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ABSTRACT 

 

 The Pinedale Field currently produces natural gas from approximately 

5000-6000 ft (1524-1828 m) section of the Upper Cretaceous fluvial tight-gas 

sandstones, primarily the Lance Formation. Petrographic and whole rock 

geochemical analyses on samples from the channel facies in 7 well cores in the 

upper and lower Lance Formation were integrated with detailed core descriptions 

in order to examine the relationship between reservoir properties (specifically 

porosity), depositional faces and diagenetic history.  

 

 Burial depth and depositional facies influence porosity development in the 

Lance. Porosity decreases with increasing depth in the Lance formation. Porosity 

decreases upward through an individual channel sequence (facies L to U). 

Detrital grain composition influences porosity. Porosity is strongly influenced by 

the quantity of rigid cement and ductile grains. Porosity is best preserved when 

there is 12 to 22 %vol  total cement and a rigid cement to ductile grain (RC/DG) 

ratio of 0.4 to 0.8. Early cement played a significant role by preserving IGV and 

preventing the collapse of pore space. There is no indication that the type of 

cement (quartz or carbonate) is significant to the present-day porosity. 

  

The cement type varies with depth. Cement is also facies-dependent, with 

the amount of cementation increasing from the L to the U facies.  Quartz cement 

decreases with decreasing depth, and is the most volumetrically significant 

cement, averaging 8% of the rock volume. Two distinct generations of quartz 

cement were documented by SEM-CL, with the later generation more significant.  

Carbonate cement increases with decreasing depth.  

 

Late kaolinite was observed, which shows evidence of altering to illite. 

This reaction is related to burial depth and progresses to its maximum extent at 

the bottom of the Lance Formation. Illite/smectite is the dominant clay type 
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present, with smectite comprising 20% of the mixed layers. Illite/smectite volume 

decreases upwards. Chlorite is observed in the upper Lance and increases in 

volume upwards. 

 

Mercury capillary pressure measurements show that the A and B facies 

have distinctly different pore throat size populations. In the A facies, 50% of 

cumulative porosity is associated with pore throats that are greater than 0.1 µm, 

while in the B facies 50% cumulative porosity has pore throats that are greater 

than 0.02 µm. The A facies has three distinct pore throat size populations, in 

decreasing pore throat sizes associated with primary, secondary and 

microporosity, respectively.  The B facies has two populations of pore throat size, 

associated secondary and microporosity. 
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CHAPTER 1 

INTRODUCTION 

 

Unconventional gas plays have become a major source of natural gas for the 

United States. However these plays are generally poorly understood when 

compared to conventional plays (Shanley et al., 2004). One area that is poorly 

understood is the relationship between diagenetic processes and reservoir quality. In 

plays that are characterized by low porosity and permeability, it is important that 

variations in detrital and diagenetic mineralogy be related to both burial history and 

primary sedimentary facies (Webb et al., 2004; Dutton, 1993, Crossey and Larsen, 

1992). These relationships can help to identify zones of higher productivity and the 

appropriate completion techniques. With increased exploration and exploitation of 

similar tight-gas sands, it has become important to have well-defined reservoir 

characteristics to maximize gas recovery. 

 

The Pinedale Field in the Green River Basin, Wyoming, is the third largest 

gas field now producing in the United States, with current production at ~1.1 BCF 

per day and an estimated 25-30 TCF of recoverable reserves (Energy Information 

Administration, 2007).  It currently produces from a ~5000-6000 ft section of Upper 

Cretaceous fluvial sandstones in the Lance Formation and Upper Mesaverde Group. 

The Lance Formation is a mixed fluvial system, containing deposits of braided, 

meandering and anastomosing channels. However, the dominant main channel type 

is that of a meandering system, with characteristic point bar sequences. Porosities 

for the Lance Formation are typically <10% with permeabilities in the millidarcy 

range (Chapin et al., 2009). 

  

Currently there are no modern published studies of formations in the Lance 

Pool at Pinedale that examine variations in porosity, cementation and clay content 

with respect to depositional framework. This study examines diagenetic variations 
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within the primary channel sediment fill (point bars), both vertically and laterally 

across the field. 

 

It is the goal of this project to examine lateral and vertical diagenetic 

variations in the primary channel lithofacies present in the Upper and Lower units of 

the Lance Formation. It is recognized that this is a very broad goal and that it is 

necessary to define more specific research questions. To that end, a number of 

questions have been listed below that will be addressed in the thesis. 

  

The questions have been divided into two different categories: Observational 

and Process. The observational questions are basic questions that can be 

addressed by measurements. Process questions focus on mechanisms and require 

an interpretation of the collected data. Addressing process questions requires one to 

address geological systems. By addressing the geologic system, one can put the 

data into the proper context and understand how the system came to its current 

state.  

 

1.1 Observational Questions and Approach 
 
How do detrital composition, authigenic composition, and porosity vary with 
depth?  
Compare detrital composition, authigenic composition, and porosity values for 

similar rock types and facies at different depths, in order to determine whether 

porosity changes with depth.  

 

Pollastro (1989) analyzed 120 XRD samples from five wells in the Lance 

Formation, and a number of thin sections to determine the bulk composition of the 

Lance Formation, as well as paragenesis. This study identified many of the 

diagenetic features observed in this thesis such as the increase in feldspar 

associated with the top of the Unnamed unit/Lance Formation contact, and the high 

chert content in the Lance Formation sandstones. 
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Dincau’s (1989) M.S. thesis is significant as he point-counted 125 thin 

sections from the Wagon Wheel well, 36 of them from the Lance Formation. This 

represents the first rigorous point count based petrographic analysis of the Lance 

Formation at Pinedale. Many of his observations matched those of Pollastro, being 

that he confirmed feldspar and corrensite increase near the K/T boundary and 

identifying the Lance Formation as a litharenite. He was also the first to attempt to 

determine if the Lance Formation was a net exporter or importer of silica, as well as 

identifying that porosity is related to IGV and the ratio of rigid cement versus ductile 

grains. 

 
How do detrital, authigenic mineral composition, and porosity vary with 
facies? 
Compare detrital composition, authigenic composition, and porosity of similar facies 

rocks to observe whether the volume or type porosity changes with facies. 

 

Does the dominant type of porosity (primary, secondary) change with facies 
and/or depth? 
Compare the types of porosities for similar rock types and facies at different depths, 

and determine if a particular type can be associated with greater production. 

 
What is the major control of porosity (mechanical compaction, cement, or 
overpressure)? 
Compare porosity with the calculated % IGV and % cement and look for a trend. 

Then incorporate any association noted with overpressure. 
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1.2 Process Questions and Approach 
 
Is secondary porosity the major control for the greater production with depth? 
Examine if a correlation can be made between the amount of secondary porosity 

and the increased production at depth. 

 

Did early cementation play a major role in the distribution of cements, and the 
preservation of intergranular porosity? 
Establish a paragenetic sequence and determine whether the onset of different 

cementation events correlates with secondary porosity development or with specific 

IGV values.  

 

Dickinson’s (1984) doctoral dissertation focused on petrographic and 

mineralogic analysis of carbonate grains and cements in the terrestrial rocks in the 

northern Green River Basin. He identified carbonate cement as an early cement. 

Isotopic analysis of the various carbonate components indicated that the Lance 

Formation exists in a restricted hydrochemical system. In this setting, carbonate 

grains experienced recrystallization during burial and approached isotopic 

equilibrium with the carbonate cements. 

 

How has burial history affected early cementation?  
Compare the movement of different elemental cement components in similar facies 

with depth.  

 

Malicse et al. (2007) documented fracture diagenesis in the Lance and upper 

Mesaverde Formations in the Pinedale region and showed that the fractures 

experienced the diagenetic events that occurred in the middle and late diagenetic 

stages (Malicse et al., 2007). They also identified the possibility of deeper, hotter 

sources for some of the fracture filling cement (Malicse et al. 2007). 
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What amount and types of cements are needed to preserve or create 
secondary porosity at depth? 
Compare trends secondary porosity trends with trends in different cement types. 

 
What are the relative roles and types of early and later cement to resultant 
porosity? 
Establish a paragenetic sequence and observe if a correlation exists between 

development of secondary porosity, and the destruction of IGV. 

 
1.3 Diagenetic Factors 
 

Previous studies involving tight gas sandstones and their diagenesis have 

primarily focused on three different factors: effective stress, authigenic cementation 

and overpressure. While these are not the only factors considered, as these are 

complex systems, they are the mechanisms that are suspected of impacting porosity 

development at Pinedale. 

 

1.3.1 Effective Stress 
 

Effective stress is a major cause for porosity destruction in all sandstones 

(Paxton et al., 2002; Worden et al., 2000; Pittman and Larese, 1991; Houseknecht, 

1987). Litharenites such as the Lance Formation at Pinedale Field are typically more 

susceptible to mechanical compaction due to effective stress than quartz arenites, 

given the large fraction of soft grains in these sandstones (Worden et al, 2000; 

Pittman and Larese, 1991). Effective stress in tight-gas sandstones is considered to 

contribute to porosity destruction through two mechanisms. First, intergranular 

volume is lost due to the mechanical compaction of grains and the deformation of 

ductile grains (Paxton et al., 2002; Worden et al., 2000; Pittman and Larese, 1991; 

Houseknecht, 1987). Second, effective stress contributes to the development of 

intergranular pressure solution. Intergranular pressure solution must be considered 

compaction, as it is not reversible (Houseknecht, 1987). The mechanisms for 
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intergranular pressure solution are highly debated in the literature. Much of the 

debate revolves around the roles of effective stress and temperature (Walderhaug et 

al., 2004; Sheldon et al., 2003; Bjørkum, 1996). One side of the argument suggests 

that temperature is the dominant factor and that effective stress plays a minimal role. 

The other side says that both play significant roles in the development of 

intergranular pressure solution (IPS). 

  

Pittman and Larese (1991) developed compaction curves for lithic sands 

based on experimental mixtures of quartz and lithic components. Their experiments 

compared the end-members of Folk’s secondary ternary diagram: volcanic rock 

fragments, metamorphic rock fragments, and sedimentary rock fragments (Pittman 

and Larese, 1991). From these experiments, a number of pertinent conclusions were 

drawn: (1) The early development of overpressure can retard compaction (Pittman 

and Larese, 1991). (2) Compaction is not influenced by overall grain size (Pittman 

and Larese, 1991). (3) Compaction was influenced by lithic grain-size distribution, 

with increased lithic grain size being related to increased porosity preservation 

(Pittman and Larese, 1991). If the lithic component of the Lance Formation 

sandstones can be determined, it may be possible to predict the effect that depth of 

burial would have on porosity (Paxton et al., 2002; Worden et al., 2000; Pittman and 

Larese, 1991). 

  

Dincau (1989) observed in the Wagon Wheel core that intergranular volume 

is best preserved when there is >8% cement (age of cementation not constrained) 

and <15% ductile lithic fragments, which suggests that cement preserves 

intergranular volume. By understanding the relationship between the sediment 

composition and the early diagenetic history, it may be possible to identify facies 

with the highest porosity preservation potential. 

 

1.3.2 Authigenic Cement  
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Early calcite, quartz and clay have been observed in the Lance Formation 

sediments (Chapin et al, 2009; Malicse et al., 2007; Dincau, 1989; Pollastro, 1989, 

Dickinson, 1984). While difficult to document, it is very likely that infiltrated clay has 

played a role in the diagenesis of the Lance Formation. Modern point bars have 

been observed to be extremely susceptible to early clay infiltration (Matlack et al., 

1989).  Early clay can promote pressure solution and/or inhibit quartz cementation 

(Matlack et al., 1989). Generally, illitic clays promote pressure solution, while 

chloritic clays inhibit quartz cementation (Walderhaug et al., 2006; Houseknecht and 

Hathon, 1987). 

  

Early calcite cementation is observed in the Lance Formation as evidenced 

by the presence of caliche nodules and calcite lined rhizoliths (Chapin et al., 2009). 

Early calcite cementation is one of the best means to preserve intergranular volume 

(Pittman and Larese, 1991). Zones of calcite cement are related to paleosol 

development (Chapin et al., 2009; Bridge 2003). If a pattern to the calcite 

cementation can be determined, it may aid in understanding diagenetic fluid flow 

(Dutton et al., 2002; Surdam, 1997).  

  

The Lance Formation has pervasive quartz cementation (Webb et al., 2004; 

Dincau, 1989; Law and Johnson, 1989).  The Lance Formation is also observed to 

have significant grain-to-grain intergranular pressure solution, and to a more minor 

degree stylolites. The presence of stylolites implies the small-scale transport of silica 

(Harris, 2006; Webb et al., 2004; Law and Johnson, 1989). However, it has been 

argued that the Lance and upper Mesaverde Formations may be net silica importers, 

based on petrographic analysis (Dincau, 1989). This analysis assumes that 

intergranular pressure solution is the only source of silica and that quartz cement is 

the only silica sink (Dincau, 1989). This assumption does limit analysis (Dincau, 

1989). However, the above assumption allows for a basic comparison that can 

estimate the silica movement of the system (Dincau, 1989).  
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If the Lance and upper Mesaverde Formations are net silica importers, there 

needs to be a mechanism for larger-scale silica movement. Dincau (1989) suggests 

that there might have been silica imported from an external source, however he 

does not specify the nature of that source. He also suggests that the local overbank 

shales may have contributed silica during dewatering/compaction and during clay 

conversion reactions. The argument for local clay sources may be supported by the 

work by Van De Kamp (2008) on the silica release during smectite-illite-muscovite 

transformation in shales. 

 

However, there are issues with the Lance Formation being a net silica 

importer. Studies suggest that, in order to import silica, a large amount of silica-rich 

water must flow through the system (Bjørlykke and Egeberg, 1993). Bjørlykke and 

Egeberg (1993) contend that the flux of water required to produce the amount of 

observed silica cements is too large to be produced by the dewatering of local 

shales. Similar disagreements are found in the literature between Lynch and 

Bjørlykke on the import of silica cement into the Frio Sandstone (Bjørlykke, 1997; 

Lynch, 1997; Lynch et al., 1997). However, there is general agreement that if the 

travel distance is short, <10 m, diffusion would be capable of transporting silica from 

the shales to the sandstones. 

 

1.3.3 Overpressure 
 
 The impact of overpressure on diagenetic processes due to the development 

is poorly understood in tight-gas sandstone reservoirs. However, depending on the 

timing of overpressure, it has the potential to play a significant role in porosity 

preservation. Porosity preservation is possible by at least two different mechanisms. 

First, development of overpressure can help preserve intergranular volume 

preservation by retarding mechanical compaction (Surdam, 1997). Second, 

overpressure caused by gas charge may shut down cementation by inhibiting the 

transfer of ions via a water-wet system (Surdam, 1997; Edman and Surdam, 1986). 

However, there have been a number of comparisons of porosity and cementation in 
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gas or oils zones versus water zones; only a few have shown clear increases in 

porosity in the hydrocarbon zone (Marchand et al., 2001; Saigal et al., 1992). 

  

In the literature, disequilibrium compaction is cited as the cause of early overpressure 

development in the Lance Formation (Cluff and Cluff, 2004). Mudstones and shales can 

compact on the order of 80% of their original volumes (Sonnenberg, 2008, personal 

communication). Lithic sandstones can compact by 40% or more (Pittman and Larese, 1991). 

Overpressure due to disequilibrium compaction preserved intergranular volume such that the 

Lance Formation was undercompacted at maximum burial depth in Jonah (Cluff and Cluff, 

2004).
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CHAPTER 2 

GEOLOGIC SETTING 

 

The Pinedale Anticline, site of the Pinedale Field, is located in Sublette 

County, southwestern Wyoming, along the western slope of the Wind River 

Mountain Range (Figures 2.1 and 2.2). This area is part of the Northern Green River 

Basin. The Jonah Field, another major tight-sand gas field, lies just to the southwest 

of Pinedale (Figure 2.1and 2.2). 

 

 
Figure 2.1: Regional map of the Northern Green River basin, Wyoming. Modified 
from Robinson et al. (2004). 
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2.1 Structure 
 

The Pinedale Anticline is an asymmetric double plunging anticline that is 

about 35 miles (56 km) long and 6 miles (9.6 km) wide (Law and Johnson, 1989). Its 

axis parallels the Wind River Mountains, trending approximately north-northwest, 

with a steeper plunging limb to the west (Law and Johnson, 1989). The Cretaceous 

sediments have approximately 2000 ft (609 m) of relief on the structure (Law and 

Johnson, 1989).  

 

Both sides of the anticline are bounded by thrust faults (Figure 2.3; Law and 

Johnson, 1989). To the west, a high-angle east-dipping fault, termed the Pinedale 

Thrust Fault, flattens out at depth and was observed to have approximately 600 ft 

(183 m) of displacement at Wagon Wheel Well No. 1 at a depth of around 18,000 ft 

(5.5 km; Law and Johnson, 1989). The eastern limb of the anticline is bound by the 

Wind River Thrust Fault.  Up to 15 miles (24 km) of shortening may have occurred 

on the Wind River Thrust (Prensky, 1989).  

 

The anticline is a thrust-rooted detachment structure that probably formed 

due to the southwest direction of the Wind River Mountains compressional orogeny 

(Law and Johnson, 1989). The uplift of the Wind River Mountains was likely an 

episodic event that may have started as early as 90 Ma (Law and Johnson, 1989), 

prior to development of the rest of the northern Green River Basin, which formed 

during the Laramide Orogeny (Law and Johnson, 1989). By the Middle to Late 

Paleocene the core of the Wind River Mountains was shedding granitic sediments, 

as indicated by the unique arkosic signature of the Paleocene Unnamed unit 

sediments (described below; Law and Johnson, 1989). 
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Figure 2.2: Green River Basin Map modified from Baars et al., 1988. Paleocurrent 
directions are from Hanson et al., 2004. 
 

2.2 Stratigraphy 
 

Most early work on Pinedale employed the El Paso Natural Gas Company 

Wagon Wheel No. 1 (WW) well as a stratigraphic reference. This well, located on the 

crest of the anticline (Figure 2.3; Law and Johnson, 1989), was drilled to a depth of 

19,000 ft (5.8 km) and was extensively cored and logged (Law and Spencer, 1989). 

The Cretaceous stratigraphic nomenclature is based on correlations made to the 

Rock Springs uplift (Law and Johnson, 1989). The current operators on the Pinedale 

Field and Jonah Field still use the nomenclature from this earlier work with minimal 

modification.  

 

Gas production at Pinedale is from three recognized formations and is 

collectively known as the Lance Pool. In ascending order, they are: the upper 

Mesaverde Formation, the Lance Formation and the Unnamed unit.  These three 

formations have a combined average thickness of over 5000 ft (1.5 km) along the 

anticline. 
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Figure 2.3: Northern Green River Basin cross sectional diagram modified from Law 
and Johnson, 1989. 

 

The overall depositional environment for the Unnamed unit through upper 

Mesaverde Formation is fluvial, and was deposited near the western margin of the 

Western Interior Seaway (Johnson et al., 2004; Law and Johnson, 1989). These 

formations are considered to have been deposited from late Campanian to the Late 

Paleocene, approximately 7 to 10 my (Law and Johnson, 1989), during the early part 

of Laramide orogeny. 
 

 The Hilliard Shale underlies the Mesaverde Group. The Hilliard Shale is in 

part equivalent to the Baxter Shale in the Rock Springs uplift and to the Mancos 

Shale in the Oak Creek area (Law and Johnson, 1989). The upper part of the Hilliard 

Shale was deposited in a shallow water marine environment and has a present day 

total organic carbon content of 0.25 to 1.39% (Law, 1984). It has been identified as a 
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possible source for hydrocarbons in the Lance Pool, but further study is needed 

(Coskey, 2004; Hanson et al., 2004).  

 

2.2.1 Mesaverde Group 
 

The Mesaverde Group is divided into four units (Figure 2.4), which, in 

ascending order, are: Blair Sandstone, the Rock Springs Formation, the Ericson 

Sandstone, and the upper Mesaverde Formation, also known as the undifferentiated 

Mesaverde (DuBois et al., 2004). The top of the Mesaverde is marked by a subtle 

increase in the conductivity of the mudstones and a higher percentage of 

carbonaceous material, as compared to the overlying Lance Formation (DuBois et 

al., 2004). In core, the upper Mesaverde Formation is characterized by having 

thinner channel sands, more carbonaceous shales, and tends to be more 

bioturbated than the Lance Formation (Chapin et al., 2009). Law and Johnson 

placed this unit in the lower Lance Formation in the Wagon Wheel 1 well in 1989 

(DuBois et al., 2004). The depositional environment is interpreted as composed of 

alluvial plain sediments, including overbank mudstone and siltstone deposits that are 

cut by mixed fluvial sandy channels  (Chapin et al., 2009; Dubois et al., 2004; 

Johnson et al., 2004; Shanley, 2004). The unit averages 1500 feet (460 m) thick and 

is considered time-equivalent equivalent to the Almond Formation (DuBois et al., 

2004;).  

 

2.2.2 Lance Formation 
 

The Lance Formation is the primary producing formation on the Pinedale 

Anticline. It averages 4500 feet (1370 m) in thickness and is divided into three sub-

units based on general net-to-gross trends: upper Lance Formation, middle Lance 

Formation, and lower Lance Formation (Chapin et al., 2009). These sub-units names 

are not official stratigraphic designations, however most operators divide the Lance 

Formation in a similar fashion. More detailed stratigraphic correlations within the 

Lance Formation are difficult to establish because of the discontinuous nature of the 
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fluvial depositional system. The net-to-gross for each subdivision is locally consistent 

but can vary across the Pinedale field (Chapin and Rogers, 2009, personal 

communication).  

 

 
Figure 2.4: Stratigraphic column for the Pinedale and Jonah fields and for the Rock 
Spring Uplift. Modified from Hanson et al., 2004. 

 

Three lithologies are described within Lance Formation: sandstone, 

mudstone, and siltstone (Chapin et al., 2009; Dincau, 1989; Law and Johnson, 

1989).  The sandstone is gray to light gray and is fine to very fine, (Govert et al., 
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2009; Malicse et al., 2007; Law and Johnson, 1989) according to the Folk system 

(Folk, 1980). 

 

The Lance Formation is interpreted as fluvial sediment deposited on an 

alluvial plain (DuBois et al., 2004; Johnson et al., 2004; Law and Johnson, 1989). 

The river systems that deposited the Lance Formation have been variously 

described as meandering, braided and anastomosing (Johnson et al., 2004 Shanley, 

2004; Law and Johnson, 1989). The current interpretation is that of a fluvial system 

with the largest channels deposits being primarily composed of point bar sequences 

from meandering stream systems (Chapin et al., 2009; Shanley, 2004). Single and 

stacked point bar sequences are commonly documented in cores (Chapin et al., 

2009) and constitute the largest portion of the sandstones in the Lance Formation 

(Chapin et al., 2009). 

 

Paleocurrent data measured from core and outcrop (Figure 2.2) indicates that 

fluvial systems for the upper Mesaverde and Lance Formations primarily flowed from 

north-northwest to south-southeast (DuBois et al., 2004; Hanson et al., 2004; 

Johnson et al., 2004). These systems transported sediment shed from Mesozoic and 

Paleozoic formations in the Sevier orogenic belt throughout the Maastrichtian 

(DuBois et al., 2004; Hanson et al., 2004). While the Sevier orogeny provided the 

sediments, it was the westward thrusting of the Wind River Range that controlled the 

depositional trends and helped to form accommodation space for the thick Lance 

Formation at Pinedale (Hanson et al, 2004). 

 

2.2.3 Unnamed Unit 
 

The Unnamed Tertiary unit is a transitional unit that overlies the Lance 

Formation (DuBois et al., 2004; Law and Johnson, 1989), and is locally recognized 

by its high gamma ray response on logs (Law and Johnson, 1989). This log 

response is due to the presence of arkosic sandstones that were sourced from the 

Wind River Mountains’ granitic core (DuBois et al.; 2004; Law and Johnson, 1989). 
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The Unnamed unit shows evidence of two different sediment sources, as it exhibits 

both the arkosic sands mentioned above and sandstones that are very similar to the 

Lance Formation in composition (DuBois et al., 2004; Law and Johnson, 1989). 

Palynologic studies have placed the Cretaceous-Tertiary (K/T) boundary at the base 

of the Unnamed unit (Law and Johnson, 1989). This unit is also associated with the 

top of the overpressured interval along the Pinedale Anticline (Chapin et al., 2009; 

Law and Johnson, 1989). The Unnamed unit thins dramatically to the west, 

approximately 500 ft (150 m) east of the anticline, and 350 ft (107 m) on the 

anticlines axis, (Govert et al., 2009; Prensky, 1989).  

 

Overlying the Unnamed unit is the Fort Union Formation and younger 

sediments (Figure 2.4). These sediments are terrestrial in origin and consist of 

interbedded conglomerates, sandstones, siltstones, mudstones, and carbonaceous 

mudstones (Law and Johnson, 1989). They were deposited in a fluvial environment, 

and their composition in Pinedale area is influenced by erosion of the nearby Wind 

River Mountains.   

 
2.3 Burial History 
  

The Northern Green River Basin has undergone a complex and not fully 

constrained burial history. Since the late Campanian, the northern Green River 

Basin has been an intermontane synorogenic depositional basin (Dickinson, 1989). 

In burial history models created for the Wagon Wheel 1 well, Dickinson  (1989) 

estimated that the upper Mesaverde and Lance Formations, (~5700 ft; 1.7 km) of 

sediment, were deposited from 73 Ma to 68 Ma. An unconformity separates the 

Lance Formation from the overlying Unnamed unit. The K/T boundary is identified as 

being included in the missing section at the top of Lance Formation unconformity. 

The amount of section lost to erosion is not known but is thought to be minor, as the 

top of the Lance Formation at Pinedale lacks the major paleosol development that 

characterizes the K/T boundary in the Rock Springs area further south (Law and 

Johnson, 1989). Above the K/T boundary, approximately 8000 ft (2.4 km) of Tertiary 
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sediment are preserved on the anticline. It is estimated that an additional 3000 (0.91 

km) to 5000 ft (1.5 km) of sediment has been eroded due to late regional uplift 

(Coskey, 2004; Dickinson, 1989). This amount of erosion is consistent with the 

strong circumstantial evidence, that since the late Pliocene, the Green River Basin 

has been uplifted by more than 3000 ft (0.91 km; Dickinson, 1989).  

  

Modeling by Dickinson (1989) suggested that the upper Mesaverde 

Formation and younger sediments at the Pinedale Anticline experienced rapid initial 

burial (A) from 73 to 68 Ma (Figure 2.5), followed by a slower burial rate period (B), 

from 68 to 54 Ma, likely due to the Laramide orogeny, followed by a return to fast 

burial rates (C), from 54 to 50 Ma (Figure 2.5).  Burial rates during deposition of the 

Lance Formation and upper Mesaverde Formation are modeled at 820 ft/my (250 

m/my) and 1900 ft/my (580 m/my) respectively for the Wagon Wheel no. 1 well 

(Coskey, 2004). This initial burial was followed by a significant period of tectonic 

quiescence until the Pliocene uplift (Coskey, 2004; Dickinson, 1989).  

 

Burial and thermal history models for the Pinedale area are poorly 

constrained (Cluff and Cluff, 2004). The relative roles played by paleoheatflow and 

erosion in the development of present day thermal maturity are unclear (Coskey, 

2004). Furthermore, the fluvial depositional environment limits the ability to estimate 

burial rates within the Lance Formation (Coskey, 2004). Estimating burial rates in 

fluvial environments is challenging because of the crosscutting nature of the sand 

bodies and because there is currently no way to date effectively the sand bodies. 

 

Pliocene uplift is constrained by fission-track dating of apatite (Naeser, 1989), 

as well as fluid inclusion and clay-mineral data (Pollastro and Barker, 1986).  

Fission-track data indicates that the present day temperature, 96° C at the bottom of 

the Lance Formation in the Wagon Wheel well, is 30° to 50° C cooler than the 

maximum burial temperature (Naeser, 1989). This interpretation is consistent with 

illite/smectite transformation measurements (Pollastro and Barker, 1986). The 

fission-track data also indicates that the latest stage of cooling began 4 to 2 Ma 
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(Naeser, 1989). Fluid inclusion measurements from cements correspond with the 

maximum burial temperature indicated by the previously mentioned methods. Fluid 

inclusions of fracture-fill cements indicate that fractures conducted fluids from 

deeper in the basin as the homogenization temperatures are higher than the 

maximum burial temperature for the Lance Formation (Malicse et al., 2007). 

 

 

Figure 2.5: Burial history model for the Wagon Wheel No. 1 Well, with maturation 
window overlay. A, B, and C indicate significant changes in slope of the burial history 
curve. Modified from Coskey, 2004. 
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2.4 Gas Charge 
  

Two models have been proposed for the timing of gas charge at Pinedale: (1) 

Gas charge occurred late, during Late Tertiary uplift and after maximum burial 

temperatures were reached (Dincau, 1989; Pollastro and Barker, 1986); (2) Gas 

charge started early, possibly before the producing interval was completely 

deposited (Coskey, 2004). In Coskey’s (2004) model, the main pulse of gas was 

early, but there may have been additional gas generated later. 

 

Evidence supporting an interpretation of late gas charge includes: 

 

(1) Hydrocarbons found in fluid inclusions cement in the Lance Formation 

have homogenization temperatures that are less than the maximum burial 

temperature for the Lance Formation. This is interpreted to indicate that gas charge 

did not occur until the late uplift (Dincau, 1989). It is hypothesized that during late 

regional uplift, fracture networks developed that provided migration for the gas into 

the Lance Pool sediments (Dincau, 1989; Pollastro and Barker, 1986).  

  

(2) There is no apparent discordance in the compaction curve between the 

overpressured interval versus the normally pressured interval (Dincau, 1989). Had 

the compaction curve for the Wagon Wheel shown any decrease in compaction near 

the top of overpressure, one could argue that early gas charge helped prevent 

porosity loss due to compaction. No shift occurs at the top of overpressure. This 

argues that overpressure played no part in preventing porosity loss due to 

compaction for the sediments in the Wagon Wheel well. While mechanical 

compaction might not have been impacted by late development of overpressure, 

other diagenetic reactions may have been impacted by the reduced water saturation 

(Dincau 1989; Edman and Surdam, 1986). 
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Evidence supporting a model of early gas charge includes burial history and 

hydrocarbon production modeling by Coskey (2004). He used BasinMod© 1-D to 

suggest that the earliest expulsion and migration in the Pinedale area began around 

54 Ma (Coskey, 2004). At that time, the Lance Formation would have been buried to 

a depth of 8000 ft (2.4 km) to 10000 ft (3 km; Figure 2.5). By 48 Ma, the Lance 

Formation was buried an additional 4500 ft (1.4 km) to 5000 ft (1.5 km), which would 

have increased compaction significantly. In the same period of time, the burial depth 

of the Hilliard (most likely source rock; Coskey, 2004) would have increased from 

approximately 14000 ft (4.3 km) to 23000 ft (7 km), based on data from the Wagon 

Wheel no. 1 well (Coskey, 2004). This model is supported by fact that the Lance 

Formation in Jonah field is undercompacted at its maximum burial depth as 

indicated by a sonic-log and resistivity-log anomaly (Cluff and Cluff, 2004). 

Undercompaction of the Lance Formation at Jonah is attributed to the development 

of overpressure, due to differential compaction (Cluff and Cluff, 2004). Similar basin 

history modeling for Jonah suggests the development of gas charge at or near 

maximum burial depth (Cluff and Cluff, 2004; Coskey, 2004).   

 

2.5 Petroleum System 
 

The Pinedale field is described as a conventional structural trap with a very 

thick interval of low porosity and permeability rocks (Shanley et al., 2004). There are 

multiple candidates for gas sources. It is most likely that the bulk of the gas migrated 

laterally or vertically from deeper formations, such as the Hilliard or Mowry Shales 

during early burial (54 Ma), with addition gas migration continuing to lesser degree to 

the present day (Coskey, 2004). The mechanism that allowed for gas transport from 

the source to reservoir is not well understood. Fractures may have played a role, but 

diffusion through the formations is also a possibility. Additional gas charge my have 

come from internal sources when the Lance reached maximum burial (Coskey, 

2004; Law, 1984).  
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Shanley and Cluff (2005) proposed that the Pinedale and Jonah fields are not 

part of a basin-center gas system. Instead, they represent conventional traps for gas 

in low-permeability, low-quality reservoir rocks (Shanley and Cluff, 2005). Cluff and 

Shanley (2005) also argue that Pinedale is not water-poor. Rather, the water 

saturation is below the critical water saturation, but above the irreducible water 

saturation over a broad range of permeabilities (Cluff and Shanley, 2005). Critical 

water saturation is the water saturation at which water ceases to flow, and 

irreducible water saturation is the water saturation at which further increases in 

capillary pressure produce little to no additional decrease in water saturation 

(Shanley et al., 2004).
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CHAPTER 3 

METHODS AND DATA SET 

  

 A number of analytical techniques were used to relate petrography to 

depositional facies and burial history. Each technique contributes a specific type of 

information that addresses the questions outlined in the introduction. Thin section 

analysis provides the composition and textural information of the sandstone 

components, as well as grain size. Scanning electron microscopy (SEM) and 

scanning electron microscopy cathodoluminescence (SEM-CL) identify cement and 

clay composition, texture and timing. X-Ray powder diffraction (XRPD) confirms 

point count composition and provides composition data on the clay component. 

Whole rock geochemical analysis (WRGA) provides information on the concentration 

on various elements. Mercury capillary pressure measurements provide pore size 

distribution and corroborate porosity estimates from thin section. 

 
3.1 Core Sampling and Description 

 

Core samples were collected from seven wells (Figure 3.1). Cores were 

selected based on availability, location, cored interval, and facies. Since the 

objective of this study was to evaluate lateral and vertical variations in the Lance 

Formation channel sand composition. Samples were selected to provide coverage of 

the upper and lower Lance Formation from three locations along the axis of the 

Pinedale Anticline (Figure 3.1). Two more well cores provided upper Lance 

Formation samples off the axis of the anticline (Figure 3.1). Samples were taken 

from channel sands in both the upper Lance Formation and the lower Lance 

Formation (Table 3.1).  Samples were generally taken in pairs, with one from the 

lower bar facies (A) and one from the upper bar facies (B) in the same channel body. 

 

Questar, Shell and the USGS provided core samples for the thesis. Before 

samples were selected for petrographic study, all the cores were described at a 
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scale of 2 feet of core to 1 inch of description. Shell’s Pinedale core description 

method was used (Chapin et al., 2009). Descriptions included grain size, lithology, 

sedimentary structures and a calcite reaction curve. The latter is a qualitative curve 

that rates the strength of the core’s reaction with 10% HCl in order to gauge calcite 

content. The core description was captured in an Excel code system that allows for 

integrating the core description into spreadsheets. Core descriptions, a description 

key and the corresponding excel code are provided in Appendix B. 

 

While the entire Lance Formation is similar in facies character, there are 

lateral and vertical variations in sand percent, stacking pattern, and overbank 

environments (Chapin et al., 2009). Figure 3.2 shows the gamma ray log for Lance 

Formation for the seven-cored wells with the stratigraphic horizons identified. 

Generally the upper Lance Formation correlates poorly from well to well, and is 

variable to high net to gross in sandstones (Chapin et al., 2009). The lower Lance 

Formation has highly amalgamated sands at its top that decrease towards the base. 

Carbonaceous shales are more prevalent and caliche nodules are not present 

(Chapin et al., 2009). 

 
3.2 Facies Classification and Sample Methodology 

  

A facies classification using the general fluvial point bar model (Bridge, 2003) 

was applied to the detailed core description (Figure 3.4). The facies classification 

used in this thesis is based on the methodology used by Shell’s Pinedale team 

(Chapin et al, 2009). It has been simplified for the purposes of this research and 

does not attempt to divide major channels into single and multistory channels or 

address the variation in lithologies present in the overbank deposits. Whenever 

possible, data in this thesis are displayed with facies information, as examination 

between facies and petrographic and geochemical relationships is a core goal of this 

research. Table 4.1 lists data collected for each sample. 
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Figure 3.1: Location of wells sampled for thesis project. Contours are the top of 
Unnamed unit provided by Shell. Blue line indicates well log cross section (Figure 
3.2). A summary of samples from each well and the types of analysis preformed on 
each sample can be found in Table 3-1. 
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Figure 3.2: Well log cross section showing gamma ray logs and sampled cored 
intervals (red boxes) in thesis wells. Gamma ray logs are colored yellow when API 
count is <65, indicating sandstone. Interval names are not formalized in the field. 
Nomenclature is modified from Shell (Chapin et al., 2009). Well names from left to 
right are: Mesa 2, Mesa 6D3-16, Jensen 6-11D, Jensen 11-11, New Fork 4, Wagon 
Wheel 1, and New Fork 2. 
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Figure 3.3: General channel facies model used in core description classification. 
Modified from Chapin et al. (2009). 
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Table 3.1: List of samples, locations, well name and sample depth, facies and the 
type of analyses. Abbreviations are as follows: whole rock geochemical analysis 
(WRGA), x-ray powder diffraction (XRPD), scanning electron microscopy (SEM), 
scanning electron microscopy cathodoluminescence (SEM-CL), and mercury 
capillary pressure injection (HCP). 
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Table 3.1:Continued. 

 
 

 
3.3 X-Ray Powder Diffraction (XRPD) 
 

Twenty-two samples were selected for XRPD (Table 4.1), of which two 

samples were blind duplicates. Most of the samples were selected to document the 

whole rock and clay fraction composition of the upper (B) and lower (A) channel 

facies. A few additional samples were taken to document the whole rock and clay 

fraction composition of paleosol (U) and lag (L) facies (Table 4.1). Macaulay 

Analytical in Aberdeen, Scotland analyzed the XRPD samples.  This laboratory 

reported the following analytical procedure. 

 

Whole rock samples were dried at 105ºC, and wet-ground in a McCrone mill. 

Samples were spray-dried to produce random powders. XRDP patterns were 



32 

collected from 2-75º2θ using Cobalt Kα radiation. A normalized full pattern reference 

intensity ration (RIR) method was used in the quantitative analysis (Omotoso et al., 

2006; Hillier, 2003). A 95% confidence is given by ±X0.35, where X = concentration in 

wt. %, unless stated otherwise. For mineral phases recorded as having <1 wt. % 

concentration, there is additional uncertainty as to whether the phase is actually 

present. This uncertainty primarily results from mineral identification based on a 

single XRD peak, with the peak assigned to a specific phase based on the judgment 

of the analyst.  

 

The clay fraction analysis, <2µm, was obtained by timed centrifugation. These 

samples were prepared on oriented mounts using the filter-peel transfer technique. 

Patterns were collected from 2-45º2θ in an air-dried state, and then after glycolation 

and an hour of heating at 300ºC.   

 

Two samples were also tested to distinguish between trioctahedral 

chlorite/smectite and dioctahedral chlorite/smectite, by placing 100mg of <2micron 

clay in 100mls of 6M HCl for 30 minutes at 90ºC. Sample peel slides were prepared 

as above. Trioctahedral chlorite/smectite is soluble in HCl while the dioctaherdral 

chlorite/smectite is not.  

 

Clay-fraction minerals were identified by using a mineral intensity factor 

method that is based on calculated XRPD patterns. Uncertainty for clay minerals of 

>10 wt.% is estimated as ±5 wt.% at a 95% confidence level, unless stated 

otherwise.  

 

Two samples were sent as blind duplicates (Appendix D). It should be noted 

that the duplicates were sent in as whole rock pieces, not as a powder split of a 

single ground sample. Since the duplicates are not a powder split, it is expected that 

there was variation due to the heterogeneity within the samples. These two samples 

where chosen as duplicates as they bracketed the range of lithologies. The results 

showed that where the mineral percentage exceeded 1%, the duplicate analyses 
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were often within the 95% confidence interval of one another. An exception was 

found in the siltstone sample. The additional variation in measurements is thought to 

be the result of the natural rock heterogeneity. 

 

3.4 Whole Rock Geochemical Analysis (WRGA) 
 

Fifty-eight samples and four blind duplicates were selected for WRGA. Acme 

Analytical Laboratories (AcmeLabs) conducted the analysis. The WRGA sampled for 

74 oxides and elements via two methods. Twenty-six major oxides and elements 

were sampled using Inductively Coupled Plasma Emission Spectroscopy (ICP-ES). 

The remaining 48 trace elements were sampled using Inductively Coupled Plasma 

Mass Spectroscopy (ICP-MS).  The follow description of analytical procedures was 

provided by Acme.  

 

Both the 58 samples and 4 duplicates were prepared and handled the same 

way unless otherwise stated.  Samples were sorted and inspected for quality of use 

(quantity and condition) upon receipt. Then the samples were dried at 60ºC, followed 

by pulverization via a jaw crusher to 70% passing a 10 mesh (2mm).   

 

Sample splits for ICP-ES analysis were pulverized to 85% passing 200 mesh 

(75 µm) in a mild-steel ring-and-puck mill. A 0.2 g aliquot was weighed into a 

graphite crucible and mixed with 1.5 g of LiBO2/Li2B4O7 flux. The crucibles were 

heated in a 980ºC oven for 30 minutes. The resulting bead was dissolved in 5% 

HNO3 (ACS grade nitric acid diluted in dematerialized water).  Samples and 

calibration and reagent blanks were aspirated into an ICP-ES (Spectro Ciros Vision 

or Varian 735) to determine the set of major oxides and elements. Loss on ignition 

(LOI) was determined by igniting a 1 g sample split at 950ºC for 90 minutes, then 

measuring the weight loss. Total Carbon and Sulphur are determined by Leco 

method. 
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Sample splits for ICP-MS analysis were pulverized to 95% passing 150 mesh 

(100 µm) in a mild-steel ring-and-puck mill. A 0.2 g aliquot was weighed into a 

graphite crucible and mixed with 1.5 g of LiBO2/Li2B4O7 flux. The crucibles were 

heated in a 980ºC oven for 30 minutes. The resulting bead was dissolved in 100mL 

5% HNO3 (ACS grade nitric acid diluted in demineralized water). An aliquot of the 

solution was poured into a polypropylene test tube. Samples and calibrated reagent 

blanks were aspirated into an ICP-MS (Perkin-Elmer Elan 6000 or 9000) determined 

thirty-four elements. A second sample split of 0.5 g was digested in Aqua Regia and 

aspirated into an ICP-MS to determine the fifteen remaining elements.  

 

3.5 Thin Section Analysis 

 

Fifty-six samples were selected for petrographic analysis via point counting. 

These samples were prepared on 30 µm thick unpolished thin sections. The 

samples were impregnated with blue epoxy and stained for carbonates (Dickson, 

1965).   

 

Samples were point-counted on Leica binocular petrographic microscope with 

a Leitz mechanical stand. A magnification of 200x was used unless the item could 

not be identified, in which case 400x was used. Each sample was constructed by 

collecting 350 points on a 1 mm by 1 mm grid using the Glagolev-Chayes method 

(Wilson 1994; Van Der Plas, 1965; Chayes, 1949). The 1 mm grid movement 

ensures a statistically accurate sampling of the grains by ensuring the movement of 

the stage is greater than the largest grain size, which was lower medium (Wilson, 

1994).   

 

Point count data was recorded on a two-tiered spreadsheet (Wilson 1994). 

The first tier delineated grains, matrix, cements, grain replacement minerals, and 

porosity. Second tier categories identified the type of the item (Monocrystalline 

Quartz, Primary Porosity, etc.). It should be noted that for most points, one-second 

tier category was counted per point. However, this is not always the case. In some 
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instances, it was difficult to assign a single category value. In these cases a fraction 

of a count was be assigned to multiple categories. This situation primarily applied to 

microporosity, for example, when the cross hairs landed on a pore filled with 

vermicular kaolinite. In this case the relative proportion of the space occupied by the 

clay crystals to micropores would be visually assessed and then quantified in both 

categories as a fraction of 1-point count. 

 

3.6 Grain Size Measurements 

  

Grain size measurements were taken from 24 thin section samples. The long 

and short axis measurements for 30 quartz grains were measured for each sample. 

These measurements were used to calculate the mean grain diameter and the Trask 

sorting number for each sample (Wilson, 1994; Folk, 1980).  

 

Thirty grains were measured because it is the smallest number required to 

obtain a statistically significant average size determination. To test whether 30 

grains in fact provided a representative sample size, 100 quartz grains were 

measured in 5 of the 24 samples as described above. The mean diameter and Trask 

sorting coefficients were calculated at 100 grains, 50 grains and 30 grains. The 

resulting data showed that the average of 30 grain measurements captures the 

desired information (Figure 3.4). 

 

There are a number of possible errors in the grain size and sorting 

measurements. Only quartz grains were counted as it was assumed that they would 

be the most likely grains to retain their original shape. However it is important to note 

that intergranular pressure solution and quartz cementation have been observed 

(Dincau, 1989), both of which can change the shape and dimensions of quartz 

grains. There is also evidence from thin section and SEM-CL analysis of significant 

brittle grain deformation. This process has produced both oversized grains, due to 

quartz cement filling between grain fragments, and undersized grain fragments. 
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While these issues were taken into consideration in measuring grain size and 

sorting, it is unlikely that all of the error they introduce was eliminated.  

 

 
Figure 3.4: Mean Diameter and Trask sorting for seven samples when measuring 30 
and 100 quartz grains per sample. The mean grain size and sorting does not change 
significantly due to the difference in the number of grains counted. 
 

3.7 Scanning Electron Microscopy (SEM) 
 

Twenty samples were selected for standard SEM analysis. Rock stubs of 

each sample were prepared and gold coated. Samples were analyzed using a JEOL 

JSM-840A Scanning Electron Microscope fitted with Princeton Gamma Tech Spirit 

dispersive energy analyzing system. Images and spectra were collected using the 

Spirit software. 

 

3.8 Scanning Electron Microscopy Cathodoluminescence (SEM-CL) 
 

Fifteen samples were selected for analysis on an SEM-CL at the Shell 

Research laboratory in Houston, Texas. Samples were prepared as 30 µm-thick 

polished thin sections and were carbon-coated. A Philips XL30 Scanning Electron 

Microscope with a Gatan ChromaCL Color Cathodoluminescence Detector was 
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used to collect cathodoluminescent (CL) and secondary electron images (SE). The 

two images were then overlaid using Adobe Photoshop to provide a way to 

distinguish the different types of silica present. Using Photoshop, each silica phase 

was outlined by hand and given a distinct solid color. The freeware program Image J 

was used to measure the area for each silica color present in an image.  

 

Using the above procedure, it was possible to measure the area of each silica 

type, grain or cement, within an SEM-CL image. The different silica phases were 

divided into detrital grains and cement. The silica grains were further divided into the 

following categories: plutonic quartz (Qp), volcanic quartz (Qv), metamorphic quartz 

(Qm), chert fragment (Qcf), sedimentary rock fragment (SRF). The cement was 

further divided into: quartz cement 1 (Qc1), quartz cement 2 (Qc2), and quartz 

cement 2 with fragments (Qc2/Qcf). The cement categories were determined by 

color and cross cutting relationships observed in SEM-Cl. Data on the silica phases 

was collected from 28 SEM-CL images. Twelve SEM-CL images from 4 upper Lance 

Formation thin sections were used to measure 156 silica grains and the surrounding 

cement. Sixteen images from 4 lower Lance Formation thin sections were used to 

measure 182 grains and the surrounding cement. The values for Qp, Qv, and Qm 

were added together to quantify the total amount of monocrystalline quartz (Qmo). 

Next the Qmo value is divided by the total cement (Qc). This creates a 

monocrystalline quartz (Qmo) to quartz cement (Qc) ratio. Since both 

monocrystalline quartz and quartz cement were measured in thin section with the 

petrographic microscope the ratio of Qmo to Qc can be compared from both data 

sets. This ratio allows the SEM-CL data to be compared to the point count data from 

standard microscope petrographic analysis, in order to determine if the point count 

data was quantifying similar amounts of quartz cement. Histograms and basic 

statistics for both the SEM-CL and the point count data were calculated. This 

analysis showed that the average for the Qmo/Qc ratio is 8.9% for SEM-CL and 

6.2% for point count (Figure 3.5). This suggests that most of the quartz cement is 

being quantified correctly. The SEM-CL data set was collected from a limited 
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number of images and does not attempt to identify variation in Qmo/Qc ratio by 

facies or formation.  

 

3.9 Mercury Capillary Pressure Measurements (HCP) 
 

Twelve samples were sent to Weatherford Laboratories for mercury injection 

capillary pressure analysis (HCAL). The following description of analytical procedure 

was proved by Weatherford.  Samples were analyzed using an Autopore IV. 

Samples were first cleaned of hydrocarbons and leached of salts using chloroform-

methanol azeotrope. They were then dried to a constant weight in a vacuum oven at 

140°F. Mercury bulk volume and helium grain volume were measured for each 

sample. Tested samples were loaded into a low volume glass pentrometer. The 

assembly, sample and pentrometer were weighed and then placed into the low-

pressure system of the apparatus. After the sample chamber was evacuated it was 

filled with mercury and pressure was increased incrementally to atmospheric 

pressure. Then the sample assembly was weighed and loaded in the high-pressure 

system. The pressure was increased incrementally to a maximum of approximately 

60,000 psia. The HCP data and a more detailed description of the data processing 

by Weatherford Labs and can be seen in Appendix E. 
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Figure 3.5: General statistics of the Qmo/Qc ratio for the SEM-CL data set and the 
point count data set. 
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CHAPTER 4 

RESULTS 

 

 

Key findings from the various analyses are summarized according to two 

categories: (1) sandstone detrital petrography, cements and replacement minerals, 

and (2) geochemistry. The following results will address these subjects with respect 

to depositional facies as well as lateral and vertical sample locations. 

 

4.1 Petrography 
 

Fifty-six thin sections from the 7 wells across the anticline were analyzed in 

this study. Compositions were classified as immature chert-arenites in the Folk 

method (Figures 5.1 to 5.3).  Samples show significant variations in the allogenic 

and diagenetic mineralogy, particularly with respect to facies and depth. It should be 

noted that all values displayed in ternary diagrams are a normalized percentage 

between the three end member categories (grain volume). All point count values 

shown in depth versus composition graphs as well as values given in the text are 

whole rock volume values. 

 

4.1.1 Sandstone detrital composition 
 

Channel sandstones in the Lance Formation are light to medium grey, very 

fine to lower medium grained, moderately well to well-sorted, immature chert-

arenites, which are a subcategory of the litharenite classification (Folk, 1980). 

Previous work has documented similar compositions (Webb et al., 2004; Dincau, 

1989, Pollastro, 1989). The average detrital grain composition is 35.4%vol quartz 

(range 20-45%), 2.4%vol feldspar (range 1-4%), and 26.7%vol lithic grains (range 10-

52%).  Sandstone compositions in the text and in depth plots are reported in the text 

as percentages of rock volume, not percentages of detrital grains.  Compositional 
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triangles (Figures 4.1, 4.2, 4.3) show the sandstone compositions in terms of the 

relative proportions of sand grains. 

 

Quartz is the most abundant detrital mineral in the sandstones, usually 

constituting 30 to 45%vol of the sandstone (Figure 4.4). Quartz was divided into 

monocrystalline and polycrystalline subcategories for point counting. The majority of 

quartz grains present in the Lance Formation are monocrystalline. There is a range 

of internal textures within the monocrystalline category. Some grains have 

undulatory extinction; others have fluid inclusions (Folk, 1980). It is clear in thin 

section that some grains have undergone significant brittle grain deformation, 

intergranular pressure solution or both (Figure 4.5). 

 

 
Figure 4.1: Primary ternary diagram (Folk, 1980). Samples are divided by facies and 
show a clear trend of decreasing lithic fragments upward through a channel 
sequence from Basal Bar to Bar Top. Ternary end members are quartz (Q), feldspar 
(F), and lithics (L), which includes chert. Colored bars are set off from the data and 
represent the data range for each facies. 
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Figure 4.2: Secondary ternary diagram (Folk, 1980). Lithic content of Lance 
Formation sandstone is dominated by sedimentary rock fragments (SRF); samples 
are all classified as sed-arenite. Ternary end members are sedimentary rock 
fragments (SRF), volcanic rock fragments (VRF) and metamorphic rock fragments 
(MRF). 
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Figure 4.3: Tertiary ternary diagram (Folk, 1980) displaying the composition of lithic 
components. End member are sandstone and shale (Ss, Sh), carbonate rock 
fragments (CRF), and chert (Cht). Chert is the most common lithic fragment present 
in the Lance Formation sandstone. CRF are common as well, especially in the 
Upper Bar facies. 
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Figure 4.4: Facies composition of detrital grains with respect to depth. Percentages 
derived from point count data. Flank samples are denoted by triangle. 
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Figure 4.5: Evidence of brittle grain fracture (black arrows) and a suspected 
intergranular pressure solution suture zone (red line) observed in thin section. 
Quartz grains (Qg), quartz cement (Qc), boundary between Qg and Qc (black line). 
JEN921, 8543.1 ft, UL, B. 

 

Quartz grains in samples analyzed by SEM-CL were identified as plutonic, 

metamorphic, or volcanic (Figure 4.6). While only a few of the total sample set were 

analyzed by SEM-CL, the samples showed that plutonic and volcanic are the most 

common types of quartz in the Lance Formation. Grains were identified by shape, 

texture and color in SEM-CL and petrographic microscope (Seyedolali et al., 1997; 

Wilson, 1994; Folk, 1980). Cathodoluminescence in quartz is attributed to many 

factors such as: vacant lattice sites, lattice defects, lattice order, mechanical 

deformation, and the impurities (Seyedolali et al., 1997). The cause of differential CL 

within quartz grains is poorly understood (Seyedolali et al., 1997).  However, it is a 

useful diagnostic tool for provenance analysis because specific textures, fabrics, and 

colors are found to occur in different quartz grain types (Seyedolali et al., 1997). 
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Figure 4.6: Image analysis of SEM-CL samples. Photomicrographs on the left are 
composite CL/SE images. Photomicrographs on the right have identified silica 
phases interpretation overlaying the composite CL/SE image. Blue is plutonic quartz 
(Qp), Pink is volcanic quartz (Qv), Green is metamorphic quartz (Qm). A & B, 
NF4_01, 8509.5 ft, UL, B; C & D, WW_09, 10238.4 ft, LL, B. 

  

Both XRPD and thin section point-counting show that very little feldspar is 

present in the Lance Formation channel sandstones (Appendices C and D). The 

amount of feldspar varies from 1 to 4%vol by thin section point counting (Figure 4.4); 

XRPD analysis identifies the average amount of plagioclase to be 1.4% and 

potassium feldspar to be 0.3%. Many grains showed evidence of significant 

alteration to clays (Figure 4.7A, B, C and D).  It is suspected that the original 
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feldspar content was somewhat higher based on relict feldspar textures and shapes 

observed in some of the replacement minerals. The amount of dissolved feldspar 

was not quantified in this study. But it is estimated from visual observations that the 

original feldspar content was still low, perhaps 1-3%vol more than at present.  

 

 
Figure 4.7: Photomicrographs of detrital feldspars seen in the Lance Formation 
Images on the left (A, C) are taken in plane light, while the images on the right (B, D) 
are taken under crossed polars. Images A and B show a detrital plagioclase grain. 
The grain is twinned and exhibits a large amount of alteration along its edges and 
throughout the grain. Images C and D show a detrital potassium feldspar grain. 
Twinning is not present, and it has nearly the same birefringence as the surrounding 
quartz grains. However it has a blocky shape and exhibits rim alteration. Images 
from sample SEN161, 10017.4 ft, LL, U. 

 

Lithic fragments are the second most abundant detrital grains in the Lance 

Formation sandstones (Figure 4.4). The vast majority of the lithics present in the 

Lance Formation sandstone are sedimentary rock fragments.  There are minor 

amounts of metamorphic (MRF) and volcanic (VRF) rock fragments present. The 
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MRF content ranges from 0 to 3%vol, and the VRF content ranges from 0 to 5%vol. 

Both types of fragments are generally substantially altered, often making 

identification and classification difficult. MRFs appear to be preferentially 

concentrated in the A facies versus the B facies in the lower Lance Formation. There 

is no apparent sorting by facies in the upper Lance Formation (Figure 4.8). No clear 

trend is seen for VRFs. 

 

 
Figure 4.8: Composition of rock fragments with respect to facies and depth. 
Abbreviations are as follows: volcanic (VRF), metamorphic (MRF), and sedimentary 
(SRF). 
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Figure 4.9: Composition of sedimentary rock fragments with respect to facies and 
depth. Abbreviations are as follows: sandstone and shales (Ss, Sh), carbonate rock 
fragments (CRF), chert (Cht). 

 

SRFs were further divided into chert, sandstone-shale fragments, and 

carbonate rock fragments (CRF). The most common SRF is chert (Figures 4.3 and 

4.9), which comprises 5 to 25%vol of the Lance Formation sandstones. A variety of 

chert textures are present, perhaps reflecting multiple provenances. Some of the 

chert grains are clearly altered Cress, and some have preserved relict carbonate 

fossil textures (Figure 4.10C and D). This replacement has taken place before 

deposition in the Lance Formation. However the conversion of carbonate to chert is 

not a one-way reaction (Walker, 1962), and many of the chert grains in the Lance 

Formation sandstone were altered after burial to dolomite and, in the process, 

developed micropores. Total chert content does not appear to change with depth 

(Figure 4.9). Chert content in the upper Lance Formation does not appear to be 
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differentiated by facies. The lower Lance Formation A facies has a higher chert 

content than the B facies. The fraction of chert that is altered to dolomite is higher in 

the A facies compared to the B facies in the lower Lance Formation 

 

 
Figure 4.10: Photomicrographs of various types of chert textures. The plane light 
images are on the left and the corresponding cross-polar images of the same field of 
view are on the right.  Chert are shown in A and B. In C and D chert and chalcedony 
have replaced a CRF but preserved the original texture; note the brachiopod shell 
indicated by arrow. In E and F a chert grain is being dissolved and replaced with 
dolomite. A & B, NF4_02, 8514.5 ft, UL, A; C & D, SEN140, 9999.4 ft, LL, A; E & F, 
Ms2_08, 11845.8 ft, LL, U. 
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Figure 4.11: Examples of, pseudomatrix, shale fragments and carbonate rock 
fragments (CRF) textures seen in the Lance Formation. Images illustrate the 
variability seen in the lithic fraction. Photomicrographs taken under plane light 
conditions. A, SEN161, 10017.4 ft, LL, U; B, SEN201, 10049.9 ft, LL, A; C & F, 
WW_07, 8106.3 ft, UL, A; D, SEN137, 9996.4 ft, LL, A; E, SEN182, 10034.2 ft, LL, 
U. 
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Figure 4.12: SEM photomicrographs of clay clasts (A & B) and detrital clay coatings 
(C & D). Note that the laminar fabric of the clays within the clast in A (arrow 1). Also 
present in A are overgrowing authigenic clays (arrow 2). B, C and D illustrate the 
smooth detrital clay coating found on some grains. A & B, NF4_13, 10550 ft, ML, B; 
C, NF4_01, 8509.5 ft, UL, B; D, Ms6_02, 9525.2 ft, UL, A.  
 

Carbonate rock fragments are the second most abundant SRF and comprise 

0 to 8%vol. These include limestone and dolomite fragments, and it appears that their 

trends with depth are the inverse of one another, with the abundance of limestone 

grains increasing and that of dolomite grains decreasing with decreasing depth. Like 

chert, these fragments are susceptible to dissolution and contribute to the 

development of secondary porosity (Figure 4.11C and D). Many of these grains have 

been recrystallized, making it difficult on occasion to distinguish between the grain 

and later cementation events. CRFs are a possible source for the carbonate cement 

present in the Lance Formation (Dincau, 1989; Dickinson, 1984). 
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Figure 4.13: Accessory minerals in the Lance Formation. Biotite in plain (A) and 
cross-polar (B) light. Glauconite grains are present throughout the Lance Formation 
but appear to slightly increase in abundance up-section.  Image C is in plane light, 
while image D is in cross-polar light. Photomicrographs E and F are of caliche 
nodules found in the channel lag facies, under plane light conditions. A & B, 
SEN182, 10034.2 ft, LL, U; C, NF4_15, 10566.4 ft, ML, A; D, NF4_1, 8509.5, UL, B; 
E & F, WW_08, 8110.4 ft, UL, L. 
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The last major detrital components of the Lance Formation sandstones are 

the clays, shale clasts, and pseudomatrix (Figure 4.11A and B), which together 

average 8.6%vol. These components are considered together because they are 

difficult to distinguish in thin section and likely form a continuum from discrete shale 

clasts to pseudomatrix to infiltrated detrital clay (Matlack et al., 1989). While 

pseudomatrix and shale clasts can be identified in thin section with some ease, 

making a petrographic distinction between detrital and authigenic clays is more 

problematic. SEM analysis further illustrates this challenge, as it is likely that many 

of the authigenic clays nucleated on detrital clays, tending to obscure the evidence 

of the latter (Figure 4.12). 

 

Other notable detrital components include glauconite pellets (Figure 4.13C 

and D), caliche nodules (Figure 4.13E and F), small organic clasts (Figure 4.12A 

and B), and chloritized biotite (Figure 4.13A and B). While these components only 

occur in trace amounts, their presence influences the interpretation of sediment 

provenance. The presence of glauconite suggests that a portion the source of Lance 

Formation sediment was proximal to the Pinedale area and marine in origin, as the 

glauconite grains cannot survive long transport distances. The presence of caliche 

nodules indicates that the Lance Formation depositional environment was arid to 

semi-arid and well-drained, as their formation requires the presence of a vadose 

zone in the soil horizon of the point bar and flood plain (Bridge, 2003). Detrital biotite 

is soft and thus indicates a limited transport distance and relatively close source for 

sediments. 

 

4.1.2 Grain Size and Sorting 

 

Twenty-four samples were selected to measure grain size and sorting (Table 

4.1). While all samples have a grain size determination based on core description, 

grain size in these samples was remeasured in thin section to calibrate the larger 

core database. The Lance Formation sandstones range from upper very fine to 
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lower medium grained and from very well to moderately well sorted (Figure 4.14). 

Grain size decreases up the channel facies model. Grain size is one of the major 

identifying criteria of the depositional facies model used in this thesis. This means 

that depositional facies and grain size are intrinsically linked, and there should be a 

clear relationship between the two. The data shows a clear trend of decreasing grain 

size from the A to the U facies (Figure 4.14). Sorting decreases slightly with 

decreasing grain size. Grain size appears to have some correlation with Al2O3 

content (Figure 4.15). This correlation is likely the result of the clay content, which 

hosts the aluminum, increasing with decreasing grain size. If this correlation is real, 

Al2O3 can be used as a grain size proxy in geochemical analysis. Since more 

samples have Al2O3 measurements than grain size determinations, using Al2O3 also 

makes a larger portion of the data set available for analysis.  
 
4.1.3 Porosity 

 

Porosity was measured using a number of different techniques. All point 

counts included porosity measurements. A set of core plug porosity measurements 

was made available for comparison to the thin section porosity measurements. 

Twelve samples were sent to Weatherford Labs for mercury capillary pressure 

testing analysis, which also provided porosity measurements (Appendix D). 

 

Porosity varies with depth and facies (Figure 4.16). Total porosity based on 

thin section analysis for all facies ranges from 0 to 10%vol with the average being 

3.5%vol. Primary porosity from thin section analysis ranges from 0 to 4%vol, with an 

average of 0.6%vol. Secondary porosity ranges from 0 to 5%vol, with an average of 

1.5%vol. Microporosity ranges from 0 to 3.5%vol with an average of 1.3%vol. The A 

facies has a higher maximum total, primary, and secondary porosity than the B 

facies, but the minimum for the porosity subtypes are the same for both facies 

(Figure 4.16). The B facies also has a higher microporosity value in the upper Lance 

Formation. 
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Figure 4.14: Grain size and sorting measurements taken from thin section for the 
major channel facies. Note that the quality of sorting decreases with decreasing 
grain size. 
 
 

 
Figure 4.15: Al2O3 shows a linear relationship with grain size. As grain size 
decreases, Al2O3 increases, indicating that aluminum can be used as a geochemical 
grain size proxy. 
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Figure 4.16: Total and subcategory porosities plots versus depth with respect to 
facies. Data come from point counts. 
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Figure 4.17: Cross plot of total porosity measured from thin section (TS) and from 
helium porosity (He). All but two samples have consistently higher He porosities. 
The difference in the porosities is likely due to the limitation of TS to quantify 
microporosity to the same detail as He porosity.    

 

 
Figure 4.18: Histogram of total porosity from point count analysis.  The colors 
indicate with porosity classes, inferred from natural discontinuities in the data. 
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Porosities measured by HCP were generally higher than point count 

porosities for the same sample (Figure 4.17), which in turn were higher than helium 

porosities. However the point count porosity and core plug porosity were within the 

95% confidence range of one another. When total point count porosity is plotted on a 

histogram, four porosity classes can be identified by natural breaks (Figure 4.18). 

 

It can be seen that point-counted porosity values are generally lower than the 

HCP values for the same sample (Figure 4.17). On this plot, samples in which point 

count porosity equals helium porosity plot along the 1:1 line. Nearly all these data 

plot above the line, indicating that that point count porosity underestimates total 

porosity. This discrepancy is thought to result from microporosity that is not visible 

during point counting. 

 

No single type of porosity is dominant in the Lance Formation, although 

secondary porosity and microporosity are generally more abundant than primary 

porosity (Figure 4.19). In most samples, primary porosity constitutes less than 20% 

of total porosity, and only in one sample does primary porosity constitute more than 

50% of total porosity. Primary porosity appears to be a more significant component 

in the A facies than in the B facies (Figure 4.19). 

 

The maximum values for primary and secondary porosity appear to increase 

upwards (Figure 4.16). The minimum primary and secondary values do not appear 

to vary with depth. The A and the B facies in the upper Lance Formation appear to 

have similar primary and secondary porosity ranges. On average the A facies has a 

higher primary and secondary porosity than the B facies in the lower Lance 

Formation (Figure 4.19). 

 

Microporosity increases dramatically upward from less than 1%vol in the lower 

Lance Formation to approximately 4%vol in the upper Lance Formation. Much of the 

microporosity measured in thin section occurs in vermicular kaolinite that has highly 

visible microporosity (Figure 4.16). Kaolinite increases upward. Illite/smectite, the 
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most common clay in the lower Lance Formation, has fewer and smaller micropores, 

and thus less microporosity (Figure 4.16).   

 

Porosity was also plotted with respect to the above identified porosity classes 

(Figure 4.18).  The classes with greater than 4.5 %vol porosity are dominated by the 

secondary and primary porosity (Figure 4.19). The lowest porosity samples (0 to 

1%vol) are dominated by secondary porosity. The next class of porosity (1 to 4.5%vol) 

is dominated by microporosity.  

 

 

Figure 4.19: Porosity ternary diagrams for point counted porosity with respect to 
facies (left) and to porosity class (right). End member are primary porosity (Pp), 
secondary porosity (Ps), and microporosity (Pm). The maximum Pp values for the A 
and B facies are nearly the same, but the minimum values for Pp in the A facies is 
higher than the B facies. High porosity classes have more Ps and Pp than Pm. 
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Intergranular volume (IGV) is plotted versus depth, as it is an excellent 

indicator of the degree of compaction (Figure 4.20; Dincau, 1989; Houseknecht, 

1988; Houseknecht, 1987), along with total porosity, total cement and the ratio of 

rigid cement to ductile grains (RC/DG; Dincau, 1989). Rigid cement includes 

carbonate and quartz cement. Ductile grains include shale, pseudomatrix, chert, 

MRF, VRF, and undifferentiated sericitic material.  

 

IGV values for the upper Lance Formation range from 15 to 30 %vol and 

average approximately 20 %vol (Figure 4.20). The A facies has slightly lower IGV 

values than the B facies. The lower Lance Formation has a higher IGV average, 22 

%vol, as well as a greater range, 7 to 33 %vol. The lower Lance Formation sample 

population is distinctly segregated by facies with respect to IGV and RC/DG, with B 

facies having higher IGV and RC/DG than A facies. The upper Lance Formation 

does not exhibit the same separation of facies populations. When IGV is compared 

to porosity and cement, the IGV and cement plots appear to be very similar (Figure 

4.20). This indicates that cement is the primary factor in determining the IGV value 

for a sample in the Lance Formation. In addition, the high IGV values, as compared 

to porosity, indicate that the Lance Formation experienced significant early 

cementation events that preserved much of the IGV (Figure 4.20). 

 

IPS was not quantified in this study and thus, cannot be directly compared to 

Dincau’s (1989) results; however, qualitative evaluation indicates that IPS is present, 

but to a lesser degree than brittle grain fracture. The best examples of IPS are in the 

A and B facies, as these samples have more quartz grain contacts where IPS may 

take place. It should be noted that relatively little is know about the brittle grain 

fracture and quartz cement at Pinedale. In order to gain a better understanding, it 

will be necessary to undertake a quantitative study that uses SEM-CL, as well as 

microthermometry and isotope data to refine the timing for quartz cementation. 
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Figure 4.20: Intergranular volume, total porosity, total cement, and the ratio of rigid 
cement to ductile grains plotted versus depth with respect to depositional facies. 
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Figure 4.21: Pore throat diameter versus cumulative porosity from HCP data. The 
light blue lines with headers at the top of the graph indicate standard port size 
divisions. Red lines are HCP curves for A facies samples and green lines are for B 
facies samples. Red hatched zone is indicates the general range for the A facies 
curves when excluding the two outliers. Green hatched zone indicates the B facies 
curve range, excluding one outlier. 

 

Pore throat size was measured using mercury capillary pressure (HCP; 

Figure 4.21). The pore throat size spectrum can be broken into different size 

populations known as ports. The lower part of each sample curve in Figure 4.21 

represent the large pore throats in that sample; in this sample set, the dimensions of 

the largest pores spanned two orders of magnitude, 0.06 to 0.9 µm.  When 

comparing the A and B facies, two populations become apparent. The A facies 

population has significantly larger initial pore throats, starting in the micro port size 

range. The A facies curves also show two distinct changes in slope, which suggests 

a change in pore throat types. In the B facies population, the initial pore throat size is 

considerably smaller, in the micro port range from 0.7 to 0.15 to µm, and the 

character of the HCP curves are more linear with only one clear change in slope.  In 
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the A facies, 50% of cumulative porosity is associated with pore throats that are 

greater than 0.1 µm, while in the B facies 50% cumulative porosity has pore throats 

that are greater than 0.02 µm.  

 

4.1.4 Authigenic Cements 
 

The Lance Formation sandstone has experienced a complex diagenetic 

history.  Diagenetic features common in the Lance Formation include but are not 

limited to: early cementation from paleosol development, mechanical compaction, 

brittle grain fracture and subsequent healing with quartz cement, clay cement 

emplacement and subsequent alteration. Quartz, carbonate and clay cement 

constitute the bulk of the Lance Formation cement. The Lance Formation 

sandstones contain from 10 to 30%vol total cement (Figure 4.22). Upper Lance 

Formation sandstones show no variation in cement volume with respect to facies. In 

the lower Lance Formation sandstones, total cement content decreases downward 

in point bar sequences from the U to the L facies.   

 

Quartz cement is the most common authigenic cement in the Lance 

Formation, ranging from 4 to 14%vol (Figure 4.22). Most quartz cement occurs as a 

syntaxial overgrowths and fracture fill. A trace amount of microcrystalline quartz was 

observed in a few samples. The volume of quartz cement increases slightly with 

increasing depth. The B facies has, on average, a higher quartz cement content than 

the A facies. 

 

Quartz cement is locally difficult to distinguish with a petrographic 

microscope, as the presence of dust rims or sharp crystal facets are not always 

apparent, and the quartz cement is usually optically continuous with the detrital grain 

(Figure 3.22). Analysis using the SEM-CL confirms the challenge of quartz cement 

identification, as there are many quartz grains that show evidence of brittle fracture 

followed by healing of those fractures with quartz cement. This would suggest that 
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the thin section analysis likely underestimates the volume of quartz cement (Evans 

et al., 1994).  

 

 
Figure 4.22: Authigenic cement content of the Lance Formation with respect to 
facies and depth. Quartz cement shows a slight increase with depth. Carbonate 
cement decreases significantly with depth. Clay cement shows slight increase with 
depth. 

 

SEM and SEM-CL also revealed that there are at least two distinct 

generations of quartz cementation (Figures 4.23E and F and 4.26B and C). The 

earliest event is commonly seen as a red color in cathodoluminescence and appears 

to be volumetrically less significant than the later quartz cement. It is commonly 

overgrown by authigenic chlorite and calcite cement (Figure 4.26). The later quartz  
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Figure 4.23: Photomicrographs of quartz cement in thin section (A and B). Quartz 
cement is apparent by the dust rim in A and due to large size in B. A, SEN182, 
10034.3 ft, LL, U; B, SEN125, 9986.3 ft. SEM photomicrographs of quartz cements 
(C and D). B; C & D, NF4_01, 8509.5 ft, UL, B. Quartz cement is recognizable by the 
clay rim in C and faceted shape in D. SEM-CL photomicrographs of quartz cements 
(E and F). E & F, WW_09, 10238.4 ft, LL, B. Quartz cements are visible by the color 
in both E and F. Note that relative timing for the cements can be inferred. Evidence 
of quartz cement (Qc) followed by calcite cement (Cc) is found in photomicrograph 
D. Photomicrographs E and F show the early quartz cement (Qc1) being overgrown 
by the late quartz cement (Qc2). 
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cement luminesces blue and is much more pervasive in all samples. It is associated 

with brittle grain fracture of quartz grains (Figure 4.23). Both cements can be found 

in the A and the B facies from the upper and lower Lance Formation. Neither cement 

was observed in the U facies, however only one U facies sample was analyzed. Due 

to the small grain size in the U facies, collecting images from SEM-CL was difficult.  

 

 
Figure 4.24: LIC (recrystallized CRF and cement) being replaced by HIC (black 
arrows indicate replacement front). JEN921, 8543.1 ft, UL, B 
 

Carbonate cement is the second most common cement in the Lance 

Formation. The total carbonate cement in the Lance Formation ranges from 0 to 

16%vol and decreases significantly with depth (Figure 4.22). Multiple generations of 

carbonate cement are present, documented previously by Dickinson (1984) and 

Dincau (1989) and confirmed here. These include low iron calcite (LIC), high iron 

calcite (HIC) and low iron dolomite (LID; Figure 4.24). LIC was the earliest-formed 

calcite cement (Figures 4.24). HIC is a later cement that precipitated after early 

quartz cementation and is often seen replacing LIC and filling remaining pore space 
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(Figure 4.23 and 4.24). LID is the latest carbonate cement to be precipitated and is 

associated with the dissolution and replacement of chert (Figure 4.24)  

 

 
Figure 4.25: HIC is the most common carbonate cement and decreases with depth. 
LID is the second most common cement and does not show an apparent trend with 
depth. Flank samples tend to have a higher amount of cement than the average axis 
sample. 
 

Of these three cements, HIC is volumetrically the most significant, averaging 

2.4%vol, followed by LID. The volume of HIC decreases with depth and reflects the 

trend seen with limestone rock fragments. Limestone rock fragments provide 

nucleation sites for all types of carbonate cement and may also be local source for 

carbonate cement. LID cement averages 0 to 4%vol and does not show an obvious 

trend with depth (Figure 4.25). Evidence for dissolution of one cement and 

replacement by another is also present (Dickinson, 1984), usually involving the 

replacement of older LIC cement with younger HIC cement. While a gross vertical 
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trend of carbonate cement increasing upwards can be seen, no trend is seen in the 

carbonate cements with respect to facies (Figure 4.25).  

 

 
Figure 4.26: Examples of early diagenetic chlorite grain coats overgrown by other 
authigenic minerals. Photomicrograph A illustrates chlorite (Chl) being overgrown by 
quartz (Qc), fibrous illite (Il) and calcite (Cc). Photomicrograph B illustrates a chlorite 
grain coat (Chl), overgrown by quartz (Qc1) followed by illite/smectite (I/S) and pore-
bridging fibrous illite (Il), which is in turn overgrown by quartz cement (Qc2). 
Photomicrograph C document early quartz cement (Qc1) being overgrown by 
chlorite (Chl) followed by later quartz cement (Qc2), which was followed by 
illite/smectite (I/S). Photomicrograph D illustrates early calcite cement (Cc) filling a 
pore space and over growing chlorite grain coatings. All images are from NF4_15, 
10566.4 ft, ML, A. 
 

Clay cements are the third most volumetrically important cement, amounting 

to 4-8%vol (Figure 4.22). In thin section point counts, kaolinite and clay mixtures 

(illite/smectite/chlorite) were identified. Occasionally discrete illite could be identified 

in trace amounts, but generally it is very difficult to distinguish between chlorite, illite 
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and smectite in thin section. Kaolinite can be distinguished by its common vermicular 

texture.  The challenge of clay cement identification was compounded by the 

difficulty in distinguishing authigenic clays from detrital matrix and pseudomatrix. 

Much of the authigenic clay is likely nucleated from detrital clays that are now very 

difficult to distinguish, which further complicates identification (Matlack et al., 1989; 

Figure 3.12). 

 

 
Figure 4.27: Whole rock XRPD clay content versus depth with respect to facies. 
Illite-Smectite shows slight increase with depth. Kaolinite and Chlorite show a 
dramatic decrease with depth. The discrete muscovite was identified with XRPD but 
not observed as a distinct mineral in thin section. It is likely present as a sericitic 
alteration mineral of feldspars and lithic rock fragments, or in metamorphic rock 
fragments. 

 

Analysis by SEM and XRD provided additional resolution to the authigenic 

clay trends in the Lance Formation, showing that total clay content increases upward 

from the lower Lance Formation to the upper Lance Formation and from the A facies 
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to the U facies (Figure 4.27). There is also significantly more kaolinite and chlorite 

present in upper Lance Formation samples, whereas lower Lance Formation 

samples are dominated by illite-smectite. Chlorite cement occurs as grain-rimming 

cement and is generally one of the earliest authigenic cements. Calcite, quartz and 

smectite-illite cements have been observed overgrowing chlorite grain coats (Figure 

4.26). Chlorite abundance in the Lance Formation decreases dramatically with depth 

(Figure 4.27). 

 

In addition to variations in the clay distributions, there is also a variation in the 

crystallization habits of the various authigenic clays (Figure 4.28). Chlorite was found 

in many but not all upper Lance Formation SEM samples, generally forming 

pervasive early grain coats in the form of euhedral rosettes (Figure 4.26 and 4.28). 

While the coatings are extensive, they are generally not perfect, and typically small 

quartz scepters are present where the coating is absent. Illite-smectite (I/S) occurs 

as fibrous to chip-like grain-coating and pore-filling cement. Overgrowth relationships 

suggest that I/S growth took place before precipitation of pore-filling cements (quartz 

and LIC), and after late quartz cementation and kaolinization of feldspars (Figure 

4.26A and B, Figure 4.28A, E and F). XRPD data shows that the current fraction of 

smectite in the I/S layers is 20% (Appendix C). Kaolinite occurs in primary pore 

spaces and as a grain-replacing mineral that occurs late, after quartz cementation 

(Figure 4.28).  

 

Additional cements are present in trace amounts. Albite and apatite are both 

present in some samples as cements as identified in SEM. Two samples were 

identified as having tosudite present in small amounts based on XRPD. Tosudite, 

Na0.5Al4Mg2Si7AlO18(OH)12•5(H2O), is a phyllosilicate mineral that is associated with 

the I/S transformation. It can occur when trioctahedral smectite converts to chlorite in 

a magnesium-rich environment (Bergaya et al., 2008) The presence of tosudite is 

likely related to higher chlorite content in the upper part of the section.  Both of these 

samples were taken near the boundary between the Unnamed unit and the Lance 

Formation This boundary is difficult to distinguish and corrensite is commonly  
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Figure 4.28: Plane light and SEM photomicrographs of the clay types and habits 
found in the Lance Formation. Image A shows coarse illite riming cement on a 
quartz grain. Image B illustrates the common occurrence of vermicular kaolinite 
replacing what was likely a feldspar grain. Image C illustrates the microporous 
nature of the illite sandstone matrix. The large crystal size and bookish habit of 
kaolinite is apparent in image D. Images E and F illustrate the typical authigenic 
grain coatings present in the Lance Formation Commonly chlorite (3) is overlain by 
quartz scepters (1&2), calcite (4) and a fibrous illite. A & B, SEN170, 10024.4 ft, LL, 
B; C, Ms2_11, 11867.5 ft, LL, B; D, SEN125, 9986.3 ft, LL, B; E, NF4_15, 10566.4 ft, 
ML, A; F, Ms6_01, 9520.5 ft, UL, B. 
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observed in the Unnamed unit (Dincau, 1989, Pollastro, 1989). Tosudite can easily 

be misidentified as corrensite in XRPD patterns (Hillier, 2008, personal 

communication). The presence of tosudite indicates that the Unnamed unit/ Lance 

Formation boundary is likely nearby.  
 

 
Figure 4.29: Replacement mineral trends with respect to depth and facies. Shows 
the total replacement values and the top three contributing replacement minerals. 
Carbonate replacement is dominated by HIC. 
 

4.1.5 Replacement Minerals 

 

Replacement minerals comprise 4 to 12%vol of the Lance Formation 

sandstone and average approximately 8%vol. The total replacement minerals do not 

appear to vary with depth or facies (Figure 4.29). Clays and carbonate constitute the 

majority of the replacement minerals. The mixed clays (Illite/Smectite/Chlorite) do 

not seem to vary significantly with depth or facies. Kaolinite replacement does not 
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appear to vary with facies but does decrease with depth. Carbonate is the most 

abundant replacement mineral and increases with depth. The HIC cement is the 

most common carbonate replacing cement. In the lower Lance Formation, the B 

facies has more carbonate replacement than the A facies. Commonly replaced 

minerals include: chert, feldspar, and lithic fragments. In the XRPD data set 

muscovite is seen to increase with depth (Figure 4.27). However it is not commonly 

observed as a detrital grain. It is likely that the muscovite occurs in the rock 

fragments, and feldspar grains that have been sericitically altered (Hillier, 2008, 

personal communication). 

 

4.2 Geochemistry 

 

Factor analysis was carried out to identify common patterns among elements 

and to simplify the representation of geochemical variations. The factor analysis 

identified 6 factors that explained 83.7% of the variance in the data. Table 5.1 

illustrates the extent to which elements correlate with each factor and the amount of 

variance each factor explains. Elements with correlation coefficients of 0.50 to -0.50 

are not shown, as they were not considered to be significant relationships. Factor 1 

contains Sm, Tb, TiO2, Th, Al2O3, K2O, MgO, Na2O, and many other rare earth 

elements (REEs). Other elements that have high correlation coefficients (> 0.80) 

with Factor 1 are: Y, Ta, Sc, Ga. These elements are associated with siliciclastic 

minerals, such as clays and feldspars. No elements have a significant negative 

correlation with Factor 1. 

  

Factor 2 includes Co, Ag, Pb, Ni, Sb, TOT/S (total sulfur), and As.  Many of 

these variables are associated with sulfide minerals. This would suggest that Factor 

2 is measuring trace elements from the various rock fragments and heavy minerals. 

The elements Sr, Zr, MnO, and CaO, commonly associated with carbonates, show a 

negative correlation with Factor 2. 
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Table 4.1: Results of the factor analysis gave 6 factors that explained 83.7% of the 
variability in the data. Correlation coefficients are shown for each element. Elements 
with correlation coefficients less than 0.50 are not shown. 

 
 

Factor 3 has a moderately strong correlation with SiO2 and a strong negative 

correlation with LOI and TOT/C (total carbon). It also has a moderately strong 

negative correlation with CaO and Cd. With the exception of SiO2 and Cd, these 

elements are associated with carbonates. This indicates that carbonate and silica 

vary antithetically. Other elements associated with common siliciclastic minerals 

(e.g. K, Na, Al, Ti) do not correlate with Factor 3, indicating that silica is decoupled 

from other siliciclastic minerals. Quartz and carbonate cement are quite common in 

the Lance Formation Quartz cement could be the silica sink that that causes the 

decoupling of silica from the other siliciclastic minerals. Observations in thin section 

show an inverse relationship between the volume of quartz cement and the volume 

of carbonate cement (Figure 4.32). This relationship could underlie the antithetic 

relationship between carbonate and silica. 
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Factors 4 and 5 have weak positive correlations with Sb, As, and Be 

respectively. Such weak correlations are difficult to analyze and it is unclear what, if 

any, mineralogical control is associated with these factors. Factor 6 has a weak 

correlation with Fe2O3. This factor is interpreted as associated with chlorite. Pyrite 

was not considered for this factor as TOT/S has a correlation value of 0.118 in this 

factor.  

 

Al2O3 has been suggested as a possible geochemical proxy for grain size 

(4.15). Elements with high correlation coefficients for each factor have been cross-

plotted with Al2O3 to test for any control by grain size (Figure 4.30). All of these 

elements show sensitivity to grain size as they all increase with increasing Al2O3. 

TiO2, representing Factor 1, is the most sensitive to grain size variation. Factor 5 is 

the least sensitive to grain size variation, the observed pattern suggests that this 

factor is not a reliable indicator and does not represent a real geochemical signature. 

All Factors other than Factor 1 show weak positive correlation between the y-axis 

constituent and Al2O3. These weak trends also seem to be controlled by the 

presence of the L and to a lesser degree the U facies. Without these facies, most of 

these factors would show no apparent trend. The L facies has significant quantities 

of shale clasts from the overbank deposits, suggesting that shale clasts are likely 

driving the geochemical signature of the L facies and that the geochemical signature 

for the overbank shales may be significantly different than the channel facies. 

 

K2O has a high correlation coefficient with Factor 1. Factor 1 is associated 

with clays and feldspar. The cross plots show that K2O concentration is sensitive to 

grain size and facies and that there is a higher concentration in the lower versus the 

upper Lance Formation at a given Al2O3 content. This is consistent with the XRPD 

data that shows an increase in illite-smectite clays and decrease in kaolinite and 

chlorite (both non-potassium-bearing phases) with depth (Figure 4.27). The 

crossplots support the association of K2O with clays, specifically illite and smectite, 

as the data plots within the composition range of these two minerals. 
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Figure 4.30: Cross plots of Factor proxies versus Al2O3. With the exception of Factor 
1 the A and B facies plot in relatively the same area. The U and L facies tend to plot 
to the right than the A and B. This is likely due to the high shale content of both the 
U and L facies. 



  79 

 

 
Figure 4.31: Cross plot of K2O and Al2O3 shows that the distribution of K2O is both 
facies and depth dependent. Lines illustrate the compositions of K-feldspar, illite and 
smectite. 
 

Factor 3 is associated with authigenic cement, and SiO2 and CaO show an 

antithetic relationship. These two elements were cross-plotted in order to better 

understand this relationship (Figure 4.32). The cross-plots show that facies and 

stratigraphic unit have an impact on the concentration of SiO2 and CaO. Facies U 

and L are offset to the left of the A-B trend, suggesting that these facies contain less 

CaO and SiO2. The cross plots also show that the upper Lance Formation has a 

larger range of concentration for both SiO2 and CaO than the lower Lance Formation 

does and that the upper Lance Formation is, on average, rich in carbonate cement 

and poor in quartz cement relative to the lower Lance Formation. This trend is 

consistent with observations made from point counting (Figure 4.22), which shows 

that carbonate cement decreases with depth and that quartz cement increases 

slightly with depth.  These observations support the argument that Factor 3 is 

associated with quartz and carbonate authigenic cementation. 

 
The four most notable geochemical trends observed from the factor analysis 

and cross plots have been plotted versus depth (Figure 4.33). K2O clearly decreases 

in concentration in the upper Lance Formation versus the lower Lance Formation. 
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This shift in K2O concentration may be due to the increased amount of illite/smectite 

in the lower Lance Formation, as observed in the XRPD data. SiO2 slightly 

increases, and CaO decreases with depth, consistent with observations of the 

abundance of calcite and quartz cement. Fe2O3 shows a slight decrease in 

concentration with depth, and a very distinct decrease in the range of concentrations 

with depth. This decrease in range is thought to be the result of the decreasing 

chlorite concentration with depth, which has been observed in the XRPD (Figure 

4.27) and SEM data sets. 

 

 
Figure 4.32: Cross plot of SiO2 and CaO. Both are highly correlative to Factor 3, 
which is associated with authigenic cements. 
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Figure 4.33: Geochemical depth trends that are worth noting. K2O is associated with 
illite and shows a distinct increase in the lower Lance Formation. SiO2 and CaO are 
associated with authigenic cements and show an antithetic relationship to each 
other. Fe2O3 is associated with chlorite and shows a decrease in average and range 
of concentration in the lower Lance Formation. 
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CHAPTER 5 

DISCUSSION 
 
 
The data collected during the course of this study has provided information on 

5 different topics: paragenetic sequence for the Lance, the chlorite cement, quartz 

cement, potassium sources and sinks, controls on porosity, and porosity prediction.  

 
5.1 Paragenetic Sequence 

 

The overall paragenetic sequence observed in this study for the Lance 

Formation at the Pinedale Anticline is similar to those presented by Malicse et al. 

(2007), Dincau (1989), and Pollastro (1989). The stages used to mark the diagenetic 

sequence (Early, Intermediate, and Late) are adopted from Malicse et al. (2007) and 

refer to generalized events in the burial history (Figures 5.1 and 5.2). Two additional 

diagenetic stages, early burial and uplift are added in this study. This study makes 

extensive use of the burial history model of the Wagon Wheel No. 1 well by Coskey 

(2004), which is in turn based on work by Dickinson (1989).   

 

5.1.1 Early Diagenesis 
 

Early diagenesis refers to the changes the rocks undergo in the first few 

meters of burial. For the Lance this includes: clay infiltration, paleosol development 

and dewatering. 

 

Clay emplacement by infiltration is a mechanical process that may have 

occurred in the Lance very early on in its diagenetic history. Work by Matlack et al. 

(1989) on modern channel systems indicates that active channels within fluvial 

systems are prime locations for clay infiltration. However, they note that while 

infiltrated clays are likely common in ancient sandstones, subsequent diagenesis  
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Figure 5.1: Burial history of the Lance Formation with relevant isotherms and 
diagenetic stages. Modified from Coskey’s (2004) burial history model of the Wagon 
Wheel No. 1 well. 
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Figure 5.2: Paragenetic sequence for the Lance Formation The bar thickness 
indicates the relative importance of the event by volume.  The paragenetic sequence 
based on core and thin section observations as well as work by Pollastro (1989), 
Dincau (1989), and Malicse et al. (2007). 
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can make recognition of such clays difficult. While it may not be possible to identify 

the types of clays that were emplaced due to infiltration, it should be recognized that 

these early clays likely played a distinct role in determining the clay composition that 

developed during later diagenesis. Matlack et al. (1989) suggests that chlorite has 

the ability to infiltrate deeper into a sandstone body than other clays. The higher 

chlorite content in the upper Lance may exist because the infiltrating suspended load 

at the time had higher chlorite content (Moraes and De Ros, 1990; Matlack et al., 

1989).  

 

Paleosol development is closely related to the formation of early low iron 

calcite cementation. Soil horizon features such as caliche nodules, rhizoliths, and 

peds are commonly observed in core (Chapin et al., 2009; Bridge 2003). The calcite 

reactivity curves created while describing core often show decreasing calcite 

reactivity from the L to the U channel facies. However this trend is not universal and 

the U facies can be cemented by calcite or quartz. Soil processes often create 

leached zones (Chapin et al., 2009; Bridge 2003), and it is likely that early calcite 

cement present in the lower channel facies are derived from such processes 

(Chapin et al., 2009). Calcite cement plays an important role in preserving IGV by 

providing early rigid cement that can protect IGV from mechanical compaction. 

Calcite cement ranges from 0 to 16%vol with an average of 4%vol for Lance channel 

sediments. Other accessory minerals associated with paleosol development include 

pyrite and siderite. These minerals are found occasionally in the floodplain and U 

facies of the Lance Formation (Chapin et al. 2009). 

 

There is abundant evidence from core of dewatering structures (dish shaped, 

fiamie, small breccia pipes, and convolute bedding). These structures are observed 

in all facies of the Lance, but seem to be the most prevalent in the A facies, where 

the deformation has often destroyed all traces of primary sedimentary structures. 

This sort of intense deformation has been observed in the Lance in Jonah Field, as 

well as the Laramie Formation (Chapin et al., 2009; Al-Quhtani et al., 2006). 
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5.1.2 Early Burial Diagenesis 
 

The early burial diagenetic stage marks the physical and chemical alterations 

to sediments from a few meters depth to the temperature that will allow the onset of 

quartz overgrowths (~80°C). Mechanical compaction processes and cementation by 

grain-rimming chlorite and pore-filling low iron calcite characterize this stage (Figure 

4.26). 

 

Compaction is a continuous process that begins as soon as sediment is 

deposited. However, compaction is the most intense during early burial diagenesis 

when the loss of intergranular volume (IGV) is achieved by slippage between grain 

and ductile deformation (Pittman and Larese, 1991). In addition, the presence of 

large volumes of pore-filling rigid cements indicate that cementation in the Lance 

began early. Assuming a starting IGV of approximately 40% (Paxton et al., 2002; 

Pittman and Larese, 1991), Lance Formation samples have lost 25 to 75% of their 

original IGV due to mechanical compaction (Figure 4.20). Much of the remaining IGV 

was filled with various cements (Figure 4.20).  

  

In the Lance, calcite cement precipitated during early burial diagenesis stage 

is primarily a pore-filling cement and is often preceded by grain-rimming chlorite and 

smectite-illite cements (Figure 4.26). This calcite cement tends to develop in the 

higher porosity and permeability facies, as this is where meteoric water had a higher 

flow rate (Chapin et al., 2009; Lynch and Land, 1996). Dutton et al. (2002) have 

observed and documented such calcite concretions in outcrop in the Frontier 

Formation. This cementation event continues into the intermediate stage. 

 
5.1.3 Intermediate Diagenesis 

 

The intermediate diagenetic stage marks the physical and chemical alteration 

of sediments from 80°C to the end of rapid burial (~140°C).  Low-iron calcite cement, 
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quartz cement, and mechanical compaction are the major events in this stage. The 

calcite and quartz cement assist in the preservation of IGV. This stage also marks 

the onset of the smectite-illite transformation. 

 

The major cement deposited during intermediate diagenesis is the quartz 

cement. Two distinct generations of quartz cement were observed using SEM-CL. 

The first is the less volumetrically significant and grain-rimming. In samples where 

SEM-CL analysis was conducted, the average first quartz generation accounts for 

7% of the observed quartz cement in the upper Lance and 15% for the lower Lance. 

Again, like the calcite, this early quartz helps preserve the IGV. This quartz cement 

is observed being overgrown by calcite, indicating that both minerals formed during 

this stage (Figure 4.23). 

 

Brittle grain fracture and the second generation of quart cement are the two 

most volumetrically significant intermediate diagenetic events (Figures 5.3 and 5.4). 

The two are coincident, with quartz cement often nucleating within the grain 

fractures and then growing out to become grain-bridging and rimming cement. 

Similar relationships have been observed in other sandstones under similar 

temperatures and pressures (Bernet and Bassett, 2005; Makowitz and Milliken, 

2003; Dutton, 1997) and are impossible to distinguish without the use of an SEM-CL. 

 

5.1.4 Late Diagenesis 

 

The late diagenetic stage marks the physical and chemical alterations to 

sediments from maximum burial depth to the onset of uplift, a period of 42 million 

years, when the rocks remained at or near their maximum temperature of 

approximately 140°C, at the base of the Lance.  

 

High-iron calcite cement, calcite dissolution, and replacement formed during 

late stage diagenesis. High-iron calcite is often found replacing low-iron calcite 

cement as observed by Dickinson (1989) and this study (Figure 4.24). Carbonate  
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Figure 5.3: SEM-CL photomicrograph of plutonic quartz grains (Qp) with grain 
rimming early quartz cement (Qc1) and a later quartz cement (Qc2). 
 
 



90 

 

 
Figure 5.4: SEM-CL photomicrograph of evidence of brittle grain fracture followed by 
a generation of quartz cement. Photo inset is a blow up of one of a volcanic quartz 
(Qv) grain showing brittle fracture. Blue quartz cement (Qc2) is filling the fracture 
and rimming the grain. This second observed generation of quartz cement in the 
Lance. 

 



  91 

dissolution, replacement, and recrystallization are common throughout the Lance. 

Fluid inclusion and isotope studies by Malisce et al. (2007) and Dickinson (1989) 

both indicate that most of the calcite cements within the Lance have undergone 

some replacement and recrystallization during diagenesis. Homogenization 

temperatures of fluid inclusions within calcite cement ranged from 110°C to 135°C 

(Malisce et al., 2007). 

 

During the late diagenetic stage, the small amount of feldspar present in the 

Lance was heavily altered, largely replaced by vermicular kaolinite and chalcedony 

(Figure 4.28B). Kaolinite replaced much of the feldspar grains as well as filled many 

of the remaining primary pore spaces. The replacement kaolinite in the lower Lance 

was then altered to illite later in the same stage. 

 

As the lower Lance exceeded 120°C diagenetic kaolinite began to alter to illite 

(Figure 5.5; Lanson et al., 2002). Kaolinite is commonly illitized in deeply buried 

sandstones (Cruz et al., 2009; Baioumy and Gharaie, 2008; Lanson et al., 2002). 

This reaction is different from the continuous smectite-illite reaction. A precursor to 

the illitization of kaolinite reactions is a metastable kaolinite + potassium feldspar + 

quartz assemblage that frequently persists to approximately 120°C (Lanson et al, 

2002). The 120°C temperature corresponds with the middle Lance maximum burial 

depth. The kaolinite morphology is observed to change with depth. Kaolinite books 

become thinner and begin to exhibit a wafer-like appearance (Figure 5.5).  

 

5.1.5 Uplift Diagenesis 

 

The uplift stage is characterized by the onset of uplift of the Lance Formation 

This stage is influenced by the cooling of the Lance from approximately 145°C at its 

deepest (Coskey, 2004) to a present day bottom whole temperature of 110°C 

(Coskey, 2004).  The uplift and resulting cooling is associated with the secession of 

almost all of the late-stage diagenetic events. The uplift stage is associated with a 

late dolomite-replacement cement (Malicse et al., 2007; Dincau, 1989; Pollastro,  
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Figure 5.5: Diagram illustrating the observed conversion of kaolinite to illite with 
respect to depth. SEM photomicrographs illustrate the morphological changes with 
depth. Thick kaolinite crystals within thick books become progressively thinner and 
more chip like with depth. The K2O geochemical data, a geochemical proxy of illite, 
shows a distinct increase with depth. Whole rock XRPD data shows a narrowing in 
range of kaolinite with depth. 
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1989). The dolomite cement commonly replaces older carbonate phases and 

averages ~3%vol. 

 

The most significant diagenetic events during uplift are the development of 

fractures and the subsequent filling of those fractures by calcite, kaolinite, and barite 

(Malicse et al., 2007). A detailed work on the fracture development in the Lance 

Formation was not the focus of the study. These minerals, along with quartz, are 

observed in fully and partially healed fractures in core. Fluid inclusion studies of the 

fracture fill show homogenization temperatures that are significantly greater (> 

175°C) than the maximum burial temperature of the Lance Formation (Malicse et al., 

2007). This difference in temperature suggests that during the late and uplift stages, 

the fractures provided conduits for deep, hot basinal fluids to travel up into the Lance 

Formation It is unclear whether such fluids influenced Lance diagenesis. Since these 

fluids are associated with a later stage event, the Lance was already heavily 

cemented, and it seems unlikely that such fluids would be able to travel great 

distances from the fractures.  

 
5.2 Chlorite Cement 

 

XRPD analysis from this study indicated that chlorite clay decreases with 

increasing depth, contradicting earlier work by Pollastro (1989), which did not 

identify a major change with chlorite content with depth in the Lance. Three 

hypotheses have been developed to explain the trend of decreasing chlorite with 

increasing depth. 

 

One explanation for the decrease of chlorite with depth would be to associate 

zones of higher chlorite content with iron-bearing detrital components such as VRF’s 

or early Fe-rich clays (Grigsby, 2001). However, such associations do not always 

accurately predict the presence of chlorite (Ehrenberg et al., 1998). In the Lance 

Formation, the VRF content does not appear to vary with depth while chlorite does 
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(Figures 4.8 and 4.27), indicating that VRF content does not play a role in controlling 

the chlorite abundance.  

 

An alternate model relates chlorite formation to the hydrology of the 

depositional setting during early burial (Grigsby, 2001; Ehrenberg et al., 1998). This 

model uses meteoric water as a means to mobilize iron and transport it to 

cementation sites. Such a model would allow for the formation of grain-coating 

chlorite at 20° to 40°C (Grigsby, 2001), consistent with observations here that grain-

coating chlorite began to form in the early burial diagenetic stage and continued 

intermittently into the intermediate stage (Figures 4.26 and 4.28).  

 

This model can be used to explain the chlorite variation between the upper 

and lower Lance. The Unnamed unit and Fort Union Formation have significantly 

more chlorite. This increase in chlorite is attributed to a provenance change for the 

sediments (Pollastro, 1989). Alternatively the provenance of the suspended load 

could have changed during Lance deposition. Meteoric water could have transported 

the necessary iron for chlorite formation from the overlying iron-rich formations to the 

upper Lance during early burial when porosity and permeability was relatively high.  

Iron flux from the Unnamed unit to the lower Lance, would have been lower because 

of reduced permeability and therefore reduced flow of iron-rich formation water. A 

parallel argument would be that iron concentrations would be higher in the upper 

Lance as it is closer to the source. Iron would have been lost from solution as 

chlorite precipitated, causing the iron concentration to decreases downward. This 

results in a lower iron concentration in the lower Lance and less chlorite cement. 

 

A third model for chlorite development is based on a shallow marine setting. 

In such a setting, chlorite can be from the precursor berthierine or as a direct 

precipitate (Billault et al., 2003; Grigsby, 2001). The Lance and younger sediment in 

the Pinedale region were deposited in a fluvial environment. A chlorite model that 

requires a marine influence appears to be inappropriate for the Lance Formation 

without evidence of brackish or marine water influence. 
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5.3 Quartz Cement 
 
One major difference in interpretation between this and previous studies, 

primarily Dincau (1989), concerns the amount of intergranular pressure solution 

(IPS) and quartz cementation. In contrast to the work by Dincau (1989), this study 

does not support the interpretation that IPS is a significant diagenetic factor (Figure 

4.5). Interpenetrated quartz grains were not commonly observed in thin section or in 

SEM-CL analysis. Rather, evidence from SEM-CL analysis indicates that there is 

extensive healed brittle grain fracture throughout the Lance and that cement 

volumes are significantly higher than measured by Dincau (1989), averaging 7.5%vol 

and 8.5%vol for the upper and lower Lance. This study indicates that, on average, the 

second quartz generation accounts for 64% of the measured quartz cement in the 

upper Lance and 75% in the lower Lance.  

 

The suspected quartz cement source is from the smectite-to-illite 

transformation reaction within the channel sandstones or the local floodplain shales 

(Van De Kamp, 2008). Shales have been identified as likely silica sources for other 

quartz-cemented sandstones (Dutton, 1997, Land et al., 1997). Evidence for this 

silica source is supported by the lack of large siliceous zones in the overbank 

deposits, which indicates that the silica generated via the illite/smectite (I/S) 

transformation must have been expelled or is highly disseminated. Some overbank 

shales in the Lance core are well-indurated and do not show a visible calcite 

reaction. It is assumed that the cement in these shales is quartz, as that is the most 

abundant cement present in the Lance. Due to the discontinuous nature of the 

channel bodies, it seems unlikely that liberated silica would be able to travel long 

distances. However, to travel into the local channel sandstones from the local 

overbank shales, the silica would only have to travel a distance no greater than 10 to 

30 feet, and usually much less. At these short distances, diffusion is viable transport 

mechanism, eliminating the need for large-scale fluid flux (Bjørlykke and Egeberg, 

1993). If the source of quartz cement is I/S clay within the channel facies, the 
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distance from the location of silica generation to the location of precipitation is even 

less. Volumetric calculations of the amount of quartz cement potentially generated 

from internal and external sources are presented in Section 5.4.1 of this chapter. 

  

In this model of silica transport from the shales to adjacent channel sands, 

one might expect to see cement rinds at the contacts between the shale and sands 

(Harris, 2006; Moncure et al., 1984). Core observations have not identified such 

rinds to date. However, this does not discount the model, as the formation of silica 

rinds would depend on both the silica concentration and the quartz precipitation rate. 

If the precipitation rates are high, then a rind may form. If the precipitation rate is 

low, then a rind may not form. Additionally, if silica is sourced from the I/S clays 

within the channel sandstones, any silica rind from the overbank shales may be 

obscured. 

 

Since the I/S conversion is proposed as the likely silica source, Coskey’s 

(2004) Basin Mod© model for the Wagon Wheel well was used to estimate the 

timing for the I/S conversion. If I/S is the silica source, the timing of this reaction in 

the burial history model will give an estimate as to when the most silica from the 

reaction would be available for quartz cement. All settings in the model were kept 

the same as Coskey (2004) describes. The estimated volumes for initial illite, 

feldspar, and smectite were the same as used in the volumetric calculations (Section 

5.4; Appendix E). The Statoil fluid flow and I/S chemical compaction feature were 

used along with the default values for the pre-exponential factor and activation 

energy in Basin Mod©. 

 

The results of the model indicate that the I/S conversion had produced 80% 

illite by 60 my at the bottom of the Lance and 45 my at the top of the Lance (Figure 

5.6).  This model indicates that the I/S conversion took place during intermediate 

diagenesis. If I/S is accepted as the silica source, this model sets earliest time 

possible for the onset of quartz cementation from the I/S reaction.  
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Figure 5.6: Illite/smectite (I/S) conversion model modified from the Wagon Wheel 
well burial history model (Coskey, 2004). Black arrows indicate the point at which the 
I/S ratio is 0.2 and 0.8 (assumed initial I/S ratio and current I/S ratio) for the bottom 
and the top of the Lance. Isotherms and diagenetic indicated. 

 
5.3.1 Silica Volumetric Calculations  

 
Observations made in this thesis support the interpretation that silica for the 

quartz cement is not sourced from IPS, contradicting the interpretation of Dincau 

(1989). In order to test whether the I/S reaction in the Lance could have produced 

the volumes of quartz cement observed, volumetric calculations based on point 

count data were performed to determine how much silica could be produced from 

different internal and external sources. The results were compared to the observed 
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amounts of quartz cement to see if they are similar. The details of the calculations 

can be found in Appendix E.  

 

Three possible internal silica sources were tested. The first source is the 

dissolution of potassium feldspar and precipitation of illite and quartz (Stroker, 2009; 

Equation 6.1). Potassium feldspar observed in thin section showed evidence of 

dissolution, and while not a large amount of feldspar is present in the Lance, it is 

important to understand how much quartz cement could be produced. To simplify 

the equation, illite is represented by a muscovite formulation. The potassium 

liberated by potassium feldspar dissolution allows for the creation of discrete illite, 

and the potassium ion may react with other clays to form additional illite (Stroker, 

2009). In this exercise, the total feldspar, measured by point count was used instead 

of the measured orthoclase, which essentially doubles the potassium feldspar 

content in the samples over the measured potassium feldspar. This doubling 

represents the potassium feldspar that could have been completely altered or 

dissolved and thus, was not identified as such. 

 

KALSi3O8 (K-feldspar) + 2/3 H+ → 2/3 K+ + 1/3 KAl3Si3O10(OH)2 (illite) + 2 SiO2 (aq) [6.1] 

 

A second potential source of quartz cement is IPS (intergranular pressure 

solution). In the Lance, the IPS observed in thin section occurred at grain-to-grain 

contacts and not along stylolites. This thesis did not attempt to quantify the amount 

of IPS as was done by Dincau (1989). However, observation of thin sections and 

with SEM-CL indicated that the volume of quartz dissolved at IPS contacts is much 

less than the volume cement gained due to brittle grain facture and subsequent 

cement fill. Dincau (1989) documented an average amount of quartz dissolved by 

IPS to be approximately 3 %vol with a maximum amount of quartz lost to IPS at 5 

%vol, which only occurred in two of samples (Dincau, 1989). These volumes do not 

match the volumes of quartz cement observed in this study, indicating that IPS is not 

the main source for quartz cement in the Lance. 
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The third possible source of quartz cement is the I/S conversion. This is both 

a potential internal and external source, as mixed layer clay is present in the channel 

facies and in the surrounding overbank shale deposits.  

 

For calculations of the silica volume that could be derived from an internal I/S 

source, point count data was used to estimate total clay volume (minus discrete 

kaolinite), then XRPD whole rock data was used to estimate the proportion of I/S in 

the A and B facies. This proportion was applied to the point count data to provide an 

estimate of the average I/S present in the A, B and U facies. The same proportion of 

I/S in the B facies was assumed for the U facies. 

 

Since no true overbank shales were sampled in this work, XRPD data from 

Pollastro’s (1989) work on the Wagon Wheel well was used to estimate an average 

I/S content of 23%vol in the overbank shales. An average whole rock XRD for clay 

was calculated from seventeen samples. The minus 2 µm average for I/S was used 

to estimate the proportion of the whole rock XRD clay that was I/S. It was assumed 

initially that there was 80% smectite in the I/S clays (Pollastro and Barker, 1986) and 

that the reaction continued until there was only 20% smectite in the I/S (average 

amount reported in XRPD data set). 

 

There are two possible reaction pathways for the illitization of smectite 

conversion reaction (Stroker, 2009). Reaction 1 is a 1:3 reaction of one mole of 

smectite to three moles of silica for every mole of smectite altered to illite. Reaction 2 

has a 1:15.7 ratio of moles of smectite to moles of silica. Both reactions require an 

outside source of potassium, and for this calculation it is assumed that excess 

potassium was available. Reaction 1 also requires an external source of aluminum, 

where Reaction 2 cannibalizes some layers of the original smectite to provide Al for 

the illite (Stroker, 2009). 

 

Table 5.1 displays the average quartz cement for the A, B and U facies. All 

volumetric calculation values are given in grams of quartz cement per kilogram of 
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rock. As observed with the thin section data, the amount of quartz cement increases 

from the A to the U facies. The facies average is not weighted by the proportion of 

each facies present in the typical channel package. 

 

Reaction 1 

 

4.5 K+ + 8 Al+3 + KNaCa2Mg4Fe4Al14Si38O100(OH)20•10H2O (smectite) → 

K5.5Mg2Fe1.5Al22Si35O100(OH)20 (illite) + Na+ + 2 Ca+2 + 2.5 Fe+3 + 2 Mg+2
 + 3 Si+4 + 10 

H2O           [6.2] 

 

Reaction 2 

 

3.93 K+ + 1.57 KNaCa2Mg4Fe4Al14Si38O100(OH)20•10H2O (smectite) → 

K5.5Mg2Fe1.5Al22Si35O100(OH)20 (illite) + 1.57 Na+ + 3.14 Ca+2 + 4.78 Fe+3 + 4.28 Mg+2
 + 

24.66 Si+4 + 15 H2O + 57 O-2 + 11.4 OH-      [6.3] 

 

Table 5.2 displays the amount of silica produced for the internal sources with 

respect to facies.  The K-feldspar reaction [5.1] produces insufficient quartz cement. 

I/S Reaction 1 [5.2] in internal clay sources in the channel facies produces nearly the 

same amount as the K-feldspar reaction and is insufficient by itself to produce the 

necessary silica. Reaction 2 [5.3] from clay within the channel facies on the other 

hand produces more quartz cement than the average amounts observed in thin 

section. When silica volumes are calculated for the overbank shale, it is found that 

the quartz cement produced by Reaction 1 [5.2] is slightly below that of the average 

observed values, but I/S Reaction 2 [5.3] produces much more than the observed 

amount of silica. In this model, the relative proportions of overbank to channel facies 

have not been accounted for. The average net-to-gross in the Lance is 

approximately 35% sand at Pinedale (Chapin, 2009, personal communication). The 

statement that the I/S reaction in the overbank shales produced more than enough 

silica assumes that most of the silica produced in the shales does not stay in the 

shales (Land et al., 1997; Lynch et al., 1997).  
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Table 5.1: Average grams of quartz cement present in one kilogram of rock, with 
respect to facies as calculated from point count data. 

Facies 
Average Quartz Cement 

(g/kg) 

A 171 

B 233 

U 249 

All Facies 217 

 

Table 5.2: Amount of quartz cement generated for internal and external sources. 
Internal sources are calculated with respect to facies. Overbank shale values are 
given with respect to a range of percent I/S in the clay component. 

 
K-Feldspar 

Reaction [6.1] 
I/S Reaction 
1 [6.2] 

I/S 
Reaction 2 

[6.3] 

Facies SiO2 Produced from Internal Sources (g/kg) 

A 24 27 144 

B 26 36 187 

U 29 65 340 

All Facies 26 41 215 

% I/S in 
Shales 

SiO2 Produced from External Sources (g/kg) 

23  181 947 

10  78 410 

20  157 819 

30  235 1229

 

The results of this exercise suggest that the I/S Reaction 2 [6.3] is most likely 

the largest contributor of quartz cement to the Lance channel sandstones. The silica 

could have been generated in the sandstone or in the shales, as both are capable of 

generating the necessary amount.  



102 

 

5.4 Potassium Volumetric Calculations 

 

Aside from the progressive morphological changes, the relative abundance of 

kaolinite is seen to decrease with increasing depth in both XRPD and SEM analysis. 

Kaolinite is common as a grain replacement or pore-filling mineral. In the upper 

Lance, there is a higher proportion of kaolinite to I/S. The lower Lance has a much 

lower proportion of kaolinite to I/S (Figure 5.5). This change in abundance of I/S is 

reflected in the whole rock geochemistry. Illite is a sink for K2O and a distinct 

increase in K2O is noted in the lower Lance (Figure 4.31). Both the conversion of 

kaolinite to illite and the I/S reactions consumed potassium. This potassium must 

come from an internal source, specifically the dissolution of potassium feldspar, or 

from an external source. Volumetric calculations have been conducted to investigate 

the viability of K-feldspar in the sandstones as the source of potassium. 

 

The mass balance for the generation and consumption for potassium was 

tested using the same equations [6.1 – 6.3] and feldspar and smectite values. This 

exercise was done to test if the average amount of feldspar present could generate 

enough potassium to supply either of the two I/S reactions fully. All assumptions 

about original potassium feldspar content, initial smectites percent in I/S, 

distinguished by facies, are the same as used in the silica calculations. A detailed 

account of the calculations is presented in Appendix E.  The potassium feldspar 

content of the shales was assumed to be the same as the sandstones, based on 

XRD data from the Wagon Wheel well (Pollastro, 1989). 

 

The results of this exercise are found in Table 5.3. The mass of potassium 

generated by the potassium feldspar dissolution is found to be insufficient to meet 

the potassium consumption of either of the internal I/S reactions in any of the 

channel facies. In most cases, the amount of potassium needed for the I/S reaction 

is an order of magnitude greater than the amount of potassium generated from 

potassium feldspar dissolution. These calculations argue that for the potassium to be 
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internally sourced, there needs to be dissolution of another potassium-bearing phase 

or significantly more potassium feldspar than was observed. The current 

petrographic analysis does not identify a ready internal potassium source and 

cannot justify further increasing the estimation of original potassium feldspar. As 

such, results indicate that for potassium, the system is not closed and has been 

imported from outside the system. 

 

Table 5.3: Amount of potassium produced through the K-feldspar reaction [6.1] and 
the amount of K consumed by the two I/S reactions [6.2] and [6.3] for the channel 
facies and overbank shales. Values are in grams of potassium per kilogram of rock. 

 
K-Feldspar 

Reaction [6.1] 

I/S 
Reaction 1 

[6.2] 

I/S 
Reaction 

2 [6.3] 

Facies 
K Produced 
(g/kg) 

K Consumed 
(g/kg) 

A 5 27 15 

B 6 35 20 

U 6 63 35 

All Facies 6 40 22 

% I/S in Overbank Shales 
K Consumed 
(g/kg) 

23  177 98 

10  76 42 

20  153 85 

30  229 127

 
 
5.5 Controls on Porosity 

 

Two primary factors, the depositional facies and the diagenetic cement, have 

a major impact on IGV and thus on porosity in the Lance. Depositional facies are 

characterized by distinct associations of grain size and sedimentary structures. In 

the Lance, the channel facies also control the detrital sandstone composition. The 
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concentration of the lithic fragments decreases from the A to the U facies from an 

average of 19%vol to 28%vol. The lithic content is important for a number of reasons. 

Chert is more soluble than monocrystalline quartz and thus can become 

microporous. This is observed to be the case in the Lance Formation Chert and 

other lithics are susceptible to ductile deformation if not protected by rigid cements. 

This ductile deformation of the lithics enhances the destruction of IGV. Additionally, 

quartz cement grows significantly more slowly on chert and polycrystalline grains 

than monocrystalline forms of quartz (Lander et al., 2008, Larese and Hall, 2003), 

which can lead to the preservation of IGV and porosity.  

 

Authigenic cement, specifically carbonate and quartz, also control the porosity 

of the Lance sandstones.  In order to preserve primary porosity, these cements must 

form early enough to prevent compaction; however, there is a limit to how much 

cement is helpful in preserving primary porosity. The cements must not be so 

extensive that they occlude all the pore space. If this is the case, the dissolution of 

carbonate cement at a later time is the only way that the IGV lost to cements can be 

reopened as porosity (Figure 4.24). Given that there would not be a pore network for 

formation water to flow through, this scenario seems unlikely. 

 

In order to better understand the relationships between cements, IGV and 

ductile grains, the ratio of rigid cement (RC) to ductile grains (DG) was plotted 

versus IGV (Figure 5.7).  Rigid cement includes carbonate and quartz cement. 

Ductile grains include shale, pseudomatrix, chert, MRF, VRF, and undifferentiated 

sericitic material.  The ratio of RC/DG is used to describe the influence of 

depositional facies and diagenetic cement on porosity (Figure 5.7). The data are 

classified by facies and by natural breaks in the total porosity histogram (Figure 

4.18).  This graph illustrates the relationship of different porosity classes to IGV and 

RC/DG.  

 

The highest porosity sandstones, with 4.5% to 10% total porosity, cluster in a 

relatively small area with an IGV range of approximately 19% to 30% and a RC/DG 
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ratio range of 0.4 to 0.8 (Figure 5.7). Samples with porosity less than 4.5% have a 

much broader range of IGV values (10% to 30%) and RC/DG values (0 to 1.8). 

Samples with an IGV less than 19% tend to have a lower RC/DG value, indicating 

that there is not enough rigid cement to prevent compaction of the ductile grains and 

thus, prevent mechanical destruction of IGV. Samples with RC/DG values higher 

than 0.8 tend to preserve IGV, but are essentially sealed shut with cement (Figure 

5.7).  

 

 
Figure 5.7: Ratio of rigid cement to ductile grains versus intergranular volume 
diagram. On the left, data are grouped by facies and on the right data is grouped by 
porosity class (Figure 4.18). 

  

There is also a clear zoning by facies in the RC/DG vs. IGV graph (Figure 

5.7). The coarser grained A facies tend to plot at low values of RC/DG and IGV and 

the finer grained facies, the B and U facies, tend to plot at higher values of RC/DG 

and IGV. This pattern is more apparent when IGV is plotted versus total cement 

(Figure 5.8). This plot, developed by Houseknecht (1987), indicates whether 

mechanical deformation or cementation, controls the destruction of IGV in 

sandstone.  Lance samples as a whole straddle the transition between the 

mechanical and cementation regimes. However, when the data are plotted with 

respect to facies, it is clear that as one moves upward from the L facies to the U 
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facies, mechanical compaction decreases and cement volume increases. Two 

controls may apply here: (1) the surface area in the finer grained facies is greater, 

which may provide more nucleation sites and allow for more cement; and  (2) there 

are fewer lithic fragments and more quartz grains in the finer facies, which may also 

increase the number of nucleation sites for quartz cement (Lander et al., 2008).  

 

 
Figure 5.8: Cement versus intergranular volume diagram. Modified from 
Houseknecht (1987). Data classed by facies. Polygons are the shifted data clouds 
for each facies. Note the increase in the chemical compaction as one moves from 
the L to the U facies.  

 

When cement vs. IGV is graphed and is classed by the natural breaks in 

porosity, another clear trend is evident (Figure 5.9). The porosity classes show a 

decreasing range in IGV and cement as the porosity increases. This indicates that 

there is an optimum range of IGV and cement that preserve the most porosity. The 

facies and the diagenetic cement control this optimum zone, and it takes the 
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convergence of these two controlling factors in the correct amounts for the best 

porosity within the Lance Formation to be preserved. 

 

 
Figure 5.9: Cement versus intergranular volume diagram. Modified from 
Houseknecht (1987). Data classed by natural breaks in total porosity histogram 
(Figure 4.18). 

 
5.6 Porosity Proportion Prediction 

 

Simple porosity proportion models for the A and B facies can be developed to 

predict the amount of primary, secondary and microporosity that will be present for a 

measured total porosity. The goal of this exercise was to develop a predictive model 

for the relative fraction of each type of porosity. If a relationship between the 

measured total porosity values can be related to log-based porosity measurements, 
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then the model can be used to predict the distribution of porosity types in 

sandstones that have not been point counted.  Point count data were used when 

generating cross plots of total porosity versus a porosity type (Figure 5.10). The U 

and L facies were not plotted, as there were insufficient data points to plot.  

 

The linear regression for secondary porosity against total porosity shows the 

highest correlation for the A and the B facies (Figure 5.10). The volume of primary 

porosity is only moderately correlated with total porosity in the A facies, while the 

correlation of primary porosity to total porosity is poorer for the B facies. 

Microporosity has the weakest correlation to total porosity for both facies. It is also 

interesting to note that the linear regression lines for microporosity intercept the y-

axis above the origin suggesting that the microporosity is under-estimated using 

point counting. The underestimation of microporosity is also observed when 

comparing the porosity measurements from point counting and mercury injection 

capillary pressure testing (HCP; Figure 5.11). This argues that the microporosity 

linear regression calculation is not adjusting for that error.  

 

The resulting equations for each porosity type were then used to construct 

models for the A and B facies that predicted the proportions for each porosity type 

for a given total porosity (Figures 5.12 and 5.13). The models were then compared 

to the original data displayed in a similar manner to see how well the two matched. 

The models for both facies capture the general trends well; however, there is still a 

notable amount of scatter. 

 

The data and models illustrate the difference in the A and B facies with regard 

to the different porosity types. They both show that secondary porosity increases the 

most as total porosity increases. The A facies porosity types listed in order of 

decreasing contribution to total porosity are: secondary porosity, primary porosity, 

and microporosity (Figure 5.10). The B facies porosity types listed in decreasing 

contribution to total porosity are: secondary porosity, microporosity, and primary 

porosity (Figure 5.10). The relative fraction of microporosity is the greatest in the 
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lowest porosity sandstones. For example, both the A and B facies models show that 

at 2% total porosity, approximately 50% of it is microporosity, while at 4% total 

porosity, microporosity is closer to 40% of total porosity (Figures 5.12 and 5.13). 

This indicates that as total porosity increases, the reservoir performance may 

increase at a nonlinear rate as different porosity types begin to contribute to 

reservoir quality (Ehrlich et al., 1991). It is also clear that the dominant type of 

porosity varies between the A and B facies. These variations can be modeled to a 

degree, and the models can be used to predict the porosity subcategory distribution 

for parts of the Lance Formation that have good porosity logs and electrofacies 

models (Chapin et al., 2009). 

 
5.6.1 Porosity and Pore Throat Size 

 

The HCP data have made it possible to examine relationships between types 

of porosity and the pore throat size distribution (Figures 5.14 and 5.15). The data 

were plotted with respect to the A and B facies samples. An average trend line is 

drawn for the pore throat distribution curve (black line) illustrating major inflection 

points. A general assumption is made that as pore throat size decreases, the 

dominant porosity type shifts from primary porosity to secondary porosity to 

microporosity (McCreesh et al., 1991). If so, then the inflection points in the pore 

throat distribution trends may represent the point where the dominant type of 

porosity changes from one type of porosity to another. This assumption does have 

limitations, as it implies limited, non-overlapping ranges of pore throat sizes for each 

type of porosity. Secondary porosity in particular could have a very large range of 

pore throat sizes. 

 

The average trend line for the A facies samples shows that the pore throat 

distribution curves have two inflection points (Figure 5.14). The porosity type 

distribution for each sample (stacked bar graphs) reveals that total porosity is 

dominated by secondary and primary porosity, and that significantly less 

microporosity is present in the A facies relative to the B facies. Another interesting  
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Figure 5.10: Cross plots of total porosity versus primary, secondary and 
microporosity as measured through point counting. A and B facies data sets for each 
plot are separated and a linear regression is applied to each set. 
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Figure 5.11: Total porosity measurements measured from thin section and from He 
during the HCP procedure. 1:1 line indicates where the porosity measurements by 
the two different methods would be the same. Data points above the 1:1 had a 
higher He porosity measurement, and points below the line had a higher thin section 
porosity measurement. 
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Figure 5.12: Stacked bar graphs of the porosity subcategories in the A facies. The 
top graph shows measured porosity subcategories as measured by point counting. 
The bottom graph shows the porosity subcategories as calculated from the linear 
regression equations from Figure 4.12. 

 

 
Figure 5.13: Stacked bar graphs of the porosity subcategories in the B facies. The 
top graph shows measured porosity subcategories as measured by point counting. 
The bottom graph shows the porosity subcategories as calculated from the linear 
regression equations from Figure 4.12. 
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Figure 5.14: Stacked bar graph of porosity types of each A facies sample, overlain 
by pore throat diameter versus cumulative porosity for the A facies. Bold black line 
indicates the general trend of the pore throat size distribution. Note the two inflection 
points. Individual curves are in the same order as the stacked bar graphs. Total He 
porosity listed above the bar graphs and sample name below. 
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Figure 5.15: Stacked bar graph of porosity types of each B facies sample, overlain 
by pore throat diameter versus cumulative porosity for the B facies. Bold black line 
indicates the general trend of the pore throat size distribution. Note the single 
inflection point. Individual curves are in the same order as the stacked bar graphs. 
Total He porosity listed above the bar graphs and sample name below. 
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trend is that the fraction of primary porosity decreases noticeably with decreasing 

pore throat size, although there is no relationship between total porosity and pore 

throat size (Figure 5.14). The lower inflection point on the A facies graph (Figure 

5.14), roughly correlates with the transition between primary and secondary porosity. 

The upper inflection point correlates with the transition from secondary to 

microporosity.  

 

The B facies samples show the pore throat distribution for a facies that is 

dominated by microporosity and secondary porosity (Figure 5.15). Primary porosity 

constitutes a very small amount of the total porosity. The single B facies inflection 

point seems indicate the point at which the dominant porosity type shifts from 

secondary to microporosity. However, this is a very weak correlation.  

 

With a general trend associating pore throat sizes to the different types of 

porosity observed in the Lance, it is now possible to assign a range of pore throat 

sizes to each porosity type for a given facies (McCreesh et al., 1991). The pore 

throat size range for each porosity type is defined by the inflection points in the 

general trend curve (Figures 5.14 and 5.15). This could be combined with the 

porosity proportion distribution model to allow for a more accurate model of the 

porosity and permeability of the Lance channel sandstones. It should be noted that 

while pore throat sizes can be related to porosity types, there does not appear to be 

a direct relationship between pore throat size and total porosity within the A and B 

facies. 

 
5.7 Comparison to other lithic sandstones 

 

Many lithic rich sandstones also classify as tight-gas sandstones. Two 

sandstones were selected for comparison to the Lance Formation: the Frontier 

Formation, Green River Basin (Dutton, 1993), and the Mesaverde Group, Piceance 

Basin (Crossey and Larsen, 1992; Stroker, 2009). All three sandstones are Upper 
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Cretaceous to Paleocene in age and were buried to similar depths: Frontier 

Formation 8,000 t0 16,000 ft, Mesaverde Group (Top of William Fork Formation) 

10,000 ft, Lance Formation 13,000 ft.   

 

The Lance Formation has a lower average total porosity than the other two 

sandstones. The Lance Formation generally has a lower primary (0.6%vol) and 

secondary porosity (1.5%vol) than either of the other sandstones (Mesaverde Group 

4%vol and 3.5%vol, Frontier Formation 1.6%vol and 4.2%vol). Secondary porosity in the 

Lance Formation is controlled by the dissolution of lithic fragments, while the other 

two sandstones have significant volumes of feldspar that have been dissolved. In 

both the Mesaverde Group and Frontier Formation, dissolved feldspar is observed to 

be a significant contributor to secondary porosity (Dutton, 1993; Stroker, 2009). The 

higher total secondary porosity in the in the Mesaverde Group and Frontier 

Formation is due to the increased amount of feldspar with secondary porosity. 

Microporosity was not quantified in all studies. 

 

The Lance Formation has notably less feldspar than the other sandstones 

(Lance Formation <5%vol, Mesaverde Group 18%vol, Frontier Formation 9%vol). The 

Lance Formation feldspar content is similar to that of the fluvial portion of the 

Frontier Formation. The subsequent dissolution of these feldspars played a role in 

the development of secondary porosity to a much greater degree in the other two 

sandstones, than in the Lance Formation. The higher feldspar content provides a 

greater local source of potassium and aluminum in the Frontier Formation and 

Mesaverde Group, which will impact clay diagenesis and microporosity. 

 

Chert is an abundant lithic fragment in all three sandstones. In the Lance 

Formation, it is observed to have a significant amount of microporosity present. In all 

three sandstones, chert is thought to be influential in the development of quartz 

cement by slowing the rate of quartz cement growth. This slower cement growth rate 

is controlled by the euhedral termination effect (Lander et al., 2008). 
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Quartz and calcite cement play important roles in the diagenetic history of all 

three sandstones. The quartz cement volume is high in all three sandstones (Lance 

Formation 8%vol, Mesaverde Group 5.5%vol, Frontier Formation 11%vol). These 

values are generated from point counting and likely underestimate the volume of 

cement. Evidence from preliminary analysis in SEM-CL suggests that in the Lance 

Formation there could be 50% more quartz cement than was quantified by point 

counting (Seyedolali, 2009, personal communication). It appears that the quartz 

cement is a significant component of porosity loss for all three sandstones. An early 

quartz cementation event occurred in each sandstone as well. In all three 

sandstones, quartz cement increases with depth. Calcite cement is observed in each 

and the average values for each are nearly the same (Lance Formation 3.9%vol, 

Mesaverde Group 3.8%vol, Frontier Formation 4.6%vol). 

 
5.8 Statements about tight-gas sandstones 

 

Tight-gas sandstones are defined by a porosity (<10%) and permeability 

(microdarcy) limit. The Lance Formation at Pinedale Field has an average porosity of 

3.5% from thin section analysis and 7.2% from Hg-injection porosimetry.  By either 

measure, sandstones at Pinedale have anomalously low porosity.  At their present 

burial depth of 10,500 feet (3200 meters), 90% of sandstones have average 

porosities greater than 9.6% (Ehrenberg and Nadeau, 2005).  Even accounting for 

Late Tertiary uplift, the Lance Formation sandstones have anomalously low porosity, 

with 90% of sandstones at a depth of 14,000 feet (4260 meters) having average 

porosities of greater than 7.8%  

 

The definition of tight-gas sandstone does not take into consideration 

composition, depositional environment, or burial history. Results from this thesis 

indicate that all three of these issues are important when considering the reservoir 

properties of the Lance Formation. It seems unlikely then that a broad statement 

about the controlling factors for all tight-gas sands can be made without considering 

those three items. 
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Tight-gas sandstones are typically matrix- and ductile grain-rich, making them 

susceptible to early porosity and permeability destruction due to mechanical 

compaction. Many tight-gas sandstones are also highly cemented with rigid 

cements, which further reduces primary porosity, but does protect the ductile grains 

from additional compaction. It is unclear if tight-gas sandstones are anomalous in 

their cement content. 

 

Depositional environment plays a key role in determining detrital composition, 

and thus influences the diagenesis of the sandstone by preferentially sorting the 

ductile lithics and detrital matrix. Sandstones deposited in fluvial environments tend 

to have a higher lithic content than those deposited in marine environments 

(Dickinson and Suczek, 1979). The Mesaverde Group and Lance Formations are 

both fluvial, and the portion of the Frontier Formation that closely most matches the 

Lance Formation is fluvial as well.   

 

The burial history of tight-gas sandstones is often complex. In addition to 

complex burial history, many of these sandstones have seen high burial 

temperatures for extended periods of time, which promotes cement growth, 

specifically quartz. This long diagenesis period may help create the observed 

anomalously low porosity by occluding much of the pore space that was not 

destroyed by compaction.
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CHAPTER 6 

CONCLUSIONS 

 

 

 In the Lance Formation at the Pinedale Anticline, detrital mineralogy and 

diagenetic alteration influence reservoir properties.  The detrital composition of the 

sandstones does not change significantly either with depth or location relative to the 

axis of the anticline. Chert is preferentially sorted into the coarser grained facies. 

Since grain size decreases from the L to the U facies, chert content decreases 

upward through a channel sequence as well. 

 
Porosity varies with both depth and facies. Porosity increases with decreasing 

depth, and decreases from the L to the U facies. The lower channel bar (A) and 

upper channel bar (B) facies have similar porosity ranges. The A facies is dominated 

by primary and secondary porosity while the B facies is dominated by secondary and 

microporosity. Porosity is controlled by the volume of ductile grains and authigenic 

cements present, which varies with depositional facies. Chert and other lithic grains 

are more prevalent in the A facies. The lithic grains influence porosity because they 

are more likely to develop secondary pores and because they inhibit the growth of 

quartz cement. Authigenic cement prevents the compaction of ductile grains by 

providing a rigid framework.  

 

 Both cementation and mechanical compaction have played important roles in 

the development of Lance porosity. Porosity is heavily influenced by the quantity of 

rigid cement and ductile grains. Porosity is best preserved when there is 12 to 22 

%vol  total cement, and a rigid cement to ductile grain (RC/DG) ratio of 0.4 to 0.8. 

Early cement played a significant role by preserving IGV and preventing the collapse 

of pore space. There is no indication that the type of cement (quartz or carbonate) is 

significant to the present-day porosity. 
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The cement type varies with depth. Carbonate cement increases with 

decreasing depth. Quartz cement decreases with decreasing depth and is the most 

volumetrically significant cement. Cement is also facies-dependent, with the amount 

of cementation increasing from the L to the U facies. Quartz cement was found to be 

present in much higher volumes than previously documented (Dincau, 1989), 

averaging 8%vol and ranging from 4%vol to 14%vol. Two distinct generations of quartz 

cement were documented by SEM-CL. The second generation of quartz is the most 

volumetrically significant and is associated with brittle grain deformation. Mass 

balance calculations indicate that the illite-smectite mixed-layer clays (I/S) within the 

channel sandstones and the overbank shales are likely the main sources of quartz 

cement; feldspar dissolution and intergranular pressure solution appear to have 

been inadequate to supply enough silica. Burial history modeling indicates that if the 

I/S reaction was the silica source for quartz cement, then silica generation had been 

completed by 60 Ma for the bottom of the Lance and 45 Ma for the top of the Lance. 

 

The late kaolinite cementation event identified in previous studies was 

observed in this data set. Additionally, it was observed that after the kaolinite 

cementation event, the kaolinite was altered to illite. This reaction is related to burial 

depth and progresses to its maximum extent at the bottom of the Lance Formation. 

Mass balance calculations for the illite and illite / smectite reactions indicate that 

potassium was imported. No internal source was identified that could have provided 

the necessary volumes of potassium. 

 

Mercury capillary pressure measurements show that the A and B facies have 

distinctly different pore throat size populations. In the A facies, 50% of cumulative 

porosity is associated with pore throats that are greater than 0.1 µm, while in the B 

facies 50% cumulative porosity has pore throats that are greater than 0.02 µm. The 

A facies has three distinct pore throat size populations, while the B facies has two. 

Comparison of the pore throat size populations to pore type suggests that a 

relationship between the two exists in both facies. Data suggests that the larger pore 

throat size populations are associated with primary and secondary porosity, while 
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the smallest pore throat size is associated with microporosity. Distinct changes in the 

pore throat size populations indicate the transition from one porosity type to another 

(primary to secondary to microporosity). 

 

When compared to other sandstones the Lance Formation at Pinedale has 

anomalously low porosity, even when corrected for uplift. This low porosity is due to 

a combination of composition, depositional environment, and burial history. When 

examining the reservoir properties tight-gas sandstones it is important to take these 

items into consideration.
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