

will follow the terminology of Reading and Collinson (1996) Renaut and Gierlowski-Kordesch 

(2010) and Tänavsuu-Milkeviciene and Sarg (2012) defining littoral as above fair-weather wave 

base and sublittoral as between fair-weather and storm wave base.   

In the Green River Formation of the Uinta basin, littoral zone deposition is comprised 

mainly of microbial and shoal carbonates and fluvially-derived deltaic sands.  Sublittoral 

deposition is dominated by microbial carbonates, silty deltaic sediments, and sublittoral oil shale.  

Profundal deposition is mainly laminated and/or brecciated oil shale, siliciclastic turbidites, and 

evaporites (Figure 3.1). 

 

3.2 Lacustrine Carbonates  

Lacustrine carbonates are less prevalent in the rock record, and are generally less well studied 

than their marine counterparts.  However, lacustrine carbonates are of great economic 

importance as a major component of many petroleum systems around the world.  It is estimated 

that over twenty percent of all hydrocarbon production is associated with lacustrine depositional 

settings, much of which is from carbonate reservoirs (Bohacs et al., 2000).   

The littoral lacustrine environment features the highest depositional energy, and 

carbonates such as ooids, pisoids, and skeletal grains are commonly deposited here.  Both the 

littoral and sublittoral zones are in the photic zone, and are thus suitable for algal and bacterial 

growth, as well as carbonate precipitation.  The lack of light penetration in the profundal zone is 
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Figure 3.1 Facies model for carbonate and siliciclastic deposition in the lacustrine Green River Formation in the 

Piceance basin and applied to the Uinta basin.  Figure from Tänavsuu-Milkeviciene and Sarg (2012). 
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Figure 3.2 Generalized depositional model for carbonate grains relative to water depth.  Figure from Sarg et al. (2013). 

 

 

Figure 3.2 Generalized depositional model for carbonate grains relative to water depth.  Figure from Sarg et al. (2013). 
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Figure 3.3 Generalized vertical deepening-upward facies cycles developed for the Douglas Creek Arch area in the Piceance 

basin.  From Sarg et al. (2013). 
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incompatible with photosynthetic organisms, limiting carbonate deposition to pelagic fallout or 

sediment gravity flows (Figure 3.2). 

Littoral to sublittoral Green River deposition in the Uinta basin often follows a three-part 

sequence from deltaic sandstone to littoral and sublittoral carbonates, capped by sublittoral to 

profundal shales and mudstones (Tänavsuu-Milkeviciene and Sarg, 2012).  The littoral to 

sublittoral sandstone deposition commonly occurs during the early part of rising lake level when 

runoff increases following a time of low lake level when there is a drier climate and organically 

“lean” profundal deposition.  The littoral to sublittoral carbonate deposition is commonly tied to 

rising lake levels, and corresponds to a wetter climate and organically “rich” profundal 

deposition.  Because of this, many of the thickest marginal carbonate deposits are found within 

the deepening periods of the S3 (rapidly fluctuating lake) and S4 (rising lake) stages.   

Sarg et al. (2013) developed a generalized, deepening -upward carbonate sequence for 

Lake Uinta at the Douglas Pass area of the Piceance basin (Figure 3.3).  This sequence displays 

an upward transition through three major facies: 1) skeletal-oolitic-quartz grainstone to 

packstone, 2) thrombolite and coarse-grained agglutinated and dendrolitic stromatolite, and 3) 

fine-grained stromatolite.   

 

3.3 Microbial Carbonate Origins  

Microbial carbonates are produced by microbial growth and metabolism.  They often 

form mounded or domal deposits, but also occur as laminated mats.  The microbes involved 

encompass a range of microscopic organisms including bacteria, fungi, algae, and protozoans 

(Table 3.1) (Riding, 2000; Feldmann and Judith, 1998; Pentacost, 1978).  They can be present in 

almost any wet environment, are often prolific, and are quite significant in the rock record.  

Microbial carbonates are formed by two major processes: grain trapping and precipitation 

(Riding, 2000).   

Grain trapping can occur in several ways.  Stabilization occurs when microbial growth 

commences between periods of sedimentation, overgrowing and binding previously deposited 

sediment. This form of microbialite growth is common in lacustrine shoreline settings, which 

often feature periodic sedimentation (Riding, 2000).  Binding occurs when sediment grains being 

transported across a microbial mat are captured and localized, becoming substrate for future 

microbial overgrowth.  Adhesion of trapped grains to microbes during transport may create a 
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raised topography that will act as a baffle, causing more grains to become trapped (Riding, 

2000). 

Microbial carbonates can also occur when local conditions are favorable for the direct 

precipitation of calcium carbonate.  Photosynthesis along with a number of other organic 

processes is instrumental in driving down local CO2 and/or HCO3 concentrations, fostering 

CaCO3 precipitation.  In lacustrine settings, the bulk of precipitated microbial carbonates are 

thought to be formed through cyanobacterial calcification as a result of photosynthetic CO2 

uptake (Riding, 2000).   

 

Table 3.1 Common components of microbial carbonates and their possible origins. 

Modified after Riding, 2000. 
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3.4  Terminology  

 Carbonate naming conventions are fairly standard and generally fall into one of two 

classification systems: 1) Folk (1959) and 2) Dunham (1964).  The Folk naming scheme 

describes the presence of specific grain types as well as primary matrix component.  The 

Dunham naming system focuses on carbonate textures and fabrics.  For the purpose of this study, 

we adopt the Dunham system with modifications by Embry and Klovan (1971) (Table 3.2).  

Classification of microbialites will follow a separate nomenclature on the basis of fabrics and 

geometries described in the following sections. 

Microbialites may be observed at four different scales (Shapiro, 1999).  “Megastructures” 

are used to reference or describe the overall architecture of the microbial bed.  “Macrostructures” 

refer to the individual geometries present with the megastructure.  Examples of macrostructures 

may include domes or columns.  “Mesostructures” describe the internal microbial fabrics that are 

visible to the naked eye.  Examples of mesostructures may include laminated, clotted, or 

dendritic fabrics.  “Microstructures” describe the microscopic components of microbialites, 

detailing their constituents and cementation (Shapiro, 1999). 

Historically, microbialites have been variously described with an array of terms.  In 

particular, there has been a systematic confusion in the nomenclature of macrostructures and 

mesostructures (Shapiro, 1999).  In a review of microbialite literature, Shapiro (1999) found that 

the mesoscale term “thrombolite” was used to describe either the columnar structures 

(macroscale) that thrombolites often form, or their characteristic clots (mesoscale).  This 

becomes and important distinction when differentiating thrombolite from stromatolite, which 

may also form upward-growth columns, but has mesoscale lamination rather than clots. For this 

reason, it is important to note that microbialites are best classified based on mesostructure which 

can be observed in the field: stromatolite (laminated), thrombolite (clotted), dendrolite 

(dendrolitic/branching), and leiolite (aphanitic/structureless) (Shapiro, 1999).  These 

designations represent texture only, and are not indicative of processes of origination, which are 

addressed through further modifying subcategories (Table 3.3).
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No lime mud

Less than 10% 

grains (>0.03mm 

to <2 mm)

Greater than 

10% grains

Mudstone Wackestone Packstone Grainstone Floatstone Rudstone Bafflestone Bindstone Framestone

Mud supported

Grain supported

Matrix 

supported

>2-mm 

component 

supported

Boundstone

By 

organisms 

that act as 

bafflers

By 

organisms 

that encrust 

and bind

By 

organisms 

that build a 

rigid 

framework

Allochthonous Autochthonous

Less than 10% >2-mm components
Greater than 10% >2-mm 

components

Contains lime mud (<0.03 mm)

Table 3.2 Nomenclature proposed for allochthonous and autochthonous carbonates.  Microbialite “bindstones” follow a 

more detailed naming system shown in subsequent tables.  Table after Dunham, 1964, and Embry and Klovan, 1971. 
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Table 3.3 Major microbial carbonate categories and subcategories.  Modified after Riding, 2000. 
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3.4.1 Stromatolite  

 The term stromatolite was first used by Kalkowsky (1908) and comes from the Greek 

stromat (to spread out) and lithos (stone).  Although stromatolite is widely used in the literature, 

it has yet to acquire a precise, standardized definition.  For the purpose of this paper, we adopt 

the definition of Riding (2000) and Flugel (2004) as “a laminated benthic microbial deposit.”  

Carbonate stromatolites are heterogeneous and form through a number of different processes, 

resulting in varying internal microfabrics.   

Skeletal stromatolite occurs when the calcifying organisms are preserved as calcified 

fossils.  This creates a characteristically rigid framework which traps biofilms, early cements, 

and other particles.  Skeletal stromatolite is usually associated with cyanobacteria, but is not 

generally common (Riding, 2000). 

 Agglutinated stromatolite is formed through trapping and binding of sediment (Riding, 

2000; Flugel, 2004).  Agglutinated stromatolite is most easily recognized when the trapped 

sediment is at least silt-sized.  Coarser sediments (up to gravel) often disturb regular lamination, 

and can impart a near-thrombolitic texture.  Agglutinated stromatolite incorporating finer 

sediments is much more common in the geologic record (Riding, 2000).  

Fine-grained stromatolite is well-laminated. Mode of formation can be either 

precipitation or agglutination, and is often ambiguous (Riding, 2000). 

Tufa stromatolite is produced by precipitation of minerals on organic tissue to form a 

calcified encrustation.  This often leads to the construction of large mounds (Riding, 2000). 

 Terrestrial stromatolite is a subaerial laminar calcrete associated with microbial activity 

(Riding, 2000). 

 Stomatolites can also divide based on their growth geometries (Figure 3.4).  Common 

forms include laterally linked hemispheroids, stacked hemispheroids, spheroidal structures, 

columns, and mixed geometry (Logan et al., 1964; Kruger, 1969; Cohen et al., 1992; Flugel 

2004).  These geometries are thought to reflect growth conditions such as water depth and 

depositional energy.  It has been suggested that deeper water conditions with lower light levels 

and lower energy are conducive for lateral growth which maximizes surface area available for 

photosynthesis.  High lateral growth rates coupled with low horizontal growth rates would 

contribute to the development of laterally linked hemispheroids.  Conversely, shallow conditions 

with an abundance of light and nutrients would preferentially favor upward growth and the  
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Table 3.4 Subcategories of stromatolite based on geometric forms.  In general, higher 

height to width ratios are thought to indicate deposition in progressively shallower water. 

From Kruger, 1969; Flugel, 2004. 
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formation of columns or stacked hemispheroids. Alternatively, some authors have suggested that 

the presence of Schizothrix sp. is the main contributor to the development of laterally linked 

hemispheroids (Monty, 1976; Pentacost, 1978).  

 

3.4.2 Thrombolite 

 The term thrombolite comes from the Greek thrombo (clot) and lithos (stone). Like 

stromatolites, thrombolites form directly from microbial calcification or agglutination (Riding, 

2000).  Thrombolites may vary widely in appearance, but exhibit a characteristic clotted 

macrofabric, generally lacking lamination (Riding, 2000).  The clots can be rounded or irregular 

in shape, and poorly or well defined.  Thrombolites may form a various macroscale forms, 

including branching columns, stratiform sheets, and domes (Shapiro, 1999).  These variations 

contribute to systematic confusion surrounding thrombolites (Shapiro, 1999; Riding, 2000; 

Kennard and James, 1986).  Thrombolite can also be subcategorized based on process of origin. 

 Calcified microbial thrombolite is produced by microbial calcification.  

 Coarse agglutinated thrombolite incorporates sand and gravel size ooids and bioclastic 

sediment (Riding, 2000).  It can appear blotchy, crudely-laminated, or structureless. Some texts 

have referred to these as stromatolites because of the crude lamination (Riding, 2000). 

 Arborescent thrombolite displays a dendritic or branching microfabric.  This is 

distinguished from dendrolite based on scale (decimeter, as opposed to centimeter for dendrolite) 

(Riding, 2000). 

 Tufa thrombolite is similar to tufa stromatolite, but features a greater degree of 

calcification encrusting organic material.  This is more common in freshwater environments 

(Riding, 2000). 

 Post-depositional thrombolite occurs when blotchy microfabric is created or enhanced 

diagenetically. This is thought to happen through bioturbation and/or recrystallization (Riding, 

2000). 

 

3.4.3 Dendrolite 

 Dendrolite comes from the Greek dendron (tree) and lithos (stone).  Dendrolite is 

produced by calcified microbes and has a macroscopic centimeter-scale bush-like or branching 

fabric (Riding, 2000).  As with stromatolites and thrombolites, dendrolites often form large 
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mounds or domal structures.  Dendrolitic fabric is often a layered component of laminated 

stromatolite microbialites (dendrolitic stromatolite). 

 

3.4.4 Leiolite 

 Leiolite comes from the Greek leios(smooth) and lithos (stone).  Leiolite is an aphanitic, 

structureless microbial deposit.  It is characterized by a lack of clear lamination and/or clots. 

Leiolite is often observed in gradational association with stromatolite and thrombolite, but can 

also form mounded structures alone.  Leiolite is not present in the study outcrop. 
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CHAPTER 4 

METHODS 

   

The goal of this study is to describe and interpret a single microbial carbonate unit in the 

Green River Formation of the Uinta basin near Evacuation Creek.  The unit was chosen to 

represent a long and continuous paleo-shoreline outcrop where depositional changes can be 

observed over a significant (miles) lateral scale.  The variability of fabrics and grains present in 

the outcrop suggest that the chosen outcrop contains lateral and down-dip variability on a field 

and reservoir scale.  The information from this data collection can be compared to previous 

studies conducted in the nearby Piceance basin, and may be relevant toward future lacustrine 

studies. 

Field work was conducted during fall, 2012and spring, 2013.   Measured sections were 

taken, along with accompanying photographs and GPS waypoints.  The measured sections were 

drafted and digitized for incorporation into the appendices of this thesis.  Over eighty hand 

samples were collected and were prepared for thin section and isotope analysis.  The samples 

represent examples of all the facies observed in outcrop, and were taken from locations 

corresponding to measured sections along the entire area of study.  Isotope analysis was then 

conducted at the Colorado School of Mines to determine δ
13

C and δ
18

O ratios.   

In order to make further remarks about lateral variability, and to help place the study unit 

into preexisting stratigraphic columns, an attempt was made to correlate the carbonate across 

Evacuation Creek to the bluffs on the north side.  At the intersection of Three Mile Canyon and 

Evacuation Creek, the unit had thinned to two centimeters and only cropped out intermittently, 

making direct correlation difficult.  Correlation was done using a stratigraphically lower 

sandstone-carbonate complex and measuring up to the study unit in Three Mile Canyon.  On the 

north side of Evacuation Creek, we measured the same vertical distance up from the correlative 

lower complex to get a probable estimation of the study unit’s elevation.  The carbonate unit in 

question was not observed to outcrop north of Evacuation Creek, indicating a likely down-dip 

transition into profundal shale. 

 

 



 

26 

 

4.1 Thin Section Preparation 

A total of 42 thin sections were prepared from rock samples collected from the outcrop.  

Thin sections were impregnated with blue dye epoxy to highlight porosity.  Thin sections were 

also stained with Alizarin Red S to differentiate calcite and dolomite. Transmitted light 

petrographic analysis determined optical-scale features including grain types and orientations, 

microbial microstructures, cementation, and diagenesis.  Additionally, four small (~1 cm
2
) areas 

were analyzed using QEMSCAN imaging to assist in identification of certain grains and 

cements.  Photomicrographs were taken with a Leica EC3 camera mounted to a LABOPHOT2-

POL NIKON transmitted light microscope.  Recognition of fabric, grains, cements, and 

porosities follows definitions from Scholle and Ulmer-Scholle (2003).  Facies naming 

conventions used were according to Embry and Klovan (1971), Flugel (2004), and Kruger 

(1969).   

 

4.2 Stable Isotope Analysis Preparation 

 All samples for geochemical measurements were selected based on variation in vertical 

section as depicted in petrographic descriptions. Thirty-two selected samples were then drilled 

using micro-drill systems of FOREDOM # 30 to acquire bulk sample powder from the thin 

section rock sample chips.  The δ
18

O and δ
13

C values were measured from 90 µg samples.  The 

bulk sample powders were analyzed using a GV Instruments IsoPrime gas-sourced isotope ratio 

mass spectrometer with dual inlet mode. All δ
18

O and δ
13

C data are expressed relatively to PDB 

(Pee Dee Belemnite) with precision of 0.06 ‰ and 0.03 ‰ for δ
18

O and δ
13

C respectively. 
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CHAPTER 5 

FACIES ANALYSIS 

 

 Based on hand sample and thin section description and analysis, two natural facies 

associations emerged based on depositional fabrics.  The first facies association (Marginal Non-

microbial Lacustrine Carbonates) is based on the “Autochthonous Limestone” category of 

Embry and Klovan (1971) for carbonates that are not part of an organic growth framework 

during deposition.  The second facies association (Lacustrine Microbial Carbonates) is based on 

the “Allochthonous Limestone” category of Embry and Klovan (1971) for carbonates that are 

organically bound during deposition.  In this study, all of the organic binding is performed by 

microbial organisms.  A more detailed terminology from Riding (2010) is used for this facies 

association to further highlight litho-textural differences. 

 

5.1 Facies Association 1: Marginal Non-microbial Lacustrine Carbonates 

 The marginal non-microbial lacustrine carbonates comprise five lithofacies: A: Quartzose 

Ooid Grainstone, B: Ooid Intraclast Rudstone, C: Peloid Intraclast Rudstone, D: Coarse-grained 

Ostracod Peloid Intraclast Packstone, E: Fine-grained Ooid Ostracod Peloid Intraclast 

Dolopackstone to Dolograinstone (Table 5.1). 

 

5.1.1 Lithofacies A: Quartzose Ooid Grainstone 

Lithofacies A occurs at or near the base of mounded microbialites in Three Mile Canyon.  

Lithofacies A becomes less common moving down-canyon toward Evacuation Creek as the 

mounded features flatten.  It is commonly associated with binding stromatolite facies which 

overgrow and stabilize the ooids.   

The grains in this lithofacies consist almost entirely of round to oblong ooids (Figure 

5.1). The ooids are well sorted, with average diameters of 0.5-1.5 mm.  Ooid nuclei are quartz 

grains (40%), peloidal (30%), aggregate grains (10%), algal (10%), microbial intraclasts (5%), 

and ostracod shells (5%).  Most ooids have fully or partially micritized outer cortices.  Inner 

cortical layers are often indistinct and appear to have been recrystallized, alternating between 

dolomicrite, micrite, dolomicrospar, and microspar (Figure 5.1).  Dolomitic layers often contain 
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isolated individual dedolomite crystals.  Silt-sized quartz grains are commonly found in the 

interstices between ooids, along with a small number of uncoated ostracod grains and rare recent 

gypsum (Figure 5.2 A). 

Blocky calcite cement and less-abundant poikilotopic calcite cement partially occludes 

some of the pore space, but significant interparticle porosity is still preserved (Figure 5.1).  Many 

ooids are surrounded by a ring of equant calcite cement and/or dedolomite rhombs.  

Additionally, microspar-sized dedolomite crystals are often clustered in smaller pores.  Minor 

dolomite cement is often associated with dedolomite, commonly fringing the dedolomite rims on 

ooid grains.  In general, there is little intraparticle porosity, with a few instances of porosity 

between partially spalled cortical layers and within dissolved nuclei.  There are few natural 

fractures. Little cementation has occurred after fracture development.  Overall porosity is 

visually estimated to range from 15-40%. 

Grain contacts are mostly point to point, but there are several instances of sutured grains.  

Many grain contacts are difficult to determine with certainty because of heavy micritization of 

exterior cortical layers.  Many cortical layers appear to be iron-rich. Some minor siderite cement 

is found in one pore cavity. There does not appear to be any grading within the ooid sections.   

This lithofacies is commonly associated with planar laminated stromatolite binding above 

and/or below (Figure 5.1 A), as well as with spheroidal stromatolite.  It is interpreted to be 

deposited in shallow energetic conditions, likely in the upper littoral zone.  Ooids were probably 

formed primarily by wave energy, often incorporating mobilized quartz grains.  Abundant quartz 

grains suggest deposition close to fluvial input.  The angularity of the quartz indicates proximity 

to a landward source.    

 

5.1.2 Lithofacies B: Quartzose Ooid Intraclast Rudstone 

Lithofacies B is only found between algal heads.  It is characterized by large (>2cm) 

imbricated intraclasts.  Silt-sized to fine quartz grains are always present in large quantities 

between the large grains (Figure 5.2 D).  Ooids are generally present along with occasional 

bioclasts (fish scales, mollusks, fish teeth).  Ooids generally feature a micritized dolomite 

exterior cortex, with calcitic (both primary and dedolomite) interiors. Ooids with carbonate cores 

are generally dolomitized.  Ooid nuclei are mostly peloids or quartz grains, with fewer ostracods 

and charophyte oogonia (gyrogonites).  
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 Table 5.1 Table of lithofacies and their associations, grains or fabrics, descriptions, and interpreted depositional 

environments. 
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Figure 5.1 Facies A, Quartzose Ooid Grainstone. (A) Loosely packed ooids and ostracod 

with moderate calcite cement and few loose quartz grains.  (B) Closely packed ooids 

with ostracod and aggregate grain nuclei.  (C) Loosely packed ooids with heavy 

poikilotopic calcite cementation.  (D) Loosely packed, heavily micritized ooids/peloids 

with complete dolomitization and absent calcite cement.  (E) Ooid with charophytic 

nucleus.  (F) Transition from ooids below to binding, laminated stromatolite above. 
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Intraclasts are nearly all microbialite, generated by either cyanobacteria or charophytes, 

and feature cortical layering (Figure 5.3 A).  Many of the intraclasts are broken or splintered.  

Silt-sized quartz particles are sometimes incorporated into the microbial intraclasts.  Intraclasts 

are commonly dolomitized, although a few are calcitic.  Porous zones within intraclasts 

occasionally feature zoned dedolomite rhombs.  Common crystal sizes vary from dolomicrite to 

dolomicrospar.  In a few places, spar-sized crystals can be found.  Gyrogonite pores may remain 

open or be partially occluded by dolomicrite, blocky calcite cement, or rhombic dedolomite 

cement.   

Much of the primary pore space is interparticle and remains open.  Clustered dedolomite 

rhombs sometimes occur within these pores.  Dolomitized matrix mud is often present in small 

quantities, increasing in more oolitic samples.  Increased mud is also generally accompanied by a 

decrease in very fine quartz grains, and mud is gradually phased out with increasing quartz 

content.  Estimated visual porosity is generally 5-20%. 

While the presence of ooids indicates a continuously high energy environment the 

increasing presence of mud in this lithofacies indicates deposition in a slightly deeper-water 

environment.  Intraclast corticoids indicate moderate rolling before final deposition.  Occasional 

intraclast imbrication suggests deposition within a flow, but primarily chaotic grain orientation is 

more suggestive of storm deposits (Figure 5.3).  Abundant quartz grains again suggest deposition 

close to a siliciclastic input.  Based on these observations, this lithofacies is interpreted to be 

deposited in the upper littoral zone, above fair weather wave base, possibly as reworked storm 

deposits.       

 

5.1.3 Lithofacies C: Ooid Peloid Ostracod Intraclast Rudstone to Packstone 

Lithofacies C consists primarily of large intraclasts and ooids, with less numerous ooids, 

peloids, and superficial ooids.  This lithofacies is grain-supported, but the matrix does contain 

small amounts of muddy dolomicrite (Figure 5.2 B, C, and E).  Lithofacies C is commonly 

associated with lithofacies A, B or E below. It generally transitions upward from rudstone to 

packstone as intraclasts become scarcer.   In thin section, intraclasts are heavily dolomitized.  

Many incorporate quartz grains and/or ostracods.   

In thin section, intraclasts are heavily dolomitized.  Many incorporate quartz grains 

and/or ostracods.  Neomorphic recrystallization from micrite to microspar to pseudospar is 
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Figure 5.2 (A) Ooid grainstone with precipitated gypsum.  (B) Ooid and charophyte (oogonia) 

intraclast packstone.  (C) Peloidal packstone with ostracod.  (D) Quartzose intraclast rudstone 

with ooid.  (E) Peloidal/intraclastic packstone with neomorphosed grains.  (F) Quartz-rich 

packstone to wackestone with ostracod and intraclast.  (G) Dolomitized wackestone with en 

echelon fractures. (H) Uncemented large (>2mm) intraclast rudstone with abundant quartz. 
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evident in places.  A small percentage of the intraclasts are derived from brecciated charophyte.  

Charophyte intraclasts occasionally have porous zones with minor calcite.  Ooids are generally 

calcitic micrite to microspar.  Some internal laminations are obliterated by neomorphic 

recrystallization.  Most ooids are heavily flattened and elongate, with many featuring spalled 

and/or fractured outer cortices.  Microstylolitized suture contacts are common between grains.  

Ooid nuclei are mostly aggregate grains or peloids, with fewer ostracods.  Iron staining is 

common throughout the lithofacies, and isometric pyrite crystals are locally numerous in some 

samples (shown in diagenesis chapter, Figure 6.3 H).   

Interparticle porosity is abundant, along with significant fracture porosity.  Gyrogonite 

intraclasts also display moldic porosity.  Stromatolitic microbial intraclasts show small amounts 

of internal fenestral porosity.  Very small amounts of intercrystalline porosity were developed 

during recrystallization.  Dolomite cement is abundant, with significant dedolomite.  Gyrogonites 

are mostly clear of cement, although a small percentage are partially occluded by rhombic 

dedolomite.  Fractures are occasionally partially occluded by dolomitic cement, but are generally 

open. Rimming rhombic dolomite and/or dedolomite cement is common on grain edges.  Overall 

porosity is estimated at 5-20%. 

There is relatively little mud in this lithofacies, indicating a higher-energy environment.  

Most intraclasts are significantly coated, also indicating continuous high energy.  Intraclasts are 

also primarily non-microbial in origin, incorporating higher-energy sediment.  This lithofacies is 

interpreted to be deposited in the upper to middle littoral zone, under slightly lower energies than 

lithofacies B. 

 

5.1.4 Lithofacies D: Ooid Peloid Ostracod Intraclast Wackestone 

 Lithofacies D is characterized by small (>2mm) intraclasts, peloids, and ostracods in 

abundance, along with superficial ooids supported by a micrite matrix (Figure 5.3 B and D).  

This lithofacies is nearly always associated with lithofacies C below.        

 Thin sections show that lithofacies D is matrix-supported (Figure 5.2 F and G).  Peloids 

are generally dolomitized, ostracods are calcite, and intraclasts and superficial ooids often 

contain both dolomite and calcite.  The matrix is a combination of micrite and neomorphic 

microspar replacing original micrite, with interspersed dolomite (Figure 5.2 F).  Many grains 

feature rimming rhombs of dolomite, zoned dedolomite, or both.     
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Intercrystalline porosity in recrystallized areas of intraclast grains, along with fracture 

porosity represents most of the pore space. Additionally, some moldic porosity may be present in 

charophyte intraclasts.  Overall porosity is estimated between 2-5%  

 Lithofacies D features many of the same grain types found in lithofacies C, but in smaller 

sizes.  Additionally, mud-support in this lithofacies suggests deposition in a calmer setting.  This 

lithofacies is interpreted to be deposited in the middle to lower littoral zone, or in protected areas 

of the upper littoral zone.  Lack of depositional features creates difficulty in determining a 

precise depositional setting, but its gradational association with lithofacies C suggests 

contemporaneous deposition in a slightly deeper environment.  

 

5.1.5 Lithofacies E: Quartzose Intraclast Rudstone 

 Lithofacies E is characterized by large (>2mm) intraclasts with interspersed silt-sized 

quartz grains (Figures 5.3 D and 5.3 C).  This facies is generally found at the base of the unit, 

and commonly grades upward into lithofacies A or B.   

 Thin sections reveal that the intraclasts are primarily brecciated microbialite and 

charophyte.  Most intraclasts have some degree of concentric lamination.  Many are fractured.  

Intraclasts are heavily dolomitized, and iron staining is very common.  Porosity is mostly 

interparticle, with some moldic porosity from dissolved gyrogonites.  There is little to no 

cementation, and virtually all primary porosity is preserved.  Overall porosity in this facies is 15-

45%. 

The extreme abundance of quartz in this lithofacies suggests that intraclasts were 

deposited contemporaneously with, or very shortly after siliciclastic deposition.  Additionally, 

the complete absence of other carbonate grains indicates that the intraclasts were transported 

some distance.  Since lithofacies E is only found at the base of the unit with thick sands below, it 

can be inferred that microbial and algal sources for the intraclasts likely lived in deeper water.  

Many intraclasts display corticoids from time spent in a high energy environment.  From these 

observations, this lithofacies is interpreted to be deposited in the mid to lower littoral zone during 

shallowing events. 
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Figure 5.3 (A) Chaotic coated intraclasts among ooids and pisoids.  (B) Thin, partially imbricated intraclast 

layer near base of unit.  (C) Brecciated microbial intraclasts in muddy matrix between raised algal mounds.   

(D) Fish scales and mollusk fragments in muddy layer among intraclast and ooids near base of unit.  
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5.2 Facies Association 2: Lacustrine Microbial Carbonates 

 The lacustrine microbial carbonates consist of two lithofacies: F: Stromatolite, and G: 

Thrombolite. 

 

5.2.1 Lithofacies F: Stromatolite 

 Lithofacies F represents microbial carbonates with laminated mesofabric.  Stromatolites 

at this location feature a variety of macro- and micro-scale structures.  From these variations, 

four subtypes of stromatolite are recognized: Subfacies 1: Columnar Stromatolite;  Subfacies 2: 

Agglutinate-Dendrolitic Stromatolite; Subfacies 3: Agglutinated Stromatolite; and Subfacies 4: 

Fine-grained Stromatolite.   

Stromatolites have been known to form in a wide range of water conditions within the 

photic zone.  For this reason, depositional environments are interpreted mostly on the basis of 

either geometries (height/width ratio) or stratal position within the overall deepening sequences.  

In the Three Mile Canyon area, stromatolites are interpreted to have been deposited primarily in 

the middle littoral to sublittoral zones.  In periods of lower energy, some stromatolitic growth 

may have occurred in the mid to upper littoral zones, but these tend to be thin and discontinuous.   

 

5.2.1a Lithofacies F, Subfacies 1: Columnar Stromatolite 

Columnar stromatolites are characterized by horizontally confined, thin, millimeter-scale 

upward convex laminations (Figure 5.4 B).  Individual columns have distinct boundaries, are 

separated by non-microbial interstitial sediment, and feature upward growth with relatively little 

width variation.  This subfacies was relatively uncommon, and formed in close lateral 

association with Facies G, Thrombolite.  Columnar stromatolite is thought to be deposited in 

shallower water, as space, not light, is the limiting growth factor. Based on facies stacking 

relationships, it is likely deposited in the mid to lower littoral environment. 

Stromatolite columns are approximately 20% dolomitized.  Dolomitization is mostly 

layer-specific, and is slightly more common in zones of increased porosity.  Porosity is mostly 

fenestral, and layers range from 3% to 30%.  A few fractures contain limited porosity, but most 

are filled with calcite cement.  Fenestral porosity is sometimes partially occluded with fibrous 

calcite and/or rimming dedolomite cement.  Dolomite zones within the laminations often have 
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pyrite clusters.  A thin layer of dolomite ubiquitously surrounds each column.  These 

encrustations also contain pyrite crystals, and interfinger dendritically with the column interior.   

Column interstices are filled with quartz and dolomicritic peloids floating in a 

poikilotopic calcite matrix (Figure 5.4 B).  Peloids often house pyrite crystals, and some appear 

to be rounded pieces of the encrusting dolomite layer.  The interface between the interstitial 

calcite cement and the dolomite encrustation appears to be mostly zoned dedolomite rhombs 

with calcite interiors and dolomite exteriors.  Similarly, the areas immediately around the 

dolomicrite peloids is composed mostly of dedolomite rhombs, with many encroaching into the 

peloid itself.  In many cases, the columns are detached from the interstitial cement and feature 

some later fibrous to bladed secondary calcite cements.  Large, clear dolomite rhombs are often 

found in the interstitial calcite.  Porosity in the interstitial areas is approximately 5%. 

 

5.2.1b Lithofacies F, subfacies 2: Agglutinated-Dendrolitic Stromatolite 

 Agglutinated-Dendrolitic Stromatolite is characterized by alternating laminations of thin, 

nonporous microbial clots and a more porous dendritically clotted framework (Figures 5.4 C and 

5.5 B).   This lithofacies is commonly associated with and grades into fine-grained stromatolite.  

Additionally, its close association with agglutinated stromatolite suggests deposition in similar 

water depths. Based on these relationships, as well as its tendency to form the broad, low-relief 

domes indicative of deposition in deeper water, this lithofacies is interpreted to be deposited in 

the upper sublittoral zone. 

 In thin section agglutinated-dendrolitic stromatolite is nearly entirely dolomitized with 

some remnant calcite.  Porosity is fenestral to framework.  Porosity ranges from 10 to 65%.  

Nonporous laminae are often thin, and are interlaminated with thicker dendrolitic laminations 

(Figure 5.4 C).  There is minor dolomite cement (less than in fine-gained stromatolite) with some 

dedolomite rhombs entering where this lithofacies interfaces with fine-grained stromatolite.  

Clots are dolomicrospar to dolomicrite and range in size from silt to 2 mm.  Some dolomicritized 

peloids and superficial ooids are found where this facies interfaces with fine-grained 

stromatolite.  Iron staining around clots is common.  
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5.2.1c Lithofacies F, subfacies 3: Agglutinated Stromatolite 

 Agglutinated Stromatolite is characterized by coarse-grained, clotted microfabric within a 

crudely or irregularly laminated framework (Figure 5.4 D, E, and F).  This lithofacies often 

forms broad, low-relief domes, and is commonly associated with subfacies 2, Dendrolitic 

Stromatolite either above or below, and with facies G, Thrombolite below.  This lithofacies is 

interpreted to be deposited slightly deeper than facies G, Thrombolite, and shallower 

thansubfacies 4, Fine-grained Stromatolite, in the lower littoral to upper sublittoral zones. 

 In thin section, subfacies 3, Agglutinated Stromatolite displays broad and discontinuous 

lamination.  Laminae contain either larger irregular to subround mesoclots (mm scale) or smaller 

peloidal clots (100’s of microns).  The clotted fabric is heavily to completely dolomitzed and 

generally micritic, with relatively few zones of neomorphic dolomicrospar (Figre 5.4 D, E).  

Ostracod shells, peloids, and few superficial ooids are sometimes incorporated into the 

framework. 

Meso-clotted laminae are less porous and contain small amounts of fenestral and vuggy 

framework porosity.  Areas containing smaller peloidal clots also have fenestral and framework 

porosity, but are generally much more porous.  There is little cement occluding fenestral 

porosity, but many of the larger cavities are mostly filled with radial fibrous calcite cement.  

Overall porosity is estimated to range from 10-30%. 

 

5.2.1d Lithofacies F, subfacies 4: Fine-grained Stromatolite 

Fine-grained Stromatolite is characterized thin laminations devoid of clotting.  This lithofacies 

commonly grades downward into either subfacies 2, Dendrolitic Stromatolite or subfacies 5, 

Spheroidal Stromatolite, and is often overlain by lithofacies E (intraclast rudstone) and/or 

lithofacies A (ooid grainstone) or profundal shales and mudstones.  This facies is found capping 

other stromatolites, and based on the interpretations of Sarg et al. (2013) likely represents the 

deepest-deposited facies in this assemblage (Figure 5.5 A).  For this reason, this lithofacies is 

interpreted to be deposited in the sublittoral environment. 

In thin section, fine-grained stromatolite often features alternating calcite and dolomite 

laminations (Figure 5.4 A).  This appears to be due to laminae-specific diagenetic dolomitization.  

Calcitic laminae are generally less porous (generally 0% porosity).  Dolomitic laminae are more 

porous (2-20% porosity).  Calcite and dolomite grain sizes tend to be fairly similar (microspar).    
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Laminae are continuous and closely-spaced (10s of microns).  Some calcitic laminae have patchy 

dolomite. Some dolomitic laminae have remnant calcite (Figure 5.4 A).  Minor later dolomite 

cement may occlude some primary porosity (up to 10%).  Fractures contain minor porosity 

(>>5%), but are mostly occluded by calcite cement.  Iron staining is common. 

 

5.2.1e Lithofacies F, subfacies 5: Spheroidal/Oncoidal Stromatolite 

 Spheroidal/oncoidal stromatolite is characterized by concentrically laminated microbial 

oncoids with moderate to absent stromatolitic draping laminae (Figure 5.6).  This lithofacies 

features oncoids with some degree of concentric laminae around a nucleus (usually charophytic).  

In many locations, laminations vary vertically, transitioning downward from completely 

concentric to partially concentric and partially draping, closely-linked hemispheroids.  This 

facies is commonly associated with fine-grained or agglutinated stromatolite below, transitioning 

upward into closely-linked hemispheroids, capped by true oncolites (Figure 5.6 C).  Crinkly to 

planar laminated stromatolite often binds this facies (Figure 5.6 B). 

 In thin section, subfacies 5, Spheroidal Stromatolite displays alternating concentric 

laminations of dolomitized and calcitic micrite to microspar.  Oncoid nuclei are often pieces of 

charophyte, but may occasionally be aggregate grains or unidentifiable.  Interstices between 

oncoids contain locally abundant silt, ooids and/or ostracod shells.  Laminae binding multiple 

oncoids together are thin (10s of microns) and alternate between calcimicrite and dolomicrite    

The vast majority of porosity is interparticle, with some intraparticle porosity in dissolved 

out gyrogonia.  Cementation is generally limited, preserving much of the primary porosity.  

Patches of dolomite cement are present in the interstices, along with minor dedolomite.  Blocky 

calcite cement occludes a small portion of the charophytic intraparticle porosity.  Overall 

porosity is estimated at 5-15%. 

 Because this lithofacies displays concentric growth from continuous movement, it is 

interpreted to be deposited in a moderately high energy environment.  The presence of 

interspersed ooids supports this conclusion.  In outcrop, oncoids are often laterally 

discontinuous, developing in pockets and clusters.  Deposition likely occurred in off-shoal 

settings, either in channels or moderately-protected backwater areas. 

 

 



 

40 

 

 

  

Figure 5.6 Lithofacies F, Subfacies  5:Spheroidal Stromatolite  (A) Oncolite/spheroidal 

stromatolite cluster in outcrop.  (B) Transition from ooids below to oncolite above.  (C) 

Oncoids overlying stromatolitic laminae where unit thins.  (D) Football-shaped oncolites in 

outcrop.  (E) Spheroidal stromatolite with partial concentric growth laminae appearing to 

display downward growth in outcrop.  Likely represents overturning of partially lithified 

clusters, not actual downward growth.  
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Figure 5.4 (A) Fine-grained stromatolite with alternating dolomitic and calcitic laminae.  (B) 

Columnar stromatolite with dolomitized outer coating.  Poikilotopic calcite fills fracture and 

ntercolumnar voids.  (C) Dendrolite layer within dendrolitic stromatolite.  (D) Agglutinated 

stromatolite with alternating dolomite and calcite.  (E) Agglutinated stromatolite with blotchy 

dolomite and calcite laminae.  (F) Agglutinated stromatolite with irregular laminations.  In 

some classification systems, may be termed leolite. 
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Figure 5.5 (A) Fine-grained stromatolite with low-relief crinkled appearance.  (B) Dendrolitic 

stromatolite.  (C) Various stromatolitic layers cap microbialite unit.   (D) Spheroidal stromatolite 

above crinkly-laminated stromatolite.  
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5.2.2 Lithofacies G: Thrombolite 

Thrombolite is characterized by a clotted mesofabric and lack of lamination (Figures 5.7 

and 5.8).  Thrombolite is thought to form by cyanobacterial calcification, and has been observed 

to form in a variety of water depths. Feldmann and McKensie (1998) concluded that Bahamian 

thrombolites were the result of deepening after shallower stromatolite depostion.  Conversely, 

Messinian thrombolites from Spain have been interpreted as forming reefs in shallower water 

than contemporaneous backreef stromatolites (Feldmann and McKensie (1999). 

In Three Mile Canyon, thrombolite is variously found on top of intraclast rudestone or 

ooid grainstone to packstone, and is generally capped by agglutinated or fine-grained 

stromatolite.  Thrombolites form a close lateral association with columnar stromatolites, 

indicating deposition in similar water depths.  Based on these stacking relationships, thrombolite 

in this study area is thought to be deposited in the lower littoral environment.   

 In thin section, thrombolite displays round to subround mesoclots.  These mesoclots are 

often connected into a larger shrub-like framework (Figure 5.7).  Mesoclots may be fully or 

partially dolomitized. Interstitial areas between clots are commonly partially filled with dolomite 

rhombs, clay minerals, dolomicrite, and ostracods.  Less common interstitial constituents include 

peloids, ooids, superficial ooids, and small (<2 mm) intraclasts.  Cementation is generally 

limited, although dedolomite cement rimming mesoclots is locally abundant.  Clots with 

alternating rings of calcite and dolomite cement are also found locally.   

Vuggy and interparticle porosity is dominant in the interstitial areas.  The clots are 

generally non-porous, but may contain small amounts of unfilled fracture porosity.  Based on 

visual estimation, overall porosity in thrombolite facies ranges from 10-35%. 

 

 

 

 

  



 

44 

 

  

Figure 5.7 Lithofacies  G: Thrombolite  (A) Fully dolomitized blotchy thrombolite with 

small dedolomite crystals.  (B) Arborescent dolomitized thrombolite.  (C) Calcitic 

thrombolite with dolomitized boundaries and interstitial muds.  (D) Calcitic thrombolite 

with dolomitized boundaries, with little interstitial mud.  (E) Partially calcitic 

thrombolitic clots with significant dolomitization.  (F) Fully dolomitized thrombolite 

with very little framework porosity. 
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Figure 5.8 Lithofacies G: Thrombolite  (A) Transition upward from fine-grained stromatolite, to dendrolite, to thrombolite.  

(B)Thick thrombolite zone with characteristic large “thumbs” in weathered outcrop.  (C) Thick thrombolite clots in outcrop.  

(D) Outcrop photo of upper deepening cycle showing thrombolite dominance during early depositional stages. 
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CHAPTER 6 

DIAGENESIS 

 

 Based on petrographic analysis of stained thin sections, the carbonates in the Green River 

Formation of the Uinta basin have been subjected to the following diagenetic alterations: 

micritization, dissolution, neomorphism, mixing zone cementation, early diagenetic 

dolomitization , mechanical compaction, chemical compaction, fracturing, dolomite cementation, 

early burial dolomitization, calcite cementation, late burial dolomitization, and dedolomitization. 

 

6.1 Micritization 

 Micritization is a process in which endolithic algae, fungi, or bacteria bore holes in grain 

surfaces (Bathurst, 1975; Flugel, 2004).  These holes are consequently filled with mud.  The 

organisms involved require light, making this a shallow-water process.   

 Micritization of the Green River Formation carbonates in Three Mile Canyon occurs 

primarily in oolitic facies, and is particularly prevalent in lithofacies A (quartzose ooid 

grainstone).  Ooids in lithofacies A often exhibit complete micritization of the outer cortical 

layers, obscuring grain and cortical layer boundaries (Figure 6.1).  Less extensive micritization 

of intraclast grains is also apparent in several samples.  In most cases, this occurs as a thin (few 

microns to 10s of microns) dark outer cortical layer coating on grains.  Micritization of these 

grains is a very early diagenetic process. 

 

6.2 Dissolution 

 Dissolution of primary calcite is generally attributed to local aqueous environments that 

are undersaturated with respect to calcium carbonate. During burial, the undersaturated solution 

may be the result of mixing zones, clay dewatering, or smectite-illite alteration (Flugel, 2004). 

 Dissolution was found throughout facies association 1 (marginal non-microbial lacustrine 

carbonates).  Ooid nuclei and/or cortical layers were most commonly dissolved, as were the 

majority of charophyte oogonia.  Dissolution resulted in the formation of significant moldic and 

vuggy porosity (Figure 6.1)
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Figure 6.1 (A) Complete micritization of probable ooids.  (B) Near-complete micritization of 

ooids with calcite rimming cement.   (C) Micritization of outer coritices only.  (D) 

Dissolution of grains creating moldic porosity.   
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6.3 Neomorphism 

 Neomorphism is a recrystallization process that results in irregular crystals of various 

sizes (Bathurst, 1975, Flugel, 2004).  Neomorphic fabrics also commonly have curved crystal 

faces and floating grains within the cement (Flugel, 2004).  Because of the small crystal sizes in 

samples found in this location, identification of these features is difficult.  Heckel (1983) 

suggests that neomorphism generally occurs in meteoric diagenetic environments, where the rock 

is slowly exposed to a solution supersaturated with respect to calcium carbonate. 

 Much of the primary micrite in these carbonates has been neomorphosed.  Most samples 

contain clear examples of patchy, aggrading, or complete neomorphism from micrite to 

microspar.  In many cases, individual grains are completely neomorphosed into microspar, while 

adjacent grains and cement remain micritic (Figure 6.2).  In cases of aggrading and/or patchy 

neomorphism, grain centers are generally more micritic, transitioning to microspar toward the 

pores.    

 

6.4 Dolomitization 

 Dolomite is prevalent in the area of study.  Every sample taken from Three Mile Canyon 

and Evacuation Creek features at least some degree of dolomitization. In general, the level of 

dolomitization increases toward Evacuation Creek (obliquely into Lake Uinta).  Samples display 

evidence of primary or early diagenetic dolomitization, and burial dolomitization. 

It is often difficult to distinguish between primary and early diagenetic dolomite 

(Armenteros, 2010).  Either way, it is clear that some dolomitization occurred either 

syndepositionally or soon after.  Based on non-uniform, indistinct, and interfingering dolomite-

calcite boundaries within grains, it is likely that most of the early dolomite is non-primary 

(Figure 6.2).  However, it is unclear whether the rocks in this study underwent neomorphic 

recrystallization of calcite which was subsequently dolomitized, or whether early diagenetic 

dolomicrite was then neomorphosed into dolomicrospar.  Remnant calcite laminae in 

stromatolitic facies feature neomorphic crystal shapes and sizes that are indistinguishable from 

adjacent dolomitic laminae, suggesting that early dolomitization may have followed 

neomophism of primary calcite. 

At least a small portion of this early dolomite is probably organogenic, formed by 

microbial sulfate reduction (Baker and Kastner, 1981).  Organogenic dolomite can be recognized 
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primarily in sample C4 (columnar stromatolite) and to a lesser degree in samples from lithofacies 

D, E, and F.  This dolomite is cloudy and finely-crystalline.  It is also characterized by clusters of 

precipitated isometric pyrite crystals.  Both of these features are commonly associated with 

sulfate-reducing organogenic dolomite (Mazzullo, 2000; Armenteros, 2010).  According to 

Wright (1999) and Mazzullo (2000) lacustrine organogenic dolomite is common in alkaline lakes 

as an early diagenetic process.  It is thought to occur in high-salinity and anaerobic conditions 

(Armenteros, 2010).  The occurrence of this feature may indicate locally high organic content 

needed to supply sulfate to microbes.  Although organogenic dolomite normally forms cement 

(Armenteros, 2010), samples in this study feature dolomitized grain/stromatolite boundaries 

(Figure 6.3).   

It has been suggested by Eugster and Kelts (1983) that Green River Formation dolomite 

laminae derive from biotic mediated oxidation and destruction of organic matter preserved in 

anoxic water.  The model of Desborough (1978) suggests that algae in a reducing environment 

preferentially take up magnesium, releasing it upon death and creating a magnesium-rich 

microenvironment.  This has been shown to convert high-Mg calcite to dolomite (Müller et al., 

1972). 

Evidence of burial dolomitization is also frequently encountered (Figure 6.2).  Early 

burial dolomite often displays mosaic-suture and mosaic-sieve fabrics.  Mosaic-suture fabric 

usually consists of closely spaced anhedral dolomite crystals, while mosaic-sieve fabric has 

anhedral to euhedral dolomite crystals of varying size.  Dolomite crystal sizes range from micrite 

(<4 microns) up to (rarely) 150 microns.  Zoned dolomite crystals with cloudy centers are 

extremely uncommon.  In samples closer to Evacuation Creek (lakeward), dolomite crystals tend 

to be larger, perhaps reflecting longer time spent in dolomitizing environments. 

Laminae-specific dolomitization of stromatolitic facies is common, and is positively correlated 

with more porous laminations.  Thrombolitic mesoclots are generally either dolomitized around 

the edges or feature complete dolomitization.  Non-fabric-selective patchy dolomite occurs in a 

few samples.  Dolomite is non- obliterative in facies association 1 (marginal non-microbial 

lacustrine carbonates) and Lithofacies G (thrombolite).  In most samples, dolomite preserves 

aggrading neomorphic fabrics (Figure 6.2).  Most dolomite of Lithofacies F (stromatolite) is non-

obliterative, but a few stromatolitic samples have been heavily obscured by dolomitic 

recrystallization.  The primary fabric of sample V2 is completely obliterated through dolomitic  
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Figure 6.2 (A) Aggrading neomorphism in intraclast. Shifts from dolomicrite (right) to 

dolomicrospar (left).  (B) Poikilotopic dolomite cements.  (C) Dolomitization of stromatolitic 

laminae mostly preserving fabric.  (D) Obliterative dolomitization of microbialite fabric.  (E) 

Partial blotchy dolomitization of thrombolite mesoclot.  (F) Large clear burial dolomite 

rhombs.  (G) Dedolomite rhomb floating in dolomitized matrix.  (H) Pyrite crystals in 

dolomitized coating of columnar stromatolite.  May be indicative of organogenic dolomite. 
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recrystallization.  Occasional late-burial dolomite crystals may be found floating in poikilotopic 

calcite cement. 

 

6.5 Mechanical and Chemical Compaction 

 Compaction of grains is common in samples belonging to facies association 1 (marginal 

non-microbial lacustrine carbonates).  Compaction has resulted in the formation of a number of 

grain contacts. Plastic deformation through mechanical compaction resulted in tangential and 

concavo-convex contacts.  Chemical compaction (pressure solution) resulted in suture contacts 

and rarely stylolites (Figure 6.3).  Other results of compaction include crushed or flattened 

grains, buckled or spalled cortices, and fracturing.   

These features are most commonly observed in ooid and intraclast grains.  Microbialite 

frameworks appear to have better withstood the compaction.  Compaction can occur with 

relatively little burial depth, but the presence of stylolites suggests that it continued to deeper 

burial.     

 

6.6 Fracturing 

 Based on cross-cutting relationships in thin section, there appear to be at least two 

fracturing events.  Early fractures are generally filled or partially filled with blocky calcite 

cement.  In sample M2, fractures are observed cutting through this calcite cement.  These later 

fractures are unfilled.  Many other samples in all lithofacies also display unfilled fractures.  

Apart from sample M2, these do not show cross-cutting relationships with calcite-filled fractures.  

Without cross-cutting relationships, it is impossible to definitively show when these fractures 

formed, but it is likely that their unfilled nature is diagnostic, and that these are also late-forming.  

Additionally, two samples (sample V2 and O2) display fractures filled with poikilotopic 

dolomite cement.   
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Figure 6.3 (A) En echelon fractures in fine-grained carbonate.  (B) Stylolite within a 

dolomitized intraclast.  (C) Dissolved grain-grain contact.  (D) Calcite-filled fracture.  (E) 

Crushed coated grain creating porosity.  (F) Sutured grain contacts and spalled cortices.  

(G) Fractured intraclast grain.  (H) Most grains feature tangential or point contacts.  Note 

fractured meniscus cements.  
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6.7 Dolomite Cementation 

 Most thin sections exhibit some degree of dolomite cementation. QUEMSCAN was used 

to confirm cement mineralogy as dolomite.  Limpid dolomite cement can be found is samples V2 

and O2 (facies G, Thrombolite).  In these samples, dolomite cement fills in fractures and around 

buckled and spalled interlaminated calcite and dolomite cements (Figure 6.2).  In sample S2 

(facies F, Stromatolite) rhombic dolomite cement partially fills vuggy pores and fenestral 

porosity.  This cement is composed of large, clear to white, dolomite crystals, which stand out 

from the cloudier, microcrystalline dolomitized stromatolite laminae.  

 Many samples from facies association 1 (marginal non-microbial lacustrine carbonates) 

have clusters of rhombic cement in many intercrystalline pores.  In thin section, these cement 

crystals are stained pink (calcite) with clear (dolomite) outer edges (Figure 6.4).  The rhombic 

nature points to original dolomite that has been mostly dedolomitized. The consistent partial 

dedolomitization of these crystals suggests that their centers were slightly more soluble than their 

edges.  This commonly occurs in mixing waters where calcium concentrations are high relative 

to magnesium, resulting in non-stoichiometric dolomite precipitation.  This process often leads to 

dolomite with clear edges and cloudy centers.  In addition to coating grains, this type of cement 

is locally common as clusters in vuggy and/or fenestral pores.     

 Additionally, in some samples, dolomite cement alternates repeatedly with calcite cement 

in thin laminations within vuggy pores, much like the interlaminated calcite/dolomite of 

Humphrey (1988) from Barbados interpreted as mixing zone cements (Figure 6.5).  This feature 

is most often found in facies G, Thrombolites.  It is possibly the result of mixing zone diagenesis, 

wherein pore fluid geochemistry rapidly fluctuated between dolomitizing and calcifying, 

possibly based on freshwater discharge from seasonal or climatic cycles. 

 

6.8 Calcite Cementation 

 Calcite cementation occurs in three main forms: poikilotopic, equant or blocky, and 

fibrous (Figure 6.4).  In rare cases, calcite replaces dissolved silt-sized quartz grains.  In some 

samples, calcite cement alternates repeatedly with dolomite cement in thin laminations within 

vuggy pores (see section 6.7).   

Poikilotopic calcite cement is prevalent in two lithofacies: ooid grainstone (lithofacies A) 

and columnar stromatolite (lithofacies F, subfacies 1).  In these lithofacies, poikilotopic cement 
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is found in large pore spaces and encompasses silt and other interstitial grains, as well as fills 

fractures.  Where present, this cement completely or nearly completely occludes primary 

porosity.   

 Blocky calcite cement is found in all lithofacies infilling moldic, fenestral, interparticle 

and vuggy porosity.  Blocky cement crystals are generally very fine to fine (20-200 microns).  

Crystals are uniform pink in color and have planar boundaries.  These cements typically only 

partially occlude initial porosity.  Isopachous equant calcite crystals are often found rimming 

grains (Figure 6.4). 

 Fibrous calcite cement is found only in sample K2 (agglutinated stromatolite).  It forms 

radial clusters in many of the larger vuggy pores (Figure 6.4).  These clusters often form around 

cores of blocky calcite and/or dolomite cement.  Fibrous crystals are microns thin, and 10s of 

microns long.  Based on cross-cutting relationships, fibrous calcite cement was precipitated after 

blocky calcite, and before poikilotopic cementation.   

Most calcite cementation is fairly isopachous, but occasional instances of gravitational 

cements exist in vuggy pores (Figure 6.4).  Additionally, meniscus cements can be found in some 

of the grainy facies (Figure 6.4).       

 

6.9 Dedolomitization 

 Dedolomitization is prevalent throughout the section, and is present in most thin sections.  

Dedolomite occurs in two forms.  The first and less common form consists of large, pink-stained 

rhombic crystals floating in dolomite (Figure 6.2).  This form of dedolomite is most common 

within poikilotopic dolomite cement.  Less commonly, it is observed within dolomitized 

microbialite fabrics (laminae and clots).  The more common form of dedolomite, occurring in all 

lithofacies, consists of medium-size rhombs with pink-stained interiors and clear edges (Figure 

6.4).  This form is commonly found as rimming cement around grain boundaries in facies 

association 1 (marginal non-microbial lacustrine carbonates) and in clusters within fenestral and 

vuggy pores in facies association 2 (lacustrine microbial carbonates).  In many places, this 

dedolomite rimming cement is observed to coat over partially spalled oolitic cortices and 

intraclast corticoids.   
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Figure 6.4 (A) Charophyte oogonia with significant calcite, likely dedolomite.  Note large 

dedolomite rhombs within oogonia pores.  (B) Calcite meniscus cements.  (C) Replacement of 

quartz by calcite.  (D) Calcite growth on grain rim.  (E) Radial fibrous calcite cementation in 

large pores.  (F) Equant calcite cement rimming grains.  Note multiple layers of cementation.  

(G) Geopetal calcite cement may indicate orientation during cementation.  (H) Equant calcite 

cement rimming grains occurs before poikilotopic calcite cement.    
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Figure 6.5 (A) Clustered dedolomite rhombs appear with clear dolomite rhombs.  (B) 

Dedolomite rhombs coat after fracturing.  (C) Fracturing is preceeded by rimming cements, 

which is followed by blocky dolomite cementation.  (D) Alternating dolomite and calcite 

cements fill vuggy pores.  (E) Alternating dolomite and calcite cements coat dolomicritic 

peloids.  (F) White dolomite cements coat over calcitic rimming cements. 
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6.10 Paragenesis 

 Diagenetic processes and their timing were determined from petrographic analysis of thin 

sections (Figure 6.6).  As in many carbonate environments, diagenesis of the Green River 

Formation carbonates in the Uinta basin appears to begin syndepositionally and continue into the 

burial environment. 

Initial diagenesis featured micritization of ooids, superficial ooids, and intraclast 

corticoids.  This process rarely proceeded to complete grain micritization and peloid formation, 

but was more often limited to outer cortices.  In some areas, this was followed by local meteoric 

vadose-zone cementation, resulting in meniscus calcite cementation between grains in some 

samples.   

This cementation was followed by dissolution and neomorphism.  Dissolution of 

carbonate probably took place in a meteoric vadose zone, with water undersaturated with respect 

to calcite.  As pore fluids became gradually became saturated with calcium carbonate, 

recrystallization of calcite into larger crystals (aggrading neomorphism) ensued.  Neomorphism 

likely replaced High-Mg Calcite (HMC) with less soluble Low-Mg Calcite (LMC).   

This was followed by probable mixing zone cementation.  As the carbonates moved 

through the mixing zone, they were exposed to various geochemical aqueous environments, 

resulting in alternating bands of dolomite and calcite cements within vuggy pores.  In lithofacies 

D, E, F, and G, early dolomitization of grain/microbial fabric boundaries resulted in finely 

crystalline dolomite.  This process was accompanied by clustered isometric pyrite crystal 

precipitation, likely through organogenic dolomitization.   

Mechanical compaction caused by increased overburden pressure resulted in flatted 

grains as well as spalled and buckled outer cortices and cements.  Chemical compaction resulted 

in local sutured and concavo-convex grain contacts.  Compaction was followed by equant calcite 

cement which rimmed many grains, partially spalled cortices, and earlier cements.  This was 

followed by limpid dolomite cement, which backfilled compaction-generated voids.   

The first episode of fracturing cut through the dolomite cement and compaction features.  

Fracturing was followed by early burial dolomitization of micrite and neomorphic microspar.   

Porous stromatolitic laminae and grain/microbial boundaries were dolomitized in most samples, 

with complete dolomitization of samples near Evacuation Creek.   
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During burial diagenesis, early fractures, dissolved grains, and some interparticle pore 

spaces were filled or partially filled with blocky calcite cement, fibrous calcite cement, and in 

rare cases dolomite cement.  This was followed by precipitation of poikilotopic calcite cements, 

as well as calcification of cloudy-core dolomite.  Finally, a late fracturing event cut through 

poikilotopic cements.  These late fractures remained unfilled.  Rare stylolites formed through 

pressure dissolution in a deeper burial environment. 
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DIAGENESIS

Micritization ------

Dissolution -------------

Neomorphism -------

Calcite/Dolomite Cementation -------------

Early Diagenetic Dololmitization -------------

Mechanical Compaction -------------

Chemical Compaction -------------

Fracturing ------ ------

Dolomite Cementation -------------

Early Burial Dolomitization -------------

Calcite Cementation ---------------------

Late Burial Dolomitization -------

Dedolomitization -------

Early Late

TIMING

Figure 6.6 Type and relative timing of diagenetic alterations to primary carbonate based on thin section analysis of outcrop 

samples. 
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CHAPTER 7 

STABLE ISOTOPE ANALYSIS 

 

Stable isotope data can give insight into the mechanisms that allow for the accumulation 

of lacustrine carbonates (Gierlowski-Kordesch, 2010).   Carbon and oxygen isotopes are known 

to be influenced by many of the geochemical and physical processes of lacustrine systems.   

Oxygen isotope data give information about temperature and water conditions.  Positive 

excursions of δ
18

O designate periods of higher temperatures, indicating increases in evaporation 

and salinity.  Negative excursions of δ
18

O indicate water influxes and lake freshening.  Carbon 

isotope data give information about biological fractionation and organic processes.  Positive 

excursions of δ
13

C designate increased photosynthesis and productivity.  Negative excursions of 

δ
13

C reflect greater inflow, CO2 uptake, and respiration (Pitman, 1996).   

Seventeen bulk powder samples were analyzed for δ
18

O and δ
13

C, eleven of which were 

calcite, and six of which were dolomite.  The δ
18

O values in this dataset range from 

approximately -7.4 to +0.7‰.  The majority of the data points cluster between -3 and +0.7‰, 

with two potential outliers near -7.4‰.  The δ
13

C values from this study range from 

approximately +0.2 to +4.3‰.  The majority of the data points cluster between +2.5 and +4.3‰, 

with potential outliers between +0.2 and +1.1‰ (Figure 7.1).   

An adjacent study conducted in the nearby Piceance basin reported by Sarg et al. (2013) 

found a similar range of δ
18

O values from -8 to +0.8 ‰, suggesting similar lake level responses 

to fluctuating climatic controls (Figure 7.1).  The δ
13

C values reported by Sarg et al. also 

encompass the range of values found in this study, extending downward to -3.2‰ and upward to 

+5.2‰, suggesting a wider range of organic activity in the Piceance. 

Based on comparisons to previous work done by Sarg et al. (2013), Suriamin (2010), and 

Pitman (1996) on the Green River Formation, overall δ
18

O and δ
13

C values from this study 

suggest moderately saline to saline lake conditions, with relatively high organic productivity 

(Figure 7.2).  Higher salinities may account for the general lack of gastropod grazers documented 

in this interval, and the subsequent thick microbialite deposits. 

There are two potential outlier data points that have significantly lighter δ
18

O and δ
13

C 

than the rest of the samples.  These samples were noted during preparation as having low bulk 
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powder yields, which can contribute to inaccurate isotope readings.  While the outliers are not 

consistent with the main data trend in this study, they do fall in line with a secondary isotopic 

trend reported by Sarg et al. (2013) and Pittman (1996) for diagenetically altered carbonates in 

the Piceance basin.  Given the documented similarities in these datasets, it is possible that the 

outliers in this study also represent more diagenetically altered samples.  It is important to note, 

however, that the only observed difference in these two samples prior to isotope measurement 

was their marginal bulk powder yields. 
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Figure 7.1 δ
13

C plotted against δ
18

O values.  Two datasets are plotted: (1) this study and (2) data collected by 

Suriamin (published in Sarg et al., 2013).  The dataset from Sarg et al. (2013) features two trendlines. Trendline 1 

(orange) represents primary calcite.  Trendline 2 (blue) represents diagenetically altered calcite.  The data from 

this study (green and black) plot mostly at the heavier end of these trends, suggesting deposition in saline 

conditions.  Two potentials outliers are most likely due to low sample yields.
 

 



 

 

63 

 

 

   

Figure 7.2 Measured section from Douglas Pass, western Piceance Basin, with isotope 

values plotted in stratigraphic locations.  Note wide range and rapid fluctuation of values in 

R5 (study area).  Figure from Sarg et al. (2013). 
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CHAPTER 8 

DISCUSSION 

 

8.1 Carbonate Depositional Model 

 The Green River Formation carbonates studied in Three Mile Canyon to Evacuation 

Creek are comprised of two facies associations.  Facies association 1 (marginal non-microbial 

lacustrine carbonates) is composed of five lithofacies that denote decreasing energy conditions: 

1) lithofacies A- quartzose ooid grainstone, 2) lithofacies B- quarztose ooid intraclast rudstone to 

grainstone, 3) lithofacies C- ooid peloid ostracod intraclast rudstone to packstone, 4) lithofacies 

D- Peloid intraclast ostracod wackestone to packstone, and 5) lithofacies E- quartzose intraclast 

rudstone.  Facies association 2 (lacustrine microbial carbonates) is composed of two lithofacies: 

1) lithofacies F- thrombolite, and 2) lithofacies G- stromatolite.  Lithofacies G is further 

subdivided into five subfacies based on geometries and dominant fabrics: subfacies 1-columnar, 

subfacies 2- agglutinated-dendrolitic, subfacies 3- agglutinated, subfacies 4- fine-grained, and 

subfacies 5-spheroidal.   

 All lithofacies deposited in the study area are interpreted to have been deposited in the 

littoral to sublittoral environments.  Based on overall thinning and facies trends which display a 

shift from abundant shallow water, high energy ooids and intraclasts, toward a dominance of 

lower energy in situ microbialite facies to the northeast, the study outcrop is interpreted to 

represent an obliquely basinward transect (Figure 8.1).  The presence of photosynthetic 

microbialites indicates deposition within the photic zone.   

 There are two distinct deepening upward cycles that comprise the study interval, 

delineated in outcrop by a laterally-continuous band of fine-grained stromatolite to mudstone that 

exhibits a distinct and characteristic white color (Figures 8.2 and 8.3).  The lower cycle tends to 

be much grainier, with a higher concentration of ooids and intraclasts.  In general, this cycle 

features a basal intraclast or intraclast/oolitic layer.  These intraclasts originate from brecciated 

microbialite forming in deeper water.  Intraclasts found later in the deepening cycle are primarily 

charophytic, and represent storm events that ripped up charophyte beds.  These intraclasts often 

have concentric laminae from rolling around in a shallow environment.   This is followed by 

non-microbial facies with generally increasing mud content to wackestone.  Ostracod and 
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charophyte fragments are common, along with a small arthropod component.  Moving upward, 

thin stromatolite layers come and go, binding the underlying grains in place and creating low, 

wavy topographic relief.  Oncoids commonly form clusters in these troughs, and grade upward 

into ooids.  This sequence likely represents high-frequency, small-scale changes in energy 

conditions.  Periodic decreases in energy allow for the accumulation of thin stromatolite mounds.  

As energy subsequently increases, hemispherically-laminated to concentrically-laminated 

oncoids form, to be replaced by ooids at even high energies.  However, the upward vertical 

facies trend from grainstone to wackestone, combined with increasing microbial content and 

capping fine-grained stromatolite layer, suggests an overall deepening that overprints these 

smaller energy fluctuations.   

 The upper deepening cycle is dominated by microbialites.  It is based by a thin (cm-scale) 

intraclast and/or intraclast/ooid layer.  This is followed by a thick, laterally continuous 

dendrolitic to thrombolite section.  Thrombolites are covered by agglutinated and dendrolitic 

stromatolite, and finally fine-grained stromatolite.  The thrombolite-stromatolite pairings bear 

some discussion.  Based on depositional stacking in what appears to be an overall deepening 

trend, thrombolite deposition is suggested to likely occurred in slightly shallower water than the 

overlying stromatolites.  This is consistent with the findings of Feldmann and McKenzie (1997) 

which documented similar thrombolite-stromatolite successions in the Messinian-aged Santa 

Pola platform of Spain.  We suggest a similar interpretation of reefal thrombolite with a back-

reef dominated by stromatolite and minimal ooids.   

Because the generation of ooids requires high depositional energies, and strong tidal 

effects are not present in lacustrine settings, oolitic facies can reliably be interpreted to be 

generated by consistent wave energy.  The abundance of ooids in the lower deepening sequence 

within the study unit is evidence of an extended period of strong wave influence on the paleo-

shoreline during the early stages of deposition.  The general scarcity of laminated microbialite 

within the oolitic facies likely reflects overall energies too high to maintain concentrated algal 

and bacterial buildups.  Similarly, the limited presence of ooids and higher concentration of 

microbial buildups in the upper deepening sequence likely reflects overall lower energies 

because of changing overall lake conditions. 

These changes are interpreted to be primarily the result of lake deepening.  Alternatively, 

increased salinity during deposition of the upper sequence may have reduced the presence of 
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Figure 8.1 Map of key measured sections and resultant facies map along Three Mile Canyon.  Unit thins 

dramatically between WP 198 and WP 201.  Unit thins to 0 across Evacuation Creek.   
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Figure 8.2 Uninterpreted (left) and interpreted (right) oucrop photos.  Interpreted photo shows annotated major 

vertical facies shifts.  Orange-Intraclast-dominated rudstone to grainstone.  Blue-Ooid dominated grainstone 

/packstone to wackestone. Green- Spheroidal stromatolite).  Red- Agglutinated stromatotlie.  White- Fine-

grained stromatolite.  Grey- Thrombolite/Columnar stromatolite.  Yellow- Dendrolitic stromatolite.   
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Figure 8.3 Generalized carbonate facies progression through two overall deepening upward 

cycles. 
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intolerant grazer species that previously kept microbial deposits in check.  However, this alone 

does not account for the similar lack of gastropod grazers in the lower sequence. 

Moving laterally, toward the paleo-lake center, over the course of this three mile transect 

through Three Mile Canyon, the carbonate unit was observed to thin from a thickness of over 

three meters at the top of the canyon down to two centimeters at the base. Correlated laterally 

across Evacuation Creek, the carbonate unit was observed to pinch out into profundal mudstones 

and oil shales. 

 Microbialite mound geometries vary significantly along the outcrop.  The updip end of 

the outcrop is dominated by small-diameter (decimeter scale) laterally linked heads (Figure 8.4).  

Moving basinward, mounds remain laterally linked with low relief, but tend to increase to meter-

scale widths (Figure 8.5).  Midway along the outcrop (roughly 2 miles from updip end) 

microbialite mounds start to become increasingly isolated.  After two miles, isolated microbialite 

heads begin to narrow slightly and display higher relief (Figure 8.6).  This corresponds to a 

significant thinning of the carbonate unit between mounds.  Moving further downdip, isolated 

mounds vanish, and the remaining thin carbonate unit disappears and reappears sporadically.  

Where present, the microbialites feature very low-relief domal to wavy geometries alternating 

with planar crinkly-laminations (Figure 8.7).  This general transition into broader microbialite 

structures with high surface area to volume ratios is consistent with deepening toward 

Evacuation Creek. 

 

8.2 Carbonate Evolution 

 Based on underlying sandstones, correlation of the study unit across Evacuation Creek 

can be tied into established nearby measured sections from Tänavsuu-Milkeviciene, Sarg, and 

Bartov (2012) (Figure 8.8).  This stratigraphic tie suggests that deposition of the study unit 

occurred in the Stage 5 (rapidly fluctuating) lake stage.  This is reflected in outcrop through high 

frequency sand-carbonate-shale deepening sequences.  Closer to the paleo lake margin, 

correlative to the updip end of this study unit, sequences occur at a scale of tens of meters.  

Moving into the basin, correlative to downdip end of the study unit, sequences are observed at 

meter-scale intervals.  

 During the early phase of rising lake levels, deltaic sands prograded basinward from the 

lake margin (Tanavsuu Milkeviciene et al., 2012).  These sands appear to have provided a stable 
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substrate for local carbonate buildups.  Contemporaneous to, and/or shortly after sand 

progradation, stromatolites likely began forming in deeper water inter-delta areas.  Stromatolites 

forming on higher standing, less compacted delta sands were likely exposed to higher energies 

which brecciated them, generating microbial intraclasts. Waves then reworked the intraclasts 

with underlying sands, forming quartzose intraclast grainstone (Lithofacies E).   

 The lower sequence of this study unit began as lake levels continued to rise; the 

siliciclastic deposystem was shut off, and carbonates slowly took over.  In the upper littoral zone, 

high wave energy generated ooids, often nucleating on and mixing with the underlying sand or 

intraclast fragments (Lithofacies A and B).  With further deepening, depositional energy 

decreased, increasing mud content (Lithofaces C and D).   

 Elevated salinities likely excluded primary grazer taxa such as gastropods, allowing 

deposition of thin stromatolite laminae, but generally high wave energy in the littoral zone 

encouraged the continued depositional dominance of ooids and sublittoral-generated intraclasts.  

In protected backwaters or topographic lows, slightly lower energies allowed small microbial 

buildups to form.  From outcrop we deduce that these lenticular buildups were initialized by 

laminated stromatolite and capped by spheroidal stromatolite/oncolite (Lithofacies F, subfacies 

5).  As these buildups grew and began to be exposed to the higher surrounding energies, 

stromatolitic laminations transitioned from planar, to hemispheric, to spherical, as they broke 

from the substrate and rolled around.  As the lake deepened into a highstand, sublittoral fine-

grained stromatolites were developed overtop the littoral sediments (Lithofacies F, subfacies 4).     

 The upper deepening cycle has a similar initial stage of microbial intraclast and ooid 

deposition in shallow-water.  As water deepened, this was succeeded by the development of a 

persistent and laterally continuous zone of intermixed thrombolite and columnar stromatolite 

buildups (Lithofacies G and Lithofacies F, subfacies 1).  These lithofacies tended to form 

upward-growing frameworks which may have acted as baffles, allowing agglutinated and 

dendrolitic stromatolites to develop in the quieter backwaters (Lithofaces F, subfacies 2 and 3).  

As in the lower cycle, fine-grained stromatolites mark continued lake level rise, transitioning into 

mudstones and profundal oil shales. 
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Figure 8.4 Outcrop photos from updip section of Three Mile Canyon.  (A) Entire unit profile at thickest point.  Note strong white 

streak through center indicating top of lower deepening cycle.  (B) Small (cm-scale) blistered algal heads on top of unit.  (C)  Large 

(m-scale) blistered algal heads on top of unit.  (D) Profile view of blistered heads showing underlying relief and resultant 

topography. 
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Figure 8.5 Outcrop photos from upper-middle section of Three Mile Canyon.  (A) Long section of uniform 

thickness and low relief.  (B) Occasional large (m-scale) microbial mounds create topographic relief.  (C) 

Common low-relief mounded profile.  (D) Uniform section sitting atop deltaic sandstone. 
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Figure 8.6 Outcrop photos from lower-middles section of Three Mile Canyon.  (A) Large isolated mounds appear amid long 

stretches of much thinner section.  Note absence of underlying sandstone.  (B) Close-up of isolated mound .  Note much higher 

relief (high height/width ratio).   
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Figure 8.7 Outcrop photos  from lower section of Three Mile Canyon.  (A) Entire unit consists of crinkly-laminated stromatolite 

and oncolite.  (B) Unit occasionally loses coherency.  (C) Fish scales and mollusk remains at base of unit.  (D) Very low relief 

mounds are common.   
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Figure 8.8 Measured section at “Condo” location, on north side of Evacuation Creek near the 

field area. Corresponds to “Evacuation Creek north” of Tänavsuu-Milkeviciene, Sarg, and 

Bartov (2012).    The carbonate unit of this study may not present at this location, but a lower 

correlatable microbialite is marked in red for reference.  
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CHAPTER 9 

CONCLUSIONS 

 

 Based on outcrop study, thin section analysis, and stable isotope data, the following 

conclusions include: 

1. Uinta basin carbonates of the Eocene-aged Green River Formation in Three Mile 

Canyon and Evacuation Creek consist of two facies associations: 1) Facies 

Association 1: Marginal Non-microbial Lacustrine Carbonates, and 2) Facies 

Association 2: Lacustrine Microbial Carbonates. 

2. Facies Association 1 (Marginal Non-Microbial Lacustrine Carbonates) consists of 

five lithofacies: 1) Quartzose Ooid Grainstone, 2) Ooid Intraclast Rudstone, 3) Peloid 

Intraclast Rudstone, 4) Coarse-grained Ostracod Peloid Intraclast Packstone, 5 Ooid 

Ostracod Peloid Intraclast Dolopackstone to Dolograinstone. 

3. Facies Association 2 (Lacustrine Microbial Carbonates) consists of two lithofacies: 1) 

Thrombolite, and 2) Stromatolite 

4. Lithofacies F (Stromatolite) consists of five subfacies: 1) Columnar Stromatolite, 2) 

Agglutinate-Dendrolitic Stromatolite, 3) Agglutinated Stromatolite, 4) Fine-grained 

Stromatolite, and 5) Spheroidal Stromatolite.   

5. Carbonates in Three Mile Canyon and Evacuation Creek are interpreted to be 

deposited in a lake margin setting, in the littoral to sublittoral zone. 

6. Facies Association 1 is interpreted to be deposited primarily in shallow, high energy 

littoral settings, while Facies Association 2 is interpreted to be deposited primarily in 

lower energy, lower littoral to sublittoral environments. 

7. The carbonate unit in the study area was deposited in two overall deepening upward 

trends, with smaller, local shallowing sequences. 

8. Two distinct deepening upward cycles are evident: 1) grainier lower cycle with less 

microbialite input, and 2) muddier upper cycle with dominant microbialite input. 

9. An idealized deepening upward sequence begins with intraclast rudstone followed by 

ooid grainstone to packstone to wackestone and spheroidal stromatolite.  This 
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transitions upward into thrombolite or columnar stromatolite, agglutinated and/or 

dendrolitic stromatolite, and fine-grained stromatolite. 

10. The overall lateral trend in a paleo-lakeward direction within this depositional unit is 

from large (several meter) laterally linked domal mounds, to more planar laterally 

linked geometries with large (meter scale) isolated mounds, to small (decameter 

scale) isolated mounds within planar laminations, to planar laminations. 

11. Carbonate diagenesis began syndepositionally and continued into the burial 

environment. 

12. Diagenetic features, in order of occurrence, are micritization, dissolution, 

neomorphism, early diagenetic dolomitization, mixing zone cementation, mechanical 

compaction, chemical compaction, fracturing, dolomite cementation, early burial 

dolomitization, calcite cementation, late burial dolomitization, and dedolomitization. 

13. Burial of sediments was sufficient for stylolitization, and may have been deeper that 

previously realized. 

14. Dolomitization of primary calcite is pervasive.  At least some early dolomitization 

was probably organogenic. 

15. Stable isotope analysis shows slightly saline to saline lake conditions. 
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Waypoint Samples Latitude Longitude

183 B1, B2, B3 N 39⁰ 47' 42.3" W 109⁰ 07' 48.5"

184 C1, C2, C3 N 39⁰ 47' 44.7" W 109⁰ 07' 49.2"

186 C4 N 39⁰ 47' 45.2" W 109⁰ 07' 49.4"

187 D1, D2, D3, D4 N 39⁰ 47' 45.9" W 109⁰ 07' 49.1"

189 E1, E2, E3 N 39⁰ 47' 52.2" W 109⁰ 07' 47.2"

190 F1, F2, F3 N 39⁰ 48' 02.0" W 109⁰ 07' 45.0"

192 G1, G2 N 39⁰ 48' 02.8" W 109⁰ 07' 44.7"

193 H1, H2 N 39⁰ 48' 03.7" W 109⁰ 07' 43.7"

194 I1, I2, I3, I4, I5, I6 N 39⁰ 48' 04.8" W 109⁰ 07' 42.2"

195 J1, J2, J3, J4 N 39⁰ 48' 09.4" W 109⁰ 07' 38.7"

196 K1, K2, K4 N 39⁰ 48' 11.0" W 109⁰ 07' 38.6"

198 L1 N 39⁰ 48' 17.2" W 109⁰ 07' 36.2"

199 M1, M2, M3 N 39⁰ 48' 19.8" W 109⁰ 07' 30.7"

200 N1 N 39⁰ 48' 20.6" W 109⁰ 07' 27.3"

201 O1, O2 N 39⁰ 48' 22.4" W 109⁰ 07' 24.9"

203 P1, P2 N 39⁰ 48' 23.8" W 109⁰ 07' 18.7"

206 Q1 N 39⁰ 48' 29.4" W 109⁰ 07' 05.6"

209 R1, R2, R3 N 39⁰ 48' 37.3" W 109⁰ 06' 57.6"

212 S1, S2 N 39⁰ 48' 51.8" W 109⁰ 06' 50.3"

216 T1, T3, T4, T5 N 39⁰ 48' 53.8" W 109⁰ 06' 48.1"

218 U1, U2, U3 N 39⁰ 49' 07.9" W 109⁰ 06' 41.7"

220 V1, V2 N 39⁰ 48' 19.0" W 109⁰ 06' 43.1"

224 W1 N 39⁰ 48' 04.0" W 109⁰ 07' 51.2"

227 X1 N 39⁰ 49' 42.0" W 109⁰ 06' 10.7"

 

APPENDIX A 

SAMPLE LOCATIONS 

  

Table A-1  Sample names, locations, and corresponding waypoints. 
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APPENDIX B 

THIN SECTION CLASSIFICATION  

 

Facies Association 1: Marginal Non-microbial Lacustrine Carbonates 

1. Ostracod intraclast wackestone (A1) 

2. Intraclast Ooid grainstone (G1) 

3. Quartzose intraclast ooid rudstone (C3) (M2) 

4. Peloid intraclast rudstone (R3) (T5) 

5. Peloid ostracod ooid intraclast packstone (M3) 

6. Ooid ostracod peloid intraclast packstone to grainstone (E1, E2) 

 

Facies Association 2: Lacustrine Microbial Carbonates 

1. Stromatolite 

a. Columnar stromatolite (C4) 

b. Dendrolitic stromatolite (A2) (I3) (I4) (J1) (J3) (O1) 

c. Agglutinated Stromatolite (I3) (I4) (I5) (J1) (K1) (Q1) (S1) (S2) (T1) (T3) (T4) 

(U2) 

d. Fine-grained stromatolite (A2) (O1) 

e. Spheroidal stromatolite (C2) (D1) (D2) (E3) (G2) (I6-upper) (F1-upper) (F2-

lower) 

 

2. Thrombolite (J3) (K2) (N1) (O2) (Q1) (S2) (T4) (U2) 
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APPENDIX C 

SELECTED MEASURED SECTIONS 

 

  

Measured Section Key 

Facies Association 1: Marginal Non-microbial Lacustrine Carbonates 

Facies Association 2: Lacustrine Microbial Carbonates 

Figure C-1 Selected measured section locations (starred) with waypoint 

reference numbers 
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Figure C-2 Measured section at waypoint 184. 
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Figure C-3 Measured section at waypoint 192. 
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Figure C-4 Measured section at waypoint 196. 
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Figure C-5 Measured section at waypoint 201. 
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Figure C-6 Measured section at waypoint 204. 
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Figure C-7 Measured section at waypoint 206. 
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Figure C-8 Measured section at waypoint 209. 
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Figure C-9 Measured section at waypoint 212. 
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Figure C-10 Measured section at waypoint 218. 
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Figure C-11 Measured section at waypoint 220. 


