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Abstract 

 

Fracture sets, timing, and size distributions in the Cretaceous Frontier 

Formation, Greater Green River Basin, Wyoming 

 

Lauren Kupecz Copley, M.S. Geo. Sci. 

The University of Texas at Austin, 2015 

 

Supervisors:  Stephen E. Laubach and Randall Marrett 

 

Fractures influence permeability but sampling subsurface fractures is difficult in 

vertical wells. Horizontal cores are special cases allowing fracture abundance, 

distribution, and aperture size populations to be measured. Four horizontal cores (41.5 m) 

in Cretaceous Frontier Formation, eastern Greater Green River Basin, Wyoming, sample 

litharenites to sublitharenites (average 87.4% quartz, 2.1% feldspar, 10.6% lithics) 

deposited in upper and lower shoreface marine environments. Low porosity (3-10%) 

results from compaction and quartz, calcite, and kaolinite cement. Younger north-striking 

Set 2 fractures cross cut older east-striking Set 1 fractures, and both are likely regional 

fractures predating local folding. Both sets contain quartz, calcite, and kaolinite cement 

with local remnant porosity. Fluid inclusion assemblage temperatures were sequenced 

using quartz crack-seal cement textures compared to thermal history, and indicate Set 1 

opened at 140-160
o
C during burial in Eocene time. Set 2 fractures opened at maximum 

burial, and continued to open during uplift from local basement-involved fold-fault. 

Subsequently some Set 1 fractures reactivated as faults. Fault-related kaolinite deposits 
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locally occlude fracture porosity. Extensive SEM-CL micro-imaging demonstrates that 

transgranular microfracture populations are rare. Although only 48% of macrofracture 

aperture sizes could be measured accurately, aperture size ranges appear to be narrow, 

with apertures of 0.62-1.75 mm. Spacing ranges from 0.01 mm to meters with moderate 

clustering. Lower macrofracture abundance in the upper shore face (2.39 fractures/m) 

compared to the lower shore face (4.12 fractures/m) corresponds to lower subcritical 

crack index (SCI) and fracture toughness of the upper shoreface. Upper shoreface 

sandstones have lower average SCI (46) and fracture toughness (1.6 Mpa√m) than lower 

shoreface sandstones (54 and 2.2 Mpa√m, respectively). Presence of crack-seal quartz in 

both sets, together with extremely sparse microfractures, indicates thin, sparse, 

intermittently-bridging synkinematic quartz likely provided insufficient within-fracture 

bonding to partition deformation into microfracture populations during fracture 

development. High initial gas production in these wells correlate with observations of 

persistent fracture porosity in fractures through burial and uplift, locally-large apertures, 

and extremely long regional fracture lengths (>500 m) in Frontier Formation outcrops. 

Results suggest that for the Frontier Formation in this setting, productive fractures are not 

necessarily localized near folds and faults. 
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CHAPTER 1: INTRODUCTION 

Fractures influence rock properties such as strength and permeability (National 

Research Council, 1996). In low-porosity (tight) sandstone oil and gas reservoirs, open 

fractures can act as pathways or storage for hydrocarbons and water (Nelson, 1985; 

Laubach, 1988; Lorenz et al., 1998; Solano et al., 2011), or conversely where they are 

sealed with cement they can act as barriers to fluid flow (Laubach, 2003). Knowledge of 

subsurface fracture attributes – particularly their size, spacing, and degree of mineral fill 

– could therefore be of great practical value in industrial practice, as well as providing 

insights into crustal behavior.  

Despite evidence that bed-to-bed or location-to-location variation in fracture 

attributes can have a profound effect on the economic success of tight-rock reservoir 

production (DeJarnett et al., 2001a; Laubach, 2003; Solano et al., 2011), information on 

subsurface fracture attributes is sparse and pre-drill attribute predictions are rarely used 

for development planning. The reason for sparse fracture information arises from the 

inherent problems of sampling subsurface fractures. Regional opening-mode fractures 

(i.e. joints, extension fractures, veins) typically have steep or near-vertical dips (Hancock, 

1985; Pollard and Aydin, 1988) and many industry wells are vertical. Additionally, 

wellbore diameters are typically much smaller than average fracture spacing (Narr, 1991) 

– retrieved cores are generally about 10 cm wide while spacing of large fractures 

encountered in horizontal cores can be tens of meters (Lorenz and Hill, 1994; DeJarnett 

et al., 2001a; Hooker et al., 2009). This means that fractures can readily be missed by 

vertical wells, limiting the number of fractures that could be intersected, and the 

confidence of attributes that can be measured.   
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Cores and geophysical well logs designed to detect fractures can provide valuable 

information about fractures where they encounter them (Hennings et al., 2012). However, 

the profound limits inherent in sampling mean that these tools cannot provide systematic 

documentation of fracture abundance distribution unless very large high-quality datasets 

(i.e. datasets through multiple wells or multiple horizons) are available and fairly closely 

spaced fractures exist at depth (Narr, 1991). Such extensive core and image log data 

rarely exists since cores are expensive and reducing well costs is generally a priority. 

Moreover, for accurate fracture permeability enhancement predictions, even large 

datasets may be inadequate. 

Modeling suggests that the continuity of open fracture space – in other words the 

connectivity (Long and Witherspoon, 1985) or the length distribution (Philip et al., 2005; 

Olson et al., 2009) – can have the greatest influence on the permeability enhancement 

provided by fractures. Yet these size attributes are amongst the most challenging to 

measure. 

Many strategies have been tested to overcome the problem of limited direct 

subsurface observations. Seismic methods can be used to investigate the inter-wellbore 

region, but while they commonly provide useful information on faults, seismic imaging 

lacks the resolution necessary to directly observe opening-mode fracture systems (Burnett 

et al., 2015). Where fractures are associated with faults or folds, indirect seismic 

indicators like curvature can be effectively used to infer fracture distribution (Hunt et al., 

2010). However, indiscriminate use of these indirect indicators can be misleading since 

important fracture arrays within folds may have formed before or after folding (Hennings 

et al., 2000; Marrett and Laubach, 2001; Iñigo et al., 2012) and attributes like average 

open fracture length can vary along individual faults (Laubach et al., 2014). Microseismic 



 

 

3 

data and tomographic imaging have potential (Geiser et al., 2012), since they sample the 

inter-wellbore region, but the relationship between these signals and fracture attributes is 

unclear, and typically these types of data are collected during later well stages such as 

hydraulic fracture treatments. Well tests and production logs can measure fracture-related 

behavior and may provide valuable information on fracture size and permeability 

(Hoffman and Narr, 2012) but they can only be measured post-drilling.  

Core that lacks macrofractures (fractures visible without magnification) may still 

contain microfractures, which are defined as fractures visible only under magnification 

and generally have lengths of millimeters or less and widths less than 0.1 mm (Anders et 

al., 2014). As discussed more fully below, microfractures, if present, can provide 

evidence of fracture orientation (Laubach, 1997), size distribution (Marrett et al., 1999), 

and relative timing of fracture sets (Laubach and Diaz-Tushman, 2009) even where large 

fractures have been missed by wellbores. This allows for inexpensive wireline sampling 

to be used to collect systematic proxy fracture data (Laubach and Gale, 2006; Hooker et 

al., 2014). However, as I demonstrate below, microfracture arrays have non-uniform 

distributions within basins and even within formations. Therefore insights into the causes 

and likely distributions of microfractures are essential for reliable use of these 

microstructures.  

In some cases, differences in fracture abundance and distribution correlate with 

differences in rock type and mechanical properties (Nelson, 1985; Corbett et al., 1987). 

These differences in fracture properties can be used to subdivide rock into domains based 

on observed fracture attributes, a concept called fracture stratigraphy (Laubach et al., 

2009). A related concept called mechanical stratigraphy involves subdividing rock based 

on mechanical properties that affect fracture growth, such as elastic stiffness, brittleness, 
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layer thickness, and fracture mechanical properties (Laubach et al., 2009). These 

mechanical properties are affected by diagenesis (cement precipitation) (Marin et al., 

1993; Dvorkin et al., 1994; Rijken et al., 2002; Shackleton et al., 2005), and the 

mechanical properties in turn affect the location and distribution of fracture occurrence 

(Philip et al., 2005; Olson, 2007; Olson et al., 2007, 2009). However, fracture and 

mechanical stratigraphy cannot be assumed to be the same. In instances where the 

fractures formed early on in the rock’s burial history, the rock likely experienced 

substantial cementation after fracture formation, which would alter the present-day 

mechanical properties (Laubach et al., 2009). Understanding the mechanical stratigraphy 

is crucial to creating a reliable fracture growth model (i.e. Pollard and Aydin, 1988; Bai 

et al., 2000; Olson, 2004). Therefore, one of the aspects that my research addresses below 

is describing the mechanical and fracture stratigraphy of my dataset. 

Statistical and geomechanical models (e.g. Mäkel, 2007; Olson et al., 2009), as 

well as their derivatives such as discrete fracture network models (DFN) (Cacas et al., 

1990; Sarda et al., 2002), provide insights into possible fracture attributes or in the case 

of DFN, the effects of fractures on fluid flow. But these models are more likely to be 

accurate and valuable if they use inputs specified to the particular subsurface location 

through predictions based on structural position, loading history, or rock type 

(mechanical stratigraphy). The value of such models is enhanced if the fracture 

distribution they generate can be compared to valid outcrop analogs where fracture 

lengths can be observed, and high quality core data sets where fracture aperture, spacing, 

and petrology information can be obtained. A valid outcrop analog is one that can be 

shown to contain fractures that are representative of the region of the subsurface for 

which it is supposed to be an analog (Laubach et al., 2009). Although my outcrop work 
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was restricted to observations of imagery (GoogleEarth) and assessment of previous 

outcrop studies, this previous work combined with my core observations shows that, at 

least to some extent, the outcrops I observed provide insight into subsurface fracture 

attributes. 

One of the greatest problems with the use of predictive statistical and 

geomechanical models and outcrop analogs is the almost complete lack of credible 

evidence for the age (or timing) of fracture formation. Without having some idea of when 

specific fractures formed in a given place, choosing which predictive model to apply is 

problematic and resulting extrapolations are uncertain. For example, a curvature strain 

model for fracture formation would not be used if independent timing information 

showed that fractures pre- or post-date folding. Structural geologists have long 

recognized that many loading paths might result in fracturing (i.e., Engelder, 1985) but 

structural evidence for timing has in the past been restricted to interpretation of fracture 

geometry (i.e. cross-cutting/abutting relationships, strike) (Hancock, 1985; Pollard and 

Aydin, 1988). As I describe below, a contribution of my study includes application of a 

recently-developed method to assess timing of fracture formation.  

Horizontal cores are special cases that overcome some of the subsurface fracture 

sampling problems and allow fracture aperture size populations and other fracture 

attributes to be measured. When combined with data from suitable outcrops, these 

horizontal core data sets are essential for understanding the role of fractures in subsurface 

fluid movement. The samples I used include core from two wells that were drilled at a 

low angle to bedding and at a high angle to near-vertical fractures. These ‘horizontal’ 

cores (actually inclined at 88
o
 from vertical (DeJarnett et al., 2001a)) were collected and 

briefly described in the late 1990’s but since then have mostly been unavailable for study.  



 

 

6 

Here I investigate these key samples from an economically-important formation using 

recently-developed concepts of mechanical and fracture stratigraphy, fracture size 

scaling, spacing distribution, and fracture petrology (for fracture timing) to shed light on 

fracture origins and the role of fractures in governing fluid flow in deeply-buried low-

porosity sandstones. 
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CHAPTER 2: SCOPE OF STUDY 

Over the past several decades the Greater Green River Basin (GGRB) in southwestern 

Wyoming (Figure 1) has been heavily explored for oil and gas potential (Crews et al., 

1973) and the Upper Cretaceous Frontier Formation, specifically the sandstone interval 

called the Second Frontier, has been a highly targeted reservoir (DeJarnett et al., 2001a). 

As such, many studies have focused on the Frontier Formation and how to better predict 

where it will be a good reservoir and why (i.e. Myers, 1977; Winn and Smithwick, 1980; 

Merewether et al., 1984; Winn et al., 1984; Dutton and Hamlin, 1991, 1992; Dutton, 

1993; Stonecipher and Diedrich 1993; Hamlin, 1996; Stonecipher, 2000; Kirschbaum & 

Mercier, 2013). Relevant basin development and stratigraphic studies pertaining to the 

Frontier Formation are discussed in Appendix A. The majority of the studies concerned 

with natural fractures have focused on the Frontier Formation located on the western side 

of the GGRB on the Moxa Arch (including the La Barge Platform and the 

Hogsback/Oyster Ridge) (Gas Research Institute, 1992; Laubach, 1992; Lorenz and 

Laubach, 1994; Dutton et al., 1995; Barber, 2010), and there have also been studies in the 

adjacent Green River Basin (Dutton et al., 1995; Harstad et al., 1996; DeJarnett and 

Calogero, 1997), to the east in the Table Rock Field between the Great Divide Basin and 

the Washakie Basin (Lorenz et al., 1998; Lorenz and Mroz, 1999; DeJarnett et al., 2001a) 

(Figure 1), and to the northeast in central Wyoming at locations near Casper and on Oil 

Mountain (Hennings et al., 2000; Barber, 2010) (locations Y and Z in Figure 2). These 

studies report the occurrence of fractures, their orientation, distribution, and, in a few 

cases, brief remarks on cement deposits within the fractures. Very little research has been 

reported on the rock mechanical properties of the Frontier Formation and there are no 

systematic studies of fracture sizes. While several outcrop studies include fracture trace 
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length size and distribution data, no studies of this formation include microfracture data 

or any aperture size scaling data, even though this type of data has been reported for 

many other tight-gas sandstones (Hooker et al., 2015). As I show, the patterns in parts of 

the Frontier Formation differ markedly from previously described examples. No in-depth 

studies of Frontier Formation fracture cements have been reported. As I show, the 

fracture cement deposits contain important and previously neglected information about 

fracture timing. A few papers describe the relative timing of the fracture sets (although 

none in any amount of detail), and none of the studies have gone further and determined 

the actual time of formation of the fracture sets, as has been done for fractures in the 

nearby Piceance Basin (Fall et al., 2015), the east Texas Basin (Becker et al., 2010). 

The data set for my study consists of four horizontal cores (totaling 41.5 m) of the 

Second Frontier Formation from the UPR Rock Island #4-H and Sidewinder #1-H wells. 

These wells were drilled in the eastern Greater Green River Basin, Wyoming in 1998. 

The wells are located east of the Rock Springs Uplift in the Washakie Basin (locations T 

and U in Figure 2). The two marine sandstones of the Second Bench of the Second 

Frontier were sampled by core, the overlying upper shoreface facies and the underlying 

lower shoreface facies. 

A central part of the data collection for my study was a comprehensive inventory 

of macroscopic and microscopic fractures (referred to here as macrofractures and 

microfractures, respectively) present in the core. I used several techniques to characterize 

the rock properties of the core, as well as the macro- and microfracture populations 

within the core. These approaches included fracture distribution and size-scaling analysis 

(i.e., Marrett et al., in preparation; Marrett et al., 1999), scanning electron microscope-

based cathodoluminescence (SEM-CL) imaging and cement texture mapping, 
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petrographic point counting for rock composition, fluid inclusion analysis, and dual 

torsion geomechanics testing. I compared this data to other results previously reported for 

the Frontier Formation throughout the Greater Green River Basin. 

 

 

Figure 1: Map of major tectonic features in southwestern Wyoming. The red shaded 

area marks the location of the Greater Green River Basin (GGRB). The blue 

faults mark major thrust faults bounding the GGRB. The green marks major 

features within the GGRB (based on Roehler, 1992; Lorenz, 1995; Lageson, 

1992; Kirschbaum and Roberts, 2005). The basin is currently in the 

Cordilleran extensional stress province, with maximum horizontal stress 

trending generally northwards, but the eastern part of the basin is near the 

margin of the Midcontinent compressional province (see Figure 3). 
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Figure 2: Map of study and well locations in southwestern Wyoming. The red shaded 

area marks the location of the Greater Green River Basin (GGRB). Study 

and well locations are marked by red dots: A = Bridger Gap, B = the 

Hogsback South, C = Scully’s Gap, D = Kemmerer, E = Oyster Ridge, F = 

Enron Hogsback #13-8, G = Holditch SFE #4, H = La Barge, I = Terra 

Anderson Canyon #13-8, J = Blue Forest, K = Wexpro Church Buttes #48, 

L = Wexpro Church Buttes #41, M = Stratos Federal #1-24, N = Blue Rim 

Federal #1-30 and #1-31, O = Flaming Gorge, P = Adobe Town #1, Q = 

Table Rock #115H, R = Table Rock #104, S = Government Union #4, T = 

Rock Island #4-H, U = Sidewinder #1-H, V = Sidewinder #2-H, W = 

Frewen Deep #4, X = Muddy Gap, Y = Oil Mountain, Z = Casper (based on 

Laubach et al., 1992; Harstad et al., 1996; Lorenz et al., 1998; DeJarnett et 

al., 2001a, 2001b, Dutton and Hamlin, 1992; Roehler, 1992; Roberts et al., 

2005; Kirschbaum and Roberts, 2005; Barber, 2010; GoogleEarth). 



 

 

11 

I analyzed the Frontier Formation composition by petrographic point-counting 

and the rock mechanical properties by laboratory tests, which I compared with Frontier 

Formation data collected at other locations.  

In agreement with previously published accounts, I found two fracture sets based 

on preferred orientation: one was a generally east-west oriented set and the other a north-

south oriented set, and both were dipping at high angles to bedding. I determined relative 

timing of the two fracture sets based on cross cutting and abutting relationships observed 

in core and in thin section. I used fluid inclusion analysis of fluid inclusion assemblages 

(FIAs) (phases that were trapped within cements during fracture opening) to determine 

precise temperatures during fracture formation. I used this temperature information along 

with a burial history plot from that basin to determine the timing of fracture formation. I 

also used SEM-CL images of crack-seal texture in quartz fracture cement to reconstruct 

the crack-seal increments within the quartz bridges. I used this information to determine 

how many stages of opening occurred during cementation and the sequence of fluid-

inclusion temperatures. These results constrain the timing and diagenetic conditions 

under which fractures grew and show where, and how much, quartz was precipitating in 

fractures as they grew.  

The macrofracture sizes (kinematic apertures) and distributions I measured 

resemble those described from other tight-gas sandstones. However, the microfracture 

populations I documented are extremely sparse and deviate markedly in size distributions 

from those in other, equally deeply-buried fractured sandstones where microfractures are 

more prevalent (Hooker et al., 2015), including those in at least one other Frontier 

Formation core from the Green River Basin.  
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My research tests the hypothesis (Hooker et al., 2012) that where fracture growth 

and cement precipitation happen at the same time, the fracture size distribution can be 

affected. Hooker et al. (2012; 2013; 2015; Laubach et al., 2014) postulate that where 

extensive quartz deposits bridge fractures during growth, some deformation is partitioned 

into the host rock as new microfractures, whereas if minor (or no) quartz cement deposits 

bridge fractures during growth (referred to as quartz bridges), all deformation is 

accommodated by widening existing macroscopic fractures (resulting in very few 

microfractures). I observed quartz cement bridges within crack-seal texture in the 

Frontier Formation fractures, which could imply that synkinematic fracture cement 

deposits are extensive. This would indicate that microfractures should be present, 

possibly in power-law size distributions, but this is not what I observe. In the Discussion, 

I explore how existing concepts need to be modified to accommodate my observations. 

Finally, following the procedure outlined in Olson et al. (2010), I combined 

fracture size, timing, and cement observations, rock property measurements and 

geomechanical modeling results, and fracture trace lengths observations from pre-

existing fracture maps and my measurements using GoogleEarth to estimate natural 

fracture permeability enhancements. I made a qualitative comparison of these results to 

production outcomes from the wells I studied. 
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CHAPTER 3: GEOLOGIC SETTING 

3.1 Geologic History 

3.1.1 WYOMING MESOZOIC AND CENOZOIC TECTONIC HISTORY 

Two main episodes of shortening, the Sevier and Laramide orogenies, created 

thrust faults and folds in Wyoming. Sevier and Laramide deformation was caused by 

plate collision to the west (Brown, 1988). The deformation from these collisions moved 

through Wyoming from west to east (Armstrong and Oriel, 1965; Royse et al., 1975). The 

Sevier orogeny consisted mainly of thin-skinned thrust faults and folds with compression 

generally oriented parallel to the dominantly east-verging movement (Cross, 1986; 

Craddock and van der Pluijm, 1999). The Laramide orogeny consisted of thick-skinned 

thrust faults and folds oriented perpendicular to the dominantly north- to northeast-

trending compression, and caused reactivation of many pre-existing features (Brown, 

1988; Craddock and van der Pluijm, 1999; Fan and Carrapa, 2014). 

The first episode was the Sevier orogeny, which occurred from latest Jurassic into 

early Late Cretaceous (Armstrong, 1968). It was caused by the North American plate 

(moving northwest) colliding with the Farallon plate (moving northeast), and this 

collision created east-verging thrust belts in the foreland (Armstrong and Oriel, 1965; 

Royse et al., 1975). The very latest Sevier movements overlap with Frontier Formation 

deposition during Cenomanian through Turonian time, as well as with occurrence of the 

Cretaceous Western Interior Seaway, which was present during Mid Cretaceous time 

(Kauffman, 1977; Nicholls and Russell, 1990). 

The second period of shortening was the Laramide orogeny, which occurred from 

latest Cretaceous (Campanian) through Eocene time (Brown, 1988) and corresponds to 

the timing of the burial of the Frontier Formation. This orogeny was caused by the 
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collision of the North American plate (moving roughly west) with the Farallon plate 

(moving northeast), and the collision was characterized by the rotation of the North 

American plate and faster collision movement between the plates (Coney, 1978; Jurdy, 

1984). This faster collision resulted in the flattening of the subduction zone, which 

caused heat flow to shift eastward and move to the Wyoming foreland (Bird, 1984). Two 

main periods of Laramide movement are defined by Fan and Carrapa (2014) – a first 

stage of uplift during the early Maastrichtian through early Paleocene time, and a second 

stage of uplift during the late Paleocene through early Eocene. The first state is associated 

deformation from the flat slab subduction, and the second stage shows an increase in 

uplift that could be associated with rollback and delamination of the Farallon slab (Fan 

and Carrapa, 2014). This two stage Laramide deformation history is consistent  with 

other interpretations by Gries (1983) and Chapin and Cather (1983). The maximum 

shortening, and most likely the direction of maximum compressive stress, during this 

period was oriented to N40
o
E. The Laramide shortening created dominantly northwest-

trending thick-skinned structures in the foreland with some secondary structures trending 

east, northeast, and north (Brown, 1988). 
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Figure 3: (a) Stress map showing orientation of maximum horizontal compressive 

stress (Shmax) (Heidbach et al., 2008). (b) Stress provinces of the United 

States. Arrows represent direction of maximum horizontal compressive 

stress (Shmax) where pointing together, and direction of minimum horizontal 

compressive stress (Shmin) where pointing away from each other (Zoback 

and Zoback, 1980). 

Western Wyoming and the Greater Green River Basin straddle the boundary 

between the modern Cordilleran extensional province, where maximum horizontal stress 

(SHmax) trends north, and the mid-continent compressional province, where SHmax trends 

east-northeastward (Figure 3) (Zoback and Zoback, 1989a, 1989b; Heidbach et al., 

2008). Previous philosophy on the relation of fracture aperture and maximum horizontal 

stress stated that when fractures become misaligned with SHmax, they will close due to 

the large compressive stress oriented perpendicular to strike (Queen and Rizer, 1990; 

Heffer and Lean, 1993; Gaiser, 2003; Teufel et al., 1991; Crampin, 1987; Crampin and 

a) b) 
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Lovell, 1991). While this is sometimes the case (Heffer and Lean, 1993; Teufel et al., 

1991), there is evidence that fractures can stay open even when SHmax shifts, causing the 

fractures to become misaligned (Laubach et al., 2004a; Wilkins et al., 2014). This is seen 

in the Frewen Deep #4 well, where the petal fractures strike east-west and there are open 

fractures striking southeast (Lorenz et al., 1998), and in the Government Union #4 well 

there are open fractures oriented east-west even though the petal fractures indicate 

maximum horizontal stress oriented north-south (Lorenz et al., 2005). Reliable indicators 

of present-day SHmax direction include petal and petal centerline fractures (fractures 

created during drilling) and hydraulic fractures (Zoback and Zoback, 1980, 1989a, 1989b; 

Lorenz et al., 1998; Kulander et al., 1977; Dean and Overbey, 1980; Ganga Rao et al., 

1979) (fractures created during stimulation). 

3.1.2 GREATER GREEN RIVER BASIN STRUCTURE 

The Greater Green River Basin (GGRB) is bounded by the Idaho-Wyoming 

Thrust Belt to the west, the Wind River Mountains and reverse fault to the 

north/northeast, and the Uinta Mountains and associated faults to the south. The Idaho-

Wyoming Thrust Belt comprises north-trending folds and east-vergent imbricate thin-

skinned thrust faults that developed from west to east (Armstrong and Oriel, 1965; Royse 

et al., 1975; Grubbs and Van der Voo, 1976; Wiltschko and Dorr, 1983; Delphia and 

Bombolakis, 1988). The Wind River Mountains (a northwest-trending anticline bounded 

to the south by a major thrust fault) and Uinta Mountains (an asymmetric east-trending 

anticline bounded to the north by the low-angle North Flank thrust fault) are thick-

skinned uplifts (Berg, 1961; Gries, 1983; West, 1993). Within the GGRB is the Green 

River Basin, a large foreland basin formed during the Late Cretaceous-Early Tertiary 

Laramide orogeny.  The Green River Basin is located between the Moxa Arch, a south-
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plunging thick-skinned intrabasinal anticline created by the low-angle Moxa Thrust, east 

of the Thrust Belt (Kraig et al., 1987; Wach, 1977) and the Rock Springs Uplift, a north-

trending asymmetric anticline with a steeper western limb (Roehler et al., 1977; 

Breithaupt, 1982).  The Frontier Formation outcrops found at the Moxa Arch are exposed 

in the limbs of the Lazeart Syncline, a fault-bend fold created by the eastward movement 

of the Darby Thrust (Delphia and Bombolakis, 1988). Uplift of the Moxa Arch mostly 

postdated the Frontier Formation deposition (Thomaidis, 1973; Wach, 1977).  The Moxa 

Arch was formed by progressive movement on the underlying Absaroka Thrust, which 

created an asymmetric east-facing syncline with a steeply-dipping western limb and a 

more gently-dipping eastern limb (Delphia and Bombolakis, 1988). 

3.1.3 CRETACEOUS FRONTIER FORMATION 

During the time of Frontier Formation deposition, the Greater Green River Basin 

was part of the Western Interior Seaway (Nicholls and Russell, 1990; Kauffman, 1977) 

(Figure 4). The Seaway formed primarily due to loading associated with foreland thrust 

belt development in the North American Cordillera (Jordan, 1981). Loading and 

sedimentation coming from the belt influenced the shape, movement history, and 

depositional patterns of the seaway (Jordan, 1981). 
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Figure 4: Map of the extent of the Western Interior Seaway during Late Cretaceous, 

when the Frontier Formation was being deposited. The diagram on the left 

represents the middle Turonian and the diagram on the right represents the 

late Cenomanian. Wyoming is marked in red (Colorado Plateau 

Geosystems, 2014). 

Frontier Formation Stratigraphy 

The Frontier Formation is composed of alternating marine and nonmarine 

sandstones and shales (Dutton et al., 1995; Dutton and Hamlin, 1992; Stonecipher and 

Diedrich, 1993). The Frontier Formation was deposited in an asymmetric foreland basin 

formed by thrust loading from the west (Goodell, 1962; Dutton, 1993; Hamlin, 1996; 

Willis et al., 1999; Bhattacharya and Willis, 2001; Gani and Bhattacharya, 2007) during 

early Late Cretaceous (Cenomanian to Turonian) (Merewether et al., 1984; Dutton et al., 

1995; Kirschbaum and Roberts, 2005). The sediments forming the Frontier originated 

from the Idaho-Wyoming Thrust Belt to the west (Schmitt et al., 1981; Goodell, 1962; 
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Obradovich and Cobban, 1975; Vakarelov and Bhattacharaya, 2009) and prograded 

eastward into the Western Intercontinental Seaway (Myers, 1977; Winn et al., 1984; 

Moslow and Tillman, 1986, 1989; Laubach, 1992; Stonecipher and Diedrich, 1993). The 

Frontier Formation is overlain by the marine Baxter (Hillard) Shale and underlain by the 

marine Mowry Shale (Dutton and Hamlin, 1992; Laubach, 1992; Dutton et al., 1995) 

(Figure 5). Present day depth to the Frontier Formation ranges from 1,800 to 4,500 m 

(6,000 to 15,000 ft) depth along the Moxa Arch, increasing in depth from north to south 

(Dutton and Hamlin, 1992; Dutton et al., 1993). The Frontier Formation can be at depths 

of over 4,800 m (16,000 ft) in the Green River Basin and over 7,300 m (24,000 ft) in the 

Washakie Basin (Figure 6). My study focuses on horizontal cores from approximately 

2,700 m (9,000 ft) depth in the Greater Green River Basin, located east of the Rock 

Springs Uplift (DeJarnett et al., 2001a). 

 

 

Figure 5: Stratigraphic column of the Frontier Formation. This shows the different 

formation names throughout the Greater Green River Basin. The Second 

Frontier and its equivalents are highlighted in yellow (modified from 

Kirshbaum and Roberts, 2005; Dutton et al, 1993). 
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Figure 6: Structure map of the top of the Frontier Formation in southwestern 

Wyoming. The thick red outline marks the boundaries of the Greater Green 

River Basin. The thin red lines are structure contours for the top of the 

Frontier Formation, marking depth in thousands of feet. The shaded colors 

within the GGRB denote maturity based on vitrinite reflectance. The Rock 

Springs Uplift is marked by the blue, low maturity area in the center of the 

GGRB, with the Green River Basin to the west and the Great Divide and 

Washakie Basins to the east (Kirschbaum and Roberts, 2005). 
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Unit Thickness 

The Frontier Formation can vary greatly in terms of thickness. On the Moxa Arch, 

the Frontier measures about 300 m (1,000 ft) thick on the northern side and thins to only 

about 30 m (100 ft) on the southern side (Dutton et al., 1995; Kirschbaum and Roberts, 

2005). The Second Frontier section echoes this trend and thins to the south due to both 

shortening from thrusting and erosional truncation (Dutton and Hamlin, 1992; 

Kirschbaum and Roberts, 2005). The Second Bench of the Second Frontier varies in 

thickness from 12 to 30 m (40 to 100 ft) thick (Dutton and Hamlin, 1991). The First, 

Third, and Fourth Frontier are discontinuous and only occur on the La Barge Platform 

(Dutton and Hamlin, 1991; Dutton et al., 1993). Within the Green River Basin, the 

Frontier ranges from approximately 45 to 275 m (150 to 900 ft) thick, and shows a 

pattern of substantial thickening to the west due to foredeep subsidence in front of thrust 

belt (Lorenz, 1995; Goodell, 1962) (Figure 7). 

 

 

Figure 7: Seismic cross-section running from west to east (left to right) through the 

Moxa Arch, the Green River Basin, the Rock Springs Uplift, and the 

Wamsutter Arch. The Frontier Formation is highlighted in green (Krystinik, 

2001). 
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Composition 

The Frontier Formation is composed of fine- to medium-grained sandstones, 

muddy sandstones, and sandy mudstones (Dutton et al., 1992). The sandstones are 

dominantly litharenites to sublitharenites, with an average composition of 64% quartz, 

6% feldspar, and 30% lithics (Dutton et al., 1992) (Figure 8). Quartz content ranges from 

26-89%, plagioclase feldspar from 0-55% (orthoclase feldspar is mostly absent), and 

lithic grains from 10-75% (Dutton and Hamlin, 1991). The formation is sandier on the 

west side of the basin (Goodell, 1962) which is due to the sediment being shed from 

erosion of uplifts to the west (Goodell, 1962; Obradovich and Cobban, 1975; Vakarelov 

and Bhattacharaya, 2009). The Frontier Formation consists of several thick sandstone 

sections, which are subdivided differently in the subsurface and in outcrop. In the 

subsurface, they are categorized as the First, Second, and Third and Fourth Frontier (in 

descending order). In outcrop to the west, the Frontier members are the Dry Hollow, 

Oyster Ridge, Allen Hollow, Coalville, and Chalk Creek members (Kirschbaum and 

Roberts, 2005; Hale, 1960; M’Gonigle et al., 1995). In outcrop to the northeast, the 

Frontier members are the Wall Creek, Emigrant Gap, and the Belle Fourche members 

(Kirschbaum and Roberts, 2005; Merewether, 1983; Mieras, 1993). This study focuses on 

the Second Frontier, which correlates to the Dry Hollow/Wall Creek and Oyster 

Ridge/Emigrant Gap members (Kirschbaum and Roberts, 2005; Merewether and Cobban, 

1986; Merewether, et al., 1984; Merewether, 1983) (Figure 5). 
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Figure 8: Ternary Q-F-R diagram showing the composition of the Second Frontier 

Formation. The pink circles show the composition of the fluvial First Bench 

of the Second Frontier. The blue circles show the composition of the marine 

Second Bench of the Second Frontier. The purple circles show the 

composition of the Rock Island #4-H core. The green circles show the 

composition of the Stratos Federal #1-24 core (modified from DeJarnett et 

al., 2001a, 2001b; DeJarnett and Calogero, 1997; Winn and Smithwick, 

1980; Dutton and Hamlin, 1991; Dutton, 1993). 

The Second Frontier can be divided up into two main sandstone benches: (1) the 

First Bench, composed of a fluvial and a tidally-influenced estuarine facies, and (2) the 

underlying marine Second Bench, composed of an upper shoreface sandstone and an 

underlying lower shoreface sandstone (Kirschbaum and Roberts, 2005; Dutton and 

Hamlin, 1991, 1992; Stonecipher and Diedrich 1993). The two channel systems of the 
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First Bench are wave-dominated delta or strand plain systems (Stonecipher and Diedrich 

1993), and the average composition of the First Bench is 58% quartz, 5% feldspar, and 

37% rock fragments (Dutton and Hamlin, 1991) (Figure 9). In the Second Bench, the 

overlying upper shoreface sandstone has an average composition of 68% quartz, 3% 

feldspar, and 29% rock fragments, and the underlying lower shoreface sandstone has an 

average composition of 70% quartz, 4% feldspar, and 26% rock fragments (Dutton and 

Hamlin, 1991) (Figure 10). 

 

 

Figure 9: Ternary Q-F-R diagram showing the composition of the fluvial First Bench 

of the Second Frontier (modified from Winn and Smithwick, 1980; Dutton 

and Hamlin, 1991). 
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Figure 10: Ternary Q-F-R diagram showing the composition of the marine Second 

Bench of the Second Frontier (modified from Winn and Smithwick, 1980; 

Dutton and Hamlin, 1991). 

Porosity and Permeability 

The Frontier Formation is characterized as a tight-gas sandstone reservoir (Dutton 

et al., 1993) since it has relatively low porosity and very low permeability. Overall the 

Frontier Formation exhibits porosities between 0-19%, with an average primary porosity 

of 1.8%, average secondary porosity of 4.6%, and estimated average microporosity of 6% 

(Dutton and Hamlin, 1991). The majority of depositional porosity was lost by mechanical 

and chemical compaction (Dutton and Hamlin, 1991). Cement precipitation is the most 

important control on porosity, especially calcite which shows a strong inverse 

relationship with porosity (for samples with more than 10% calcite) (Dutton and Hamlin, 

1991). Dutton and Hamlin (1992) also found that porosity did not correlate with depth. 

The southern end of the Moxa Arch did have more porosity than the northern end, but 
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this is due to the higher ductile lithic grain content to the north (Dutton and Hamlin, 

1992). The upper shoreface facies of the Second Bench has the highest porosity (average 

of 15.1%) compared with the fluvial First Bench and the lower shoreface facies of the 

Second Bench (average of 10% and 12.7%, respectively) (Dutton and Hamlin, 1991; 

Stonecipher and Diedrich, 1993). The upper shoreface facies lost the least amount of 

porosity from compaction, likely due to this facies having the highest quartz content 

(Dutton and Hamlin, 1991). The Frontier Formation has very low overall permeability, 

with values ranging from less than 0.1 to 10 mD (Laubach, 1992). The upper shoreface 

facies of the Second Bench has the highest permeability (average of 0.83 mD, 

unstressed), while the fluvial First Bench had an average of 0.39 mD (unstressed) and the 

lower shoreface facies of the Second Bench had an average 0.12 mD (unstressed) (Dutton 

and Hamlin, 1991; Stonecipher and Diedrich 1993). 

Diagenesis 

In the Frontier Formation, cements comprise up to 38% of the bulk rock 

sandstone volume (Dutton and Hamlin, 1992). In the fluvial First Bench cements make 

up an average of 15% of the total volume, and in the marine Second Bench they are 11% 

of the total volume (Dutton and Hamlin, 1991). The most abundant cements present in 

the Frontier are quartz, calcite, mixed-layer illite-smectite, and illite (Dutton and Hamlin, 

1991, 1992). Quartz is the most abundant cement, comprising up to 18% of the total bulk 

volume (Dutton and Hamlin, 1991, 1992). There is a strong correlation between quartz 

cement precipitation and depth (Figure 11), but there is no correlation between quartz 

cement and porosity (Dutton and Hamlin, 1992). More quartz cement has been 

precipitated in the deeper southern end of the Moxa Arch than in the shallower northern 

end (13% versus 5%, respectively) (Dutton and Hamlin, 1991, 1992). The amount of 
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calcite cement, however, does have a strong inverse relationship with porosity and is a 

main control on porosity (Dutton and Hamlin, 1992) (Figure 11). The highest amount of 

calcite cement is present in the lower shoreface facies (average of 11% of the total 

volume) with much less calcite cement present in the upper shoreface and fluvial facies 

(both of which have an average of 3% of the total volume) (Dutton and Hamlin, 1991). 

 

 

Figure 11: (a) Graph showing amount of quartz cement precipitation (%) versus depth 

(in 1000s ft). There is a strong correlation of increasing quartz cementation 

with increasing depth (Dutton and Hamlin, 1992). (b) Graph showing 

amount of calcite cement precipitation (%) versus porosity (%). There is a 

strong correlation of decreasing porosity with increasing calcite cementation 

(from Dutton and Hamlin, 1991). 

Reservoir Quality 

As of 2005, the Frontier Formation was being produced from 123 reservoirs in the 

Greater Green River Basin area (Kirschbaum and Roberts, 2005). Within the Frontier 

Formation on the Moxa Arch, the Second Frontier has the best reservoirs – the First 
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Bench is the best in the south, and the Second Bench is the best in the north (Dutton and 

Hamlin 1992). The fluvial and estuarine sections have better quality reservoirs than the 

marine sections, which is thought to be because the marine sands experienced more 

quartz cementation and the fluvial/estuarine sands experienced more calcite dissolution 

(Kirschbaum and Roberts, 2005; Winn et al., 1984). On the Moxa Arch, production has 

only been successful within a narrow area along the length of the crest (Stonecipher and 

Diedrich 1993). The hydrocarbons within the Frontier Formation likely migrated from the 

Baxter (Hillard) and Mowry Shales – if so, migration would have started around 43 Ma 

(Dutton and Hamlin 1992). The gas that has been produced is determined to be a primary 

product of the organic material, not from oil cracking (Dutton and Hamlin, 1992). The 

production histories for wells targeting the Frontier Formation are discussed below in 

Appendix A.1. 
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CHAPTER 4: METHODS 

The Rock Island #4-H and Sidewinder #1-H cores have extensive conventional 

rock type, facies, and fracture descriptions dating from the decade after core retrieval in 

1998 (DeJarnett et al., 2001a). The methods I applied partly overlapped and corroborated 

these earlier analyses. I characterized the core based on facies and composition. I 

identified and described fractures within the core using both whole core macroscopic 

observations (with handlens, digital handlens, and comparator) and thin section imaging. 

For both macro- and microfractures I measured orientation, aperture (width) using the 

Ortega et al. (2006) comparator, and spacing using tape measure. I described fracture 

cement fill and cross-cutting relationships at the handlens scale using a Celeron digital 

handlens. I performed geomechanics tests on samples to characterize the mechanical 

properties of the core using the procedure described by Holder et al. (2001) and Olson et 

al. (2009). 

Fracture aperture (opening displacement) was measured for fractures that intersect 

1-dimensional lines of observation (scanlines) both along the core and in thin section. 

Each scanline was oriented along the direction of the wellbore, which was oriented nearly 

orthogonal to fracture strike for one set and at a high angle to fracture planes (dip). I 

measured each fracture’s cumulative opening displacement (referred to here as kinematic 

aperture based on terminology in Marrett et al., 1999) and spacing (distance between 

consecutive fractures) at the points where the fractures intersect the scanline. Spacing 

observations were analyzed using the spatial scaling methods of Marrett et al. (in 

preparation). 

Fractures were divided into sets on the basis of orientation and relative timing 

marked by cross cutting and abutting relations using standard approaches (Hancock, 
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1985). Fracture cement fill was described where observed, and relative timing of the 

cements was determined based on overlapping relationships. I separated fractures into 

opening-mode and faults based on fracture wall displacement and (for faults) the 

presence of striations. 

Fracture data from outcrops was gathered mostly from literature on previous 

fracture studies on the Frontier Formation. I measured fracture trace lengths on five 

outcrops at two locations using Google Earth imagery. 

 

 

Figure 12: Diagrams showing how the sample is cut to create a contiguous strip of thin 

sections on which one long scanline can be drawn. (a) A strip of rock is cut 

from the sample and then notched on one side. (b) Shows the technique for 

notching the strip of rock one side and then breaking the rock at that notch. 

This is a useful technique because cutting the sample all the way through 

with a saw would destroy a section of the rock (Gomez and Laubach, 2006). 

a) b) 
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In order for thin section scanline data to comprehensively sample microfractures, 

it is necessary to create a long strip of rock over multiple contiguous thin sections. This is 

done by breaking the rock instead of sawing so that no rock would be lost between thin 

sections (Gomez and Laubach, 2006), allowing construction of a single long continuous 

microscopic scanline (Figure 12). I acquired images using a cathodoluminescence (CL) 

detector attached to a scanning electron microscope (SEM), referred to as SEM-CL 

imaging. At 150x magnification, a single SEM-CL image has an area of 0.45 mm
2
 and is 

0.77 mm wide; overlapping images compose mosaic strips extending the length of a thin 

section. Scanlines were drawn across each image strip and microfracture opening-

displacement sizes were measured at the point where they cross the scanline, which 

allows calculation of distances between points drawn on a Cartesian coordinate system 

overlain on the SEM-CL images (Gomez and Laubach, 2006). I imaged 32 thin sections 

from six sampled locations along the Rock Island and Sidewinder cores – three areas 

were sampled from the upper shoreface facies and three areas were sampled from the 

lower shoreface facies. I also described other thin sections that sampled specific 

macrofractures along the core that were collected by John Hooker. 

I described and point-counted three samples (400 points each) to determine the 

QFL composition (quartz, feldspar, and lithic fragments) of the two marine shoreface 

facies. Petrographic point counting was done using transmitted light microscopy and J 

Microvision software. 

I performed twelve tests on two samples in Department of Petroleum 

Engineering’s rock mechanics lab using a mechanical loading apparatus (Figure 13).  

Tests were performed for Young’s modulus and subcritical crack index. 
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Figure 13: Diagrams of the dual torsion apparatus used to perform geomechanical 

testing to get subcritical crack index and fracture toughness values. (a) 

Diagram looking at the top of the apparatus showing the sample wafer in 

blue under the loading column. (b) Diagram looking from the side at the 

apparatus. The sample is placed under the loading column with the notch 

facing upwards and centered under the load carriage (Barber, 2010; 

modified from Holder et al., 2001). 

  

a) 

b) 
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CHAPTER 5: RESULTS 

5.1 Horizontal and Vertical Core Dataset 

In 1998, Union Pacific Railway (UPR), in conjunction with the U.S. Department 

of Energy, drilled the Rock Island #4-H and Sidewinder #1-H wells in the eastern Greater 

Green River Basin. These wells were the primary object of my study. Several other wells 

were also cored and described in the late 1990’s, as were the Frontier Formation outcrops 

surrounding the basin. These previous observations are important context for my results, 

and detailed summaries are included in Appendix 1. 

5.1.1 ROCK ISLAND #4-H WELL 

The Rock Island #4-H well is located in the north Table Rock Field in Section 4, 

T19N-R97W, Sweetwater County, Wyoming (Krystinik and Lim, 1999; DeJarnett et al., 

2001a) (location T in Figure 2). It is located 1.5 miles east-northeast of the Government 

Union #4 well (Krystinik and Lim, 1999) and approximately 36 miles east of the eastern 

flank of the Rock Springs Uplift (DeJarnett et al., 2001a). 

As described in the Rock Island #4-H final well report, the target reservoir was 

the marine Second Bench of the Second Frontier Formation, which was chosen because it 

was expected to have cleaner sandstones than the fluvial First Bench (DeJarnett et al., 

2001a). Within this Second Bench, UPR expected to find over 12 m (40 ft) of net pay 

with an average of 9% porosity and 40-45% water saturation (DeJarnett et al., 2001a). 

The core sampled two marine Second Bench sandstones, a shallower upper to middle 

shoreface facies and a deeper middle to lower shoreface facies. These are both very-fine-

grained sublitharenites (Figure 14).  
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Figure 14: Ternary Q-F-R diagram showing the composition of the Frontier Formation. 

The purple circles show the composition of the Rock Island #4-H core. The 

green circles show the composition of the Stratos Federal #1-24 core 

(modified from DeJarnett et al., 2001a, 2001b; DeJarnett and Calogero, 

1997). 

The Rock Island #4-H well was one of the best tight-reservoir Frontier Formation 

gas producers at the time (Lorenz et al., 2005). Initial production started at 12 MMCFD 

and was an average of 14 MMCFD for first month, which was the highest production 

encountered in the Frontier Formation, (DeJarnett et al. 2001), declining to an average of 

6-7 MMCFD for first nine months (Lorenz et al., 2005). 

The Rock Island #4-H well orientation trends towards an azimuth of 035
o
 (Lim, 

1999). Macrofractures observed in the Rock Island #4-H core are dominantly oriented at 

a high-angle to well trend and are east-striking (80
o
 to 100

o
), and there is a secondary 

fracture set oriented sub-parallel to the well trend that is generally north-striking (0
o
 to 
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10
o
) (DeJarnett et al., 2001a). Fractures in both orientations were described as being 

partially to completely filled with quartz, calcite, kaolinite, and bitumen cements, and 

some of the fracture surfaces had slickenlines, indicating shear movement (Krystinik and 

Lim, 1999). 

5.1.2 SIDEWINDER #1-H WELL (DEJARNETT ET AL., 2001A) 

The Sidewinder #1-H and #2-H wells were drilled in a similar direction as the 

Rock Island #4-H well in 1999 as offsets of the Rock Island #4-H well and were intended 

to investigate a major northeast-striking oblique reverse fault located to the north of the 

Rock Island well. The Sidewinder #1-H well is located on the hanging wall, and the #2-H 

well is located to the southwest on the footwall.  Like the Rock Island, the Sidewinder 

#1-H well targeted the marine Second Bench of the Second Frontier Formation (locations 

U and V in Figure 2). 

 The Sidewinder Core #4 sampled the lower shoreface facies of the marine 

Second Bench from 4,864 to 4,883 m (15,959 to 16,019 ft) MD. The sandstone is very 

fine- to fine-grained sublitharenite and is composed of 87.1-91.8% quartz, 1.4-3.7% 

plagioclase feldspar (percents measured by weight). Clay content is between 6.8-9.6% 

(by weight), composed primarily of mixed layer illite/smectite with minor chlorite, mixed 

layer chlorite/smectite, and illite. 

The Sidewinder Core #4 has porosities between 9.3-11.7% (measured under 

approximated formation conditions of 7,000 psi). Most of the porosity is intragranular 

resulting from dissolution and microporosity within clays, with minor primary 

intergranular porosity. Core #4 has permeabilities that range from 0.017 to 0.046 mD 

under low pressure (1,000 psi) and 0.005 to 0.001 mD under high pressure (7,000 psi). 
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Figure 15: Diagram showing the well trajectory of the Rock Island #4-H well (green 

line) through the fluvial First Bench and the upper and lower marine facies 

of the marine Second Bench of the Frontier Formation. The Rock Island 

Cores #1 and #2 sampled the upper shoreface facies of the Second Bench 

(shown in pink). The Rock Island Core #3 and Sidewinder Core #4 sampled 

the lower shoreface facies of the Second Bench (shown in purple) (modified 

from DeJarnett et al., 2001a). 

5.2 Rock and Fracture Observations 

The Frontier Formation horizontal core used in this study is from the UPR Rock 

Island #4-H and Sidewinder #1-H wells, and includes four cores totaling a length of 41.5 

m (Figure 15). Cores #1-3 (totaling 24 m in length) came from the Rock Island #4-H 

well and Core #4 (17 m in length) came from the Sidewinder #1-H well. Core #1 sampled 

the Second Frontier Formation at 4,701.2-4,711.2 m (15,424-15,456.7 ft) MD, Core #2 at 

4,711.2-4,719.2 m (15,456.85-15,483 ft) MD, Core #3 at 4,855.8-4,861.9 m (15,931-

15,951.2 ft) MD, and Core #4 at 4,864.3-4,881.7 m (15,959-16,016 ft) MD. Cores #1 and 

#2 sampled the upper shoreface sandstone of the marine Second Bench of the Second 
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Frontier, and Cores #3 and #4 sampled the underlying lower shoreface sandstone of the 

Second Bench (DeJarnett et al., 2001a). 

5.2.1 SANDSTONE PETROGRAPHY 

Since sandstone composition can affect quartz accumulation and geomechanical 

properties, composition of the cores was documented by petrographic point counting. 

I analyzed sandstone composition using petrographic point counting on four thin 

section samples taken from the cores, two from the upper shoreface Core #1 and one 

from the lower shoreface Core #4. 400 point counts were described for each thin section. 

The composition for the upper shoreface facies was found to be 81-94% quartz, 0-6% 

feldspar, and 6-18% lithics, with an average composition of 87.9% quartz, 2.2% feldspar, 

and 9.9% lithics. The lower shoreface facies is composed of 79-93% quartz, 0-5% 

feldspar, 7-20% lithics, with an average composition of 86.8% quartz, 2% feldspar, and 

11.2% lithics. 

Porosity and permeability data was available from core plug analysis done on the 

Rock Island #4-H Cores #1-3 as part of the core description in the well report. Overall, 

the upper shoreface facies has higher porosity and permeability than the lower shoreface 

facies. Porosity ranges from 10.80 to 12.34% in the upper shoreface facies and from 8.47-

9.54% in the lower shoreface facies (Figure 16). Permeability ranges from 0.004 to 0.024 

mD in the upper shoreface facies and from 0.008 to 0.012 mD in the lower shoreface 

facies (Figure 16). 
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Figure 16: Porosity (%) vs. permeability (mD) graph contrasting the two facies in the 

Rock Island #4-H core. The upper shoreface facies tends to have higher 

porosities and permeabilities than the lower shoreface facies. 

For a comparison, data was contributed by Shirley Dutton that was used in her 

detailed 1993 study of the Frontier Formation in the western Greater Green River Basin. 

This data was collected from various wells throughout the Moxa Arch and east into the 

Green River Basin. The following compositional data was calculated from 204 samples 

of the Second Frontier Formation from 13 wells. Composition of the marine Second 

Bench sandstone of the Second Frontier Formation was somewhat higher in quartz and 

lower in lithics, with an average composition of 66.7% quartz, 4.2% feldspar, 29.1% rock 

fragments. Within the Second Bench, the upper shoreface facies had a lower quartz 

content and the lower shoreface facies had a higher quartz content than the average for 

the Second Frontier as a whole. Their average compositions were 65.8% quartz, 3.8% 
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feldspar, 30.3% rock fragments for the upper shoreface facies and 67.4% quartz, 4.3% 

feldspar, 28.3 % rock fragments for the lower shoreface facies. 

5.2.2 SANDSTONE GEOMECHANICAL PROPERTIES 

Fractures propagate as critical fracture growth when the amount of stress being 

applied overcomes the fracture toughness of the rock. During subcritical fracture growth, 

a fracture continues to grow under stress intensities that are less than fracture toughness 

but still above a threshold stress intensity factor known as the stress corrosion limit 

(Atkinson, 1984; Segall, 1984). The fracture is able to continue to grow subcritically due 

to stress concentration at the tips of the flaws, and it can continue to grow until this stress 

concentration falls below the lower stress limit (Evans, 1972). Subcritical crack index (n) 

values can influence fracture clustering, length, and spacing (Olson et al., 2001; Olson, 

1993; Renshaw and Pollard, 1994; Renshaw, 1996; Olson, 1997; Segall, 1984). 

Subcritical crack index values can be affected by differences in grain size, porosity, and 

mineralogy of the host rock (Holder et al., 2001; Olson et al., 2002; Rijken et al., 2002). 

For this study, I tested two samples for subcritical crack index and fracture 

toughness data using a dual torsion testing apparatus in the Petroleum Engineering 

Department’s geomechanics lab (Figure 13). Testing was run on two samples from the 

Rock Island #4-H and Sidewinder #1-H cores – Sample 1 from the upper shoreface facies 

(Rock Island #4-H core at 4,704.3 m (15,434 ft) depth), and Sample 2 from the lower 

shoreface facies (Sidewinder #1-H core at 4,858.2 m (15,939 ft) depth) of the Second 

Bench. Six tests were run on Sample 1, but due to sample breaking SCI values were only 

collected for three samples and fracture toughness values for four samples. Subcritical 

crack index values ranged between 37 and 52, with a mean average value of 46 (Table 

1). Fracture toughness values ranged between 1.4 and 1.8 Mpa√m, with a mean average 
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value of 1.6 Mpa√m (Table 1). Six tests were run on Sample 2, but due to sample 

breaking SCI values were only collected for 4 samples. Subcritical crack index values 

ranged between 36 and 68, with a mean average value of 54 (Table 2). Fracture 

toughness values ranged between 1.9 and 2.4 Mpa√m, with a mean average value of 2.2 

Mpa√m (Table 2). 

In his study of the Frontier Formation, Barber (2010) found that samples from 

Oyster Ridge (also called the Hogsback, and located on the western edge of the Green 

River Basin) had SCI values of 27 and 36 (determined from testing of two samples), and 

samples from Oil Mountain (located in central Wyoming, north of the GGRB) had 

subcritical crack indices of 67, 71, and 88 (determined form testing three samples). He 

also determined subcritical crack indices for Oil Mountain outcrops to be 2, 5, and 10, 

extremely low values that might indicate problems with the tests (Laubach, personal 

communication, 2015). Testing was also performed on a wide array of many different 

sandstones by Rijken (2005), who found that the average sandstone in ambient air had a 

subcritical crack index of 62. 

5.2.3 FRACTURE ATTRIBUTES 

I analyzed a total of 139 macrofractures from the horizontal cores, of which 43 

fractures were from the upper shoreface facies (Rock Island Cores #1 and #2) and 96 

were from the lower shoreface facies (Rock Island Core #3 and Sidewinder Core #4). 

Fractures that did not have any cement fill were discounted as being induced fractures 

that formed during drilling or core extraction. The presence of cement deposits is 

evidence that fractures formed at depth. Diagrams of the Rock Island #4-H and 

Sidewinder #1-H cores are shown in Figure 17. 
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Fracture Orientations, Abutting and Crossing Relations, and Faults 

Fracture sets and orientations 

I documented fracture orientation in the core to determine major fracture sets as 

well as relative timing of fracture formation. Following previous work on these cores and 

standard conventions, I defined a fracture set to include fractures that have a preferred 

orientation with a narrow strike range that can be separated from other sets by relative 

timing evidence in the form of crossing and abutting relations. I identified two sets of 

macrofractures present in both the upper shoreface and lower shoreface facies. One set is 

oriented east-west, and a second set is oriented north-south. Both have steep dips that are 

approximately normal to bedding. I designated the east-west oriented set as Set 1 and the 

north-south oriented set as Set 2. Evidence for crossing and abutting relations is described 

below. 
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Figure 17: Diagram of the Rock Island #4-H Cores #1-3 and the Sidewinder #1-H Core 

#4, shown as looking down on the top of the core with the core increasing in 

depth from left to right. The cores trend northeast at 35
o
. East-striking Set 1 

fractures are in pink, and north-striking Set 2 fractures are in blue. Sections 

of missing core are shown in grey. Areas sampled for SEM-CL scanlines are 

shaded in yellow. Blue stars mark the locations of the fluid inclusion 

samples. 
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The fractures in both the upper shoreface facies (Cores #1 and #2) and the lower 

shoreface facies (Cores #3 and #4) dominantly belong to the east-west set (Set 1) with a 

minor presence of the north-south set (Set 2) (Figure 18). A total of 127 east-striking Set 

1 fractures were analyzed, with 41 present in the upper shoreface and 86 present in the 

lower shoreface. A total of 12 north-striking Set 2 fractures were analyzed, with only 2 

present in the upper shoreface and 10 present in the lower shoreface. Almost all of the 

observed fractures have high-angle dips relative to the core. Both open fractures and 

cement-sealed fractures were observed and are oriented at both high and low angles to 

present day direction of maximum horizontal stress (SHmax) as defined by drilling 

induced petal fractures. Petal fractures were not observed in the Rock Island #4-H or 

Sidewinder #1-H wells, but they were observed in the nearby Government Union #4 well 

(location S in Figure 2) and indicated that SHmax is oriented north-northwest to south-

southeast (Figure 19) (DeJarnett et al., 2001a). 
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Figure 18: Fracture orientation rose diagrams for (a) the upper shoreface facies (Cores 

#1 and #2) and (b) the lower shoreface facies (Cores #3 and #4). Orientation 

data plotted as bidirectional with area scaling and class size of 20. The blue 

arrow represents the trend orientation of the cores. 

 

Figure 19: Fracture orientation rose diagrams for the Government Union #4 well 

(location S in Figure 2) that show (a) natural fracture orientations and (b) 

petal (drilling-induced) fracture orientations (from DeJarnett et al., 2001a). 

a) b) 

a) b) 
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Fracture abutting and crossing relations 

There are relatively few areas where the core captured cross-cutting and abutting 

relationships of the two fracture sets. I observed two examples of these relative timing 

relationships. At both locations, the fracture relationships indicate that the east-striking 

Set 1 fractures formed before the north-striking Set 2 fractures. 

 

   

Figure 20: Photographs of the cross cutting fractures at 4,878.4 m (16005.2 ft) depth 

using a digital handlens. (a) Looking at a cut face of the core, the north-

striking fracture (oriented diagonally across the image) intersects an east-

striking fracture in the top left corner. (b) Looking at the surface of the east-

striking fracture with quartz cement crystals, and the north-striking fracture 

is cutting through the east-striking fracture. 

One of these examples is located in the lower shoreface facies in Core #4 at 

4,878.4 m (16005.2 ft) depth. Here an east-striking fracture filled with quartz cement was 

observed to be cross cut by a north-striking fracture also filled with quartz cement. 

Figures 20a and 20b are digital handlens images showing that the north-striking fracture 

cuts through the east-striking fracture. The north-striking fracture had crystalline quartz 

a) b) 
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cement and a large amount of remnant fracture porosity. Based on the convention of 

relative timing fracture relationships, this scenario is evidence that the north-striking 

fractures formed after the east-striking fractures were already present in the rock (a 

simplified example is shown in Figure 22a). 

The second relative timing example is also in the lower shoreface facies in Core 

#3 at 4,857.1 m (15,935.5 ft) depth. At this location an east-striking fracture is present 

that is filled with bitumen and kaolinite cement. This fracture was broken during core 

retrieval, exposing the fracture surface, which also contains slip lineations indicating that 

this is a shear-reactivated fracture. A north-striking fracture filled with some bitumen 

cement is present on the up-core side of the east-striking fracture but is not present on the 

down-core side (Figure 21). These observations could fit either of two possible fracture 

interaction scenarios. In scenario 1, the east-striking fracture formed and was 

subsequently reactivated by shear movement, after which the north-striking fracture 

formed, abutting and terminating into the east-striking fracture (an example is shown in 

Figure 22b). In scenario 2, the north-striking fracture abutted and terminated into an 

existing east-striking fracture, after which shear reactivation of the east-striking fracture 

displaced the other end of the north-striking fracture out of view of the core (an example 

is shown in Figure 22c). In both of these scenarios, the east-striking fracture predates the 

north-striking fracture. However, scenario 2 offers insight as to the timing of the shear 

reactivation relative to the formation of the north-striking fracture. 
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Figure 21: Photograph of intersecting fractures at 4,857.1 m (15,935.5 ft) depth. A 

north-striking fracture is intersecting an east-striking fracture. Photograph is 

looking down on the top of the Rock Island #4-H Core #3. The core is 

oriented with shallower core to the left and deeper core to the right. North is 

indicated by arrow. 

If the north-striking fracture had intersected a very large east-striking fracture 

with substantial amounts of clay cement fill (or other cement fill that has weaker 

mechanical properties than the sandstone host rock) or open porosity, it would be quite 

likely that the north-striking fracture would not have enough energy to cross that fracture 

and the stress would therefore likely dissipate along the weaker east-striking fracture 

interface and the north-striking fracture would terminate. However, the east-striking 

fracture at this location was not very large and did not have evidence of substantial 

cement deposits, which makes scenario 2 the most likely correct interpretation. Using this 
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assumption, the shear reactivation of the east-striking fracture postdated the formation of 

the north-striking fracture. 

 

 

Figure 22: Diagrammatic examples of cross-cutting and abutting relationships that are 

evidence for relative timing of fracture formation. (a) Younger fracture 

(blue) cross cuts an older fracture (pink). (b) Younger fracture abuts and 

terminates into an older fracture. (c) Younger fracture cross cuts an older 

fracture, after which the older fracture is reactivated by shear, displacing the 

younger fracture. 

Faults 

I observed slip lineations on 22 east-striking Set 1 fracture surfaces, 11 from the 

upper shoreface facies and 11 from the lower shoreface facies. No shear indicators were 

observed on north-striking Set 2 fractures. These slip lineations (striations) are evidence 

of shear reactivation along the east-striking fractures. Slip indicators imply that sufficient 

shear stress was resolved on the east-striking fractures to reactivate them such that the 

fractures experienced slip. The lineations indicated that the reactivation caused strike-slip 

to oblique-slip movement. 

As mentioned above, there is one location where there is an uncertain example of 

the potential relative timing relationship of the reactivation. With the assumptions made 

a) b) c) 
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above, this pattern can be taken as evidence that the compression and fracture 

reactivation occurred after the formation of the north-striking Set 2 fractures. Based on 

observations of fractures at 4,880.6 m (16,012.4 ft) depth in Core #4, the compressional 

reactivation movement would have been oriented east-west (Figure 23). 

 

 

Figure 23: Photograph of east-striking fractures that have experienced east-west 

compression. Picture is taken on surface of slabbed core at 4,880.6 m 

(16,012.4 ft) depth (Sidewinder Core #4) looking down on the top of core. 

Fracture Cements 

Four types of fracture-filling cements were observed in the Rock Island #4-H and 

Sidewinder #1-H core macrofractures. These include crystalline quartz cement, a black 

deposit that petrography suggests is likely bitumen, calcite, and kaolinite (Figure 24). 
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Figure 24 

e) 

c) d) 

a) b) 
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Figure 24: Photographs of cement deposits on fracture surfaces from the Rock Island 

#4-H core. (a) Bitumen cement completely filling the fracture; the sample 

also has slip lineations (from 4,713.6 m or 15,464.7 ft). (b) Patchy kaolinite 

cement overlying bitumen cement, indicating the kaolinite is younger; 

sample also shows slip lineations (from 4,715.9 m or 15,472.0 ft). (c) 

Kaolinite cement overlying crystalline quartz cement, indicating the 

kaolinite cement precipitated after the quartz cement (from 4,716.8 m or 

15,474.95 ft). (d) Calcite cement on top of quartz cement, partially filling 

the fracture, indicating that the calcite cement precipitated after the quartz 

cement; sample also shows slip lineations (from 4,714.7 m or 15,468.1 ft). 

(e) Crystalline quartz cement filling the fracture (from 4,718.5 m or 

15,480.5 ft). 

  



 

 

53 

The quartz, calcite, and kaolinite cements were observed in both sets of fractures 

in both facies; the bitumen cement was observed in only the east-striking Set 1 fractures. 

Based on observation of overlapping textures on the fracture surfaces, the crystalline 

quartz cement precipitated first and the bitumen, calcite, and kaolinite cements 

precipitated afterwards. It is likely that the kaolinite cement postdates the precipitation of 

the bitumen and calcite cements, but the overlap relationships are ambiguous.  

Quartz cement locally spans fractures of both Set 1 and Set 2 creating isolated 

deposits called quartz bridges. Under SEM-CL imaging these bridges exhibit crack-seal 

texture, indicating that quartz was precipitating concurrently with fracture opening. Some 

fractures in both sets are observed to only have quartz cement as well as open remnant 

porosity (Figure 25). This shows that open porosity is preserved in both sets, even 

though both are oriented obliquely to perpendicular to the current SHmax direction.  

Many of the wider fractures are quartz-lined with overlying bitumen, calcite 

and/or kaolinite cements. Quartz cement is present in the majority of the observed 

macrofractures as crystalline cement lining along the fracture walls.  

The bitumen cement observed is only present in minor and patchy distributions, 

with the exception of few shear reactivated fractures observed in the upper shoreface that 

have abundant bitumen cement within the fracture. The calcite cement is only present in 

patchy distributions and is not very abundant. 

Kaolinite cement is observed to be more abundant in the filling of irregular voids 

within the reactivated east-striking fractures. There are a minor amount of fractures 

present that have only kaolinite cement fill with no quartz cement. One fracture (north-

striking) is completely filled with kaolinite cement and lacks other cement types. The 
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fracture is intact with a width of 0.5 mm. Two other fractures (east-striking) were 

observed to have only kaolinite cement, but the kaolinite is only present in small patches. 

These fractures are in sandstones having identical composition to those containing 

fractures with quartz deposits, so these kaolinite-only fractures having Set 1 orientations 

could have formed at a different time than those containing quartz. Since kaolinite 

overlaps quartz in fractures containing both phases, the relations imply that the kaolinite-

only fractures formed later than those containing quartz and kaolinite. 

Synkinematic quartz cement 

Crack-seal textures form in cement deposits that are forming concurrently with 

fracture opening. These are synkinematic deposits. Such deposits can reveal evidence of 

fracture timing, and the deposits can interfere with fracture opening, so I describe these 

deposits in more detail here. Quartz typically continues to grow after fracture opening 

ceases, if there is space for such deposits (Lander and Laubach, 2015). Such post-

kinematic deposits overlap deposits containing fluid inclusions and are typically clear of 

fluid inclusions. 

I observed quartz cement bridges and open remnant fracture porosity within both 

east-striking Set 1 and north-striking Set 2 fractures. Several of these quartz bridges 

exhibit crack-seal texture, which is an indication that the quartz cement was actively 

precipitating during fracture opening (synkinematically deposited). I review the literature 

on synkinematic quartz bridging cement and crack-seal texture in Appendix B. 

Fluid inclusion assemblages exist on boundaries of crack-seal increment cement 

deposits. Previous work suggests that each fluid-inclusion assemblage is trapped by 

cement growing laterally from fracture walls toward the local medial line of the fracture 

(Laubach et al., 2004b). Using transmitted light microscopy, the trails of these 
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assemblages can be seen, and differentiated from clear overgrowth quartz cement. In the 

fractures lined with only quartz cement, abundant quartz bridging is observed. However, 

most of this quartz cement is post-kinematic overgrowth and lateral cement – only 

approximately 25-50% of the quartz bridge cements exhibit crack-seal texture (e.g. 

Figure 25). The areas having fluid inclusions and thus synkinematic quartz within these 

bridges is commonly narrow, in some instances making up less than half of the bridging 

cement (measured parallel to the fracture wall). The small areas of synkinematic quartz 

cement compared to the larger areas of later overlapping quartz cement is evident in the 

narrow areas having crack-seal texture, highlighted in red in Figure 25.  

This pattern of overlap quartz cement deposits suggests that for both fracture sets, 

after fractures ceased opening and no more crack-seal texture was formed, quartz 

continued to accumulate in relict pore space within fractures and around existing bridges. 

The larger volumes of post-fracture quartz in Set 1 compared to Set 2 is compatible with 

the Set 1 then Set 2 relative time sequence for these fractures inferred from cross-cutting 

relations. 
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Figure 25: Transmitted-light microscope image of a fracture lined with quartz cement 

and quartz bridges. Areas having crack-seal textures are highlighted in red. 

Blue is porosity. Fracture is from the Rock Island #4-H Core #3 at 4,856.7 

m (15,933.9 ft) depth in the lower shoreface facies. 
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Fluid Inclusion Analysis 

A fluid inclusion is defined as an inclusion that trapped a fluid during formation, 

whether or not that substance is still a liquid at laboratory conditions (Bodnar, 2003). 

Primary fluid inclusions are inclusions that formed during crystal growth, when the phase 

is trapped in irregularities on the crystal surface (Bodnar, 2003). Secondary inclusions 

form after crystal growth, and usually form when fracturing occurs and the phase can be 

trapped within cements as the fracture heals (Bodnar, 2003). Microthermometric analysis 

of fluid inclusions is a way to determine the temperature during the inclusion entrapment, 

which provides information on thermal history of events such as fracture formation (Fall 

et al., 2008, 2009; Roedder, 1984; Goldstein and Reynolds, 1994; Bodnar, 2003). With 

modern equipment, homogenization temperature of these inclusions can be measured 

with 0.1
o
C reproducibility (Fall et al., 2008, 2009). 

The process of fluid inclusion microthermometry is described in detail by 

Goldstein and Reynolds (1994). For two-phase inclusions that contain a bubble at room 

temperature, fluid inclusion homogenization temperatures are determined by heating the 

inclusion until the bubble disappears. In fluid inclusions that are composed of pure water, 

when the sample is cooled back down after heating, the bubble in the inclusion will 

appear at a much lower temperature than the temperature at which it disappeared. In fluid 

inclusions that have a gas dissolved within the fluid, the bubble will appear at the same 

temperature at which it disappeared. In this situation, the homogenization temperature 

can then be interpreted to also be the trapping temperature. Salinity of the fluid inclusion 

is determined based on the depression of the melting temperature from that of pure water. 

A correlation between melting temperature depression and salinity was determined by 

Bodnar (1993) (Table 3). 
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Fluid inclusion analysis was performed on four quartz bridges from two east-

striking fractures (Fractures 1 and 2) and three bridges from one north-striking fracture 

(Fracture 3) located in the lower shoreface facies of the marine Second Bench. Fracture 1 

is located at 4,856.7 m (15,933.9 ft) MD in the Rock Island Core #3 (Figure 26). 

Fracture 2 is located at 4,876.0 m (15,997.5 ft) MD in the Sidewinder Core #4 (Figure 

27). Fracture 3 is located at 4,878.4 m (16,005.2 ft) MD in the Sidewinder Core #4 

(Figure 28). 

 



 

 

59 

 

Figure 26: Transmitted-light microscope image of a fracture (Fracture 1) with quartz 

bridges at 4,856.7 m (15,933.9 ft) depth in Rock Island #4-H Core #3. The 

three quartz bridges with crack-seal texture shown above (Bridges 1-3) were 

chosen for fluid inclusion analysis. This is an east-striking Set 1 fracture. 
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Figure 27: Transmitted-light microscope imaging of a fracture (Fracture 2) with quartz 

bridges at 4,876.0 m (15,997.5 ft) depth in Sidewinder #1-H Core #4. The 

quartz bridge with crack-seal texture shown above (Bridge 4) was chosen 

for fluid inclusion analysis. This is an east-striking Set 1 fracture. 
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Figure 28: Transmitted-light microscope imaging of a fracture (Fracture 3) with quartz 

bridges at 4,878.4 m (16,005.2 ft) depth in Sidewinder #1-H Core #4. The 

three quartz bridges with crack-seal texture shown above (Bridges 5-7) were 

chosen for fluid inclusion analysis. This is a north-striking Set 2 fracture. 



 

 

62 

The fluid inclusions in the east-striking Set 1 fractures have homogenization 

temperatures ranging from 142.5 to 165.5
o
C (Figures 29 and 30). During the process of 

obtaining the homogenization temperatures, the vapor bubbles inside of these fluid 

inclusions were observed to appear at the same temperature at which they disappeared. 

As mentioned above, this observation indicates that these fluid inclusions are interpreted 

to have gas dissolved in them, and therefore the homogenization temperatures are 

determined to also be the trapping temperatures (the temperature at which the phases 

were trapped in the inclusions). The method of fluid inclusion analysis used does not 

allow for determining the composition of the dissolved gas. Bridge 1 has 11 distinct fluid 

inclusion assemblages, Bridge 2 has 5 assemblages, Bridge 3 has 11 assemblages, and 

Bridge 4 has 11 assemblages. Each assemblage corresponds to an incident of fracture 

widening. The fluid inclusions have depressed melting temperatures (temperature at 

which all the ice in the fluid inclusion melted after it was frozen) of -4 to -5
o
C. Based on 

the salinity equivalent chart (Table 3), these depressed melting temperatures correspond 

to 6.45-7.86 wt% salinity. In these Set 1 fracture bridges, the majority of the quartz 

cement in the bridges is post-kinematic lateral growth cement. The sections of the bridges 

that contain fluid inclusion assemblages are very narrow (approximately 30 to 100 

microns wide). 
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Figure 29: Transmitted-light microscope images of Bridges 1, 2, and 3 (from left to 

right) in the east-striking fracture at 4,856.7 m (15,933.9 ft) depth with fluid 

inclusion assemblages marked with yellow lines and labeled with their 

corresponding fluid inclusion trapping temperatures. The left image shows 

Bridge 1 and the right image shows Bridges 2 and 3 (from left to right). 
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Figure 30: Transmitted-light microscope images of Bridge 4 in the east-striking 

fracture at 4,876.0 m (15,997.5 ft) depth with fluid inclusion assemblages 

marked with yellow lines and labeled with their corresponding fluid 

inclusion trapping temperatures. 

The fluid inclusions in the north-striking Set 2 fractures have homogenization 

temperatures ranging from 142.5 to 163.5
o
C (Figure 31). These temperatures are 

interpreted to also be the trapping temperatures since these fluid inclusions have gas 

dissolved in them as well. Bridge 5 has 11 distinct fluid inclusion assemblages, Bridge 6 

has 2 assemblages, and Bridge 7 has 10 assemblages. These fluid inclusions have the 

same depressed melting temperatures as the fluid inclusions in the east-striking fractures, 
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indicating that these inclusions also have salinities of 6.45-7.86 wt%. In these Set 2 

fracture bridges, there is a much larger proportion of cement that contains fluid inclusions 

versus lateral growth cement. The sections of the bridges that contain fluid inclusion 

assemblages are still generally narrow (approximately 50 to 200 microns wide), but less 

post-kinematic quartz cement growth precipitated in these fractures. 
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Figure 31: Transmitted-light microscope image of Bridges 5, 6 and 7 in the north-

striking fracture at 4,878.4 m (16,005.2 ft) depth with fluid inclusion 

assemblages marked with yellow lines and labeled with their corresponding 

fluid inclusion trapping temperatures. 

Comparison with thermal history 

For the east-striking Set 1 fractures, the fluid inclusions formed in an environment 

of temperatures of approximately 143-166
o
C. The crack-seal increments generally 

increase in width towards the edges of the fractures, signifying that the quartz cement in 
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the center of the fractures is younger than the quartz cement towards the edges of the 

fractures (Figures 32 and 33). In other words, since quartz accumulates continuously on 

the sides of the bridge during crack seal, younger fractures of the bridge have to cut 

across a wider bridge and thus have longer traces parallel to the fracture wall (Laubach et 

al., 2004b). Combining the observed sequence of the crack-seal with the corresponding 

fluid inclusion assemblage temperatures, this information indicates that trapping 

temperature generally increased as the fracture opened. If the gradual temperature 

changes recorded by the assemblages is due to the burial-induced thermal history of the 

rocks, as assumed by Becker et al. (2010) and Fall et al. (2015) for similar structures in 

other basins, then the gradual temperature increase for the east-striking fractures is likely 

due the fractures forming during burial of the Frontier Formation. 
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Figure 32: Diagram of fluid inclusion analysis performed on Bridge 1, east-striking set. 

The left image shows a TL image of the bridge with fluid inclusion 

assemblages marked with yellow lines and labeled with their corresponding 

fluid inclusion trapping temperatures. The right image shows a SEM-CL 

image of the bridge with increments of crack seal highlighted. The 

increments are labeled from youngest (1) to oldest (4). Assemblage 

sequences show that fracture quartz was deposited at progressively higher 

temperatures. 
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Figure 33: Diagram of fluid inclusion analysis performed on Bridge 3, east-striking set. 

The left image shows a TL image of the bridge with fluid inclusion 

assemblages marked with yellow lines and labeled with their corresponding 

fluid inclusion trapping temperatures. The right image shows a SEM-CL 

image of the bridge with increments of crack seal highlighted. The 

increments are labeled from youngest (1) to oldest (6). Assemblage 

sequences show that fracture quartz was deposited at progressively higher 

temperatures. 

The fluid inclusions in the north-striking Set 2 fractures were formed in an 

temperature environment of approximately 143-164
o
C, which is very similar to the 

temperatures derived from fluid inclusions in the east-striking Set 1 fractures. The crack-
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seal increments in these quartz bridges are observed to generally increase in width from 

one fracture wall to the other (Figures 34 and 35), and the shortest increments are the 

oldest while the longest increments are the youngest. Combining the sequence of crack-

seal increments with the fluid inclusion assemblage temperature information, this 

information indicates that trapping temperature show both increasing and decreasing 

temperature trends, which indicates that the fracture experienced both increasing and 

decreasing temperatures during opening. 

 

 

Figure 34: Diagram of fluid inclusion analysis performed on Bridge 5, north-striking 

set. The left image shows a TL image of the bridge with fluid inclusion 

assemblages marked with yellow lines and labeled with their corresponding 

fluid inclusion trapping temperatures. The right image shows a SEM-CL 

image of the bridge with increments of crack seal highlighted. The 

increments are labeled from youngest (1) to oldest (4). Assemblage 

sequences show that fracture quartz was deposited at both increasing and 

decreasing temperatures. 
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Figure 35: Diagram of fluid inclusion analysis performed on Bridge 7, north-striking 

set. The left image shows a TL image of the bridge with fluid inclusion 

assemblages marked with yellow lines and labeled with their corresponding 

fluid inclusion trapping temperatures. The right image shows a SEM-CL 

image of the bridge with increments of crack seal highlighted. The 

increments are labeled from youngest (1) to oldest (5). Assemblage 

sequences show that fracture quartz was deposited at progressively higher 

temperatures. 

The key significance of fluid inclusion microthermometry in determining fracture 

timing is the ability to correlate trapping temperature with burial depth, and therefore 

estimate the timing of fracture opening. In order to do this, a detailed thermal burial 

history is necessary. As a burial history has not yet been generated for the Rock Island 

#4-H and Sidewinder #1-H wells, the closest well to this location that had a burial history 

was chosen. The temperature data from the fracture fluid-inclusion assemblages was 

correlated with a burial history plot from the Adobe Town #1 well located in the deep 
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center of the Washakie Basin (Figure 36). However, this burial plot does not include 

temperature data, so thermal gradient information was extrapolated from the Blue Rim 

Federal #1-30 well thermal history located to the west of the Rock Springs Uplift in the 

Green River Basin (Figure 37).  

The 140-160
o
C temperature range observed in the quartz bridges correlates to 

approximately 4,200 to 4,800 m (14,000 to 16,000 ft) depth on the Blue Rim Federal #1-

30 burial plot (Figure 37). These depths were then extrapolated onto the Adobe Town #1 

burial plot (Figure 36). Using these assumptions, the burial history indicates that the 

east-striking Set 1 fractures formed during burial of the Frontier Formation during earliest 

Eocene time. However, the Adobe Town #1 burial plot does not show another period 

where the Frontier Formation again reaches that depth and temperature range. The 

implications of these observations are discussed further in the Discussion Section 6.2. 
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Figure 36: Burial history plot for the Washakie Basin, east of the Rock Springs Uplift. 

The data came from the Koch Adobe Town #1 well (Roberts et al., 2005). 

 

Figure 37: Burial history plot for the Blue Rim Federal #1-30 well, located in the Green 

River Basin (Dutton and Hamlin, 1992). 
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Macrofracture Size and Spatial Distributions 

I quantified fracture aperture and spacing between fractures for both 

macrofractures in the core and microfractures in thin section. To collect fracture size and 

spatial distribution data, I used scanlines on core as well as on SEM-CL imaging of thin 

sections. A scanline is a line drawn across a surface at a high angle to fracture orientation. 

Aperture and spacing were measured at the point at which they crossed the scanline. 

I analyzed fracture size distributions and spatial arrangement, seeking evidence of 

either power-law or size-restricted size distributions (Marrett et al., 1999; Hooker et al., 

2013). I analyzed spacing using a novel approach developed by Marrett et al. (in 

preparation) because some previous studies and some geomechanical models have found 

or predict correlations between cement accumulation and clustering (Gomez, 2007). 

I measured fracture apertures (opening components of displacement) for 69 

macrofractures, 20 from the upper shoreface facies (Cores #1 and #2) and 49 from the 

lower shoreface facies (Cores #3 and #4). About half of the macrofractures observed in 

the cores had been broken apart (which likely happened during the core drilling and 

extraction process), and so accurate apertures could not be measured on those fractures. 

The intact and measurable east-striking Set 1 fractures range in aperture from 

0.095 to 1.75 mm, with a mean of 0.328 mm and mode of 0.330 mm (Figure 38). In the 

upper shoreface facies, the Set 1 fractures range from 0.095 to 0.620 mm, with a mean of 

0.317 mm and mode of 0.330 mm (Table 4). In the lower shoreface facies, the Set 1 

fractures range in width from 0.115 to 1.750 mm, with a mean of 0.333 mm and a mode 

of 0.215 mm (Table 6). 

 



 

 

75 

 

Figure 38: Plot of aperture frequency for the east-striking Set 1 fractures (pink) and the 

north-striking Set 2 fractures (blue). 

The north-striking Set 2 fractures range in aperture from 0.140 to 0.500 mm, with 

a mean of 0.262 mm and mode of 0.330 mm (Figure 38). The upper shoreface facies has 

two north-striking fractures that have apertures of 0.175 and 0.265 mm (Table 5).  In the 

lower shoreface facies fractures range in width from 0.140 to 0.500 mm, with a mean of 

0.276 mm and a mode of 0.140 mm (Table 7). 

However, these data are likely biased towards the smaller fractures, since the 

larger fractures are more likely to have larger amounts of remnant porosity between 

cements and therefore would be zones of weakness where the core would be most likely 

to break apart or they may not have been spanned by quartz deposits at all. 
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Figure 39:  Histogram of fracture spacing for the fractures in the upper shoreface Cores 

#1 and #2, organized from largest (left) to smallest (right). The east-striking 

Set 1 fracture spacings are shown in pink, and the north-striking Set 2 

fracture spacings are shown in blue. 

Fracture spacing was measured for all 139 observed macrofractures. Spacing 

(nearest neighbor) between fractures is defined as the length of rock between two 

adjacent fractures, measured in a direction perpendicular to the fracture surfaces. Spacing 

is measured at the point at which the fracture wall intersects the scanline. The east-

striking Set 1 fracture spacing ranges from 0.0025 to 6.95 m, with a mean of 0.35 m. In 

the upper shoreface facies, the Set 1 fracture spacing ranges from 0.0018 to 3.71 m, with 

a mean spacing of 0.43 m (Figure 39 and Table 4). In the lower shoreface facies, the Set 

1 fracture spacing ranges from 0.0025 to 6.95 m, with a mean spacing of 0.31 cm (Figure 

40 and Table 6). The north-striking Set 2 fracture spacing ranges from 0.0013 to 16.79 

m, with a mean of 0.19 m. In the upper shoreface facies, the two Set 2 fractures are 0.23 
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m apart (Figure 39 and Table 5). In the lower shoreface facies, the Set 2 fracture spacing 

ranges from 0.0013 to 16.77 m, with a mean spacing of 3.51 m (Figure 40 and Table 7). 

 

 

Figure 40:  Histogram of fracture spacing for the fractures in the lower shoreface Cores 

#3 and #4, organized from largest (left) to smallest (right). The east-striking 

Set 1 fracture spacings are shown in pink, and the north-striking Set 2 

fracture spacings are shown in blue.  

Of the measured macrofractures, size distributions were only able to be 

characterized for the more abundant east-striking Set 1 fractures. There were not enough 

north-striking Set 2 fractures present in the cores to determine a distribution character. As 

for the east-striking Set 1 fractures, separate size distributions were characterized for the 

upper shoreface (Cores #1 and #2), the lower shoreface Core #3, and the lower shoreface 

Core #4. The two lower shoreface cores were treated separately since there is a gap of 

missing core between the two and that could alter the spatial distribution results. 
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Spatial distributions were characterized using a Matlab-based software called 

CorrCount, which compares observed fracture positions to a statistically random 

arrangement, and can distinguish distributions that are clustered or anti-clustered 

(regularly spaced) (Marrett et al., in preparation). I used correlation count plots (Figures 

41, 43, and 45) and staircase plots (Figures 42, 44, and 46) to characterize the spatial 

distributions of fractures in the core. The correlation count plot uncertainty estimates for 

Figures 41 and 45 were calculated in the software using analytical calculations with a 

95% confidence envelope. The correlation count plot for Figure 43 and the staircase plot 

uncertainty estimates were calculated using Monte Carlo simulation with 100 iterations. 

The software analyses separations between each pair of fractures, not just nearest-

neighbor fracture spacings. 

For the upper shoreface Cores #1 and #2, 40 fractures were analyzed yielding 780 

fracture pairs.  The spatial arrangement of east-striking fractures in Cores #1 and #2 can 

be assessed in two graphs (Figures 41 and 42). In both plots, fractures that are randomly 

arranged in space would plot close to the green line, and in the staircase plot (Figure 42) 

both regularly spaced and randomly arranged fractures would plot close to the green line. 

Figure 41 shows that the arrangement of observed fractures is statistically different (at 

95% confidence level) from both regular spacing and random arrangement, and 

consequently fractures are clustered in space. In Figure 41, analysis of the observed 

fractures plots above random for length scales between approximately 0.01 and 0.1 m, 

which indicates that fracture pairs separated by this range of distances are more abundant 

than in a random arrangement. The point at which the blue data line crosses the green 

randomized data line represents the width of the clusters, indicating that statistically 

significant clusters in Core #1 and 2 are approximately 0.1 m wide. 
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Figure 41: Log-log plot of normalized correlation count (number of fracture pairs 

separated by a certain length scale, divided by the number expected for a 

random arrangement) versus length scale (mm) for east-striking Set 1 

fractures in the upper shoreface Cores #1 and #2. The blue line is the data 

input, the green line represents randomly arranged fractures, and the black 

lines outline the 95% confidence envelope for randomly arranged fractures. 

The data are plotted using windowing of 6, and Cv = 1.6796. The x-axis 

shows spacing length scales ranging from 0.01 to 30 m. 
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Figure 42: CorrCount staircase plot of position along the core (mm) versus cumulative 

number of fractures for east-striking Set 1 fractures in the upper shoreface 

Cores #1 and #2. Position along the core moves from the southwest end of 

the core (“up” core) on the left to the northeast end of the core (“down” 

core) to the right. The blue line is the data input, the green line represents 

randomized data, and the black lines outline the 95% confidence envelope 

for the randomized data. 

For the lower shoreface Core #3, 40 fractures were analyzed yielding 780 fracture 

pairs. In Core #3, the east-striking fractures show a staircase plot that is neither regularly 

spaced nor random (Figure 44). In Figure 43, the normalized correlation count is above 

random for length scales between approximately 0.007 and 0.04 m, which indicates 

fracture clustering on these length scales. The normalized correlation count between these 

length scales follows a relatively straight line, suggesting power-law, or fractal, scaling 

within the clusters. The point at which the blue data line crosses the green randomized 
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data line represents the width of the clusters, indicating that clusters in Core #3 are 

approximately 0.04 m wide. In Figure 44 the slope of the staircase plot represents 

fracture intensity, with steeper slopes indicating higher fracture intensity, and the areas 

with flat slopes indicating a paucity of fractures. The slope of the observed data is quite 

steep at the beginning (the southwest end) of the core, indicating relatively high fracture 

intensity in that section of the core. 

 

 

Figure 43: Log-log plot of normalized correlation count (number of fracture pairs 

separated by a certain length scale, divided by the number expected for a 

random arrangement) versus length scale (mm) for east-striking Set 1 

fractures in the lower shoreface Core #3. The blue line is the data input, the 

green line represents randomly arranged fractures, and the black lines 

outline the 95% confidence envelope for randomly arranged fractures. The 

data are plotted using windowing of 6, and Cv = 1.4800. The x-axis shows 

spacing length scales ranging from 0.001 to 20 m. 
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Figure 44: CorrCount staircase plot of position along the core (mm) versus cumulative 

number of fractures for east-striking Set 1 fractures in the lower shoreface 

Core #3. Position along the core moves from the southwest end of the core 

(“up” core) on the left to the northeast end of the core (“down” core) to the 

right. The blue line is the data input, the green line represents randomized 

data, and the black lines outline the 95% confidence envelope for the 

randomized data. 

For the lower shoreface Core #4, 44 fractures were analyzed yielding 946 fracture 

pairs. In the staircase plot for Core #4, the east-striking fractures have spacings that are 

generally indistinguishable from random (Figures 46). In Figure 45, the normalized 

correlation count mostly plots above random for length scales between approximately 

0.002 and 0.6 m, which indicates fracture clustering on these length scales. The 

normalized correlation count between these length scales follows a relatively straight 

line, suggesting a tendency towards power-law, or fractal, scaling within the clusters. 
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Based on the crossover point over the green randomized data line, the clusters in Core #4 

are approximately 0.6 m wide. 

 

 

Figure 45: Log-log plot of normalized correlation count (number of fracture pairs 

separated by a certain length scale, divided by the number expected for a 

random arrangement) versus length scale (mm) for east-striking Set 1 

fractures in the lower shoreface Core #4. The blue line is the data input, the 

green line represents randomly arranged fractures, and the black lines 

outline the 95% confidence envelope for randomly arranged fractures. The 

data are plotted using windowing of 6, and Cv = 1.4122. The x-axis shows 

spacing length scales ranging from 0.001 to 22 m. 
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Figure 46: CorrCount staircase plot of position along the core (mm) versus cumulative 

number of fractures for east-striking Set 1 fractures in the lower shoreface 

Core #4. Position along the core moves from the southwest end of the core 

(“up” core) on the left to the northeast end of the core (“down” core) to the 

right. The blue line is the data input, the green line represents randomized 

data, and the black lines outline the 95% confidence envelope for the 

randomized data. 

Microfracture Size Distribution 

Microfractures are defined here as fractures that can only be seen using a form of 

magnification, and generally have apertures (widths) less than 0.1 mm (Anders et al., 

2014). A solution to obtaining fracture spacing data is to quantify microfracture size 

distributions and project that data to predict likely macrofracture distributions (Marrett et 

al., 1999; Ortega et al., 2006; Hooker et al., 2015) if microfractures are present and they 

follow the same size distribution as those of larger fractures.  
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Scanning electron microscope based cathodoluminescence (SEM-CL) allows for 

imaging of small features such as micropores and microfractures that cannot be detected 

by other methods.  It also detects subtle chemical differences in minerals, which makes 

SEM-CL imaging essential for distinguishing between detrital quartz grains and 

authigenic quartz cement and overgrowths (Laubach, 2003; Anders et al., 2014). SEM-

CL image mosaics are used for microfracture characterization, since this method allows 

for distinguishing between quartz grains and quartz-filled microfractures (Gomez and 

Laubach, 2006). 

In order to be able to observe enough microfractures to create a reliable dataset, a 

scanline longer than just one thin section is necessary (Hooker et al., 2015).  A process 

developed by Gomez and Laubach (2006) facilitates the creation of a continuous scanline 

over several thin sections. Only transgranular fractures (fractures crossing through at least 

2 grains) were counted in order to ensure the fracture was not an inherited feature of the 

grain (Laubach, 1997). 

I analyzed a total of 1.1 m of scanlines across 32 thin sections made from six 

sampled areas (three in the upper shoreface facies and three from the lower shoreface 

facies). Examples of these scanlines are shown in Figure 47. A distinct lack of 

microfractures was observed in all of the sampled areas. 

I observed 101 very small microfractures. However, only 26 of these 

microfractures cross more than 2 grains. The microfractures observed were not large 

enough to determine any shear movement or evidence of crack-seal texture. 

The total microfracture abundance is equally sparse both in the upper shoreface 

and lower shoreface facies, measuring 0.10 and 0.09 fractures/mm, respectively. The 

average microfracture abundance only counting the microfractures that crossed more than 
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two grains is 0.02 microfractures/mm for the upper shoreface and 0.04 

microfractures/mm for the lower shoreface facies. 

This was an unexpected result, as other studies of the Frontier Formation, 

including core imaging of the Stratos Federal #1-24 well close by (location M in Figure 

2), showed that the Frontier Formation generally contains a large number of 

microfractures in other locations. 
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Figure 47: Examples of SEM-CL images from samples in the Rock Island #4-H cores. 

(a) Example of scanline with no intergranular microfractures. (b) Example 

of scanline with small microfractures. (c) Example of scanline with large 

microfracture. 

Fracture and Mechanical Stratigraphy 

Along the entire 41.5 m of core, the fractures have an abundance of 3.37 

fractures/m (1.03 fractures/ft). The lower shoreface sandstone has a much higher fracture 

abundance of 4.12 fractures/m (1.26 fractures/ft) compared to the upper shoreface 

sandstone that has fracture abundance of 2.39 fractures/m (0.73 fractures/ft). 

b) 

c) 

a) 
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Along the total length of the cores, the east-striking Set 1 fractures have an 

abundance of 3.08 fractures per meter (0.94 fractures per foot), which is an order of 

magnitude higher than the north-striking Set 2 fractures that have an abundance of 0.29 

fractures per meter (0.09 fractures per foot). In the 18.0 m of upper shoreface facies core, 

the Set 1 fractures have a much higher abundance (2.28 fractures per meter, or 0.69 

fractures per foot) than the Set 2 fractures (0.11 fractures per meter, or 0.03 fractures per 

foot). In the 23.5 m of lower shoreface facies core, the Set 1 fractures have an abundance 

of 3.70 fractures per meter (1.13 fractures per foot) and the Set 2 fractures have an 

abundance of 0.42 fractures per meter (0.13 fractures per foot). 

These fracture stratigraphy observations correlate with the observations of 

mechanical stratigraphy. Both facies show very similar QFL compositions, but they show 

different mechanical properties. The burrowed and muddier sandstones of the upper 

shoreface have an average subcritical crack index of 46 and average fracture toughness of 

1.6 Mpa√m. The lower shoreface facies does not have evidence of burrows or mud clasts, 

and has a higher average subcritical crack index of 54 and higher average fracture 

toughness of 2.2 Mpa√m. 

Outcrop Fracture Trace Lengths 

Although fracture length is important for permeability estimation, macrofracture 

length usually cannot be measured in core because it exceeds core diameter. Based on 

descriptions of calcite in some fractures from Frontier outcrops around the margins of the 

basin (Laubach, 1992) that imply the fractures formed at depth, I assumed the outcrops 

contain the same fracture population that exists at depth sampled by my cores. The 

fractures observed in outcrop. The number and orientation of fracture sets, as well as 

apparent cross cutting and abutting relationships, that I observed in these outcrops agrees 
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with fracture observations from my dataset, indicating that this assumption is justified. I 

therefore described fracture trace lengths at outcrops located on the western and eastern 

edges of the Greater Green River Basin. Using Google Earth imagery, I measured 

macrofracture trace lengths on three outcrops near Kemmerer (location D in Figure 2) 

and on two outcrops at Muddy Gap (location X in Figure 2). Outcrop studies show that 

fractures are confined to the sandstone intervals, with heights of several meters (tens of 

feet) (Laubach, 1992). Outcrop studies also show that, for well-exposed isolated fracture 

traces that have both fracture length endpoints within the outcrop, many fracture lengths 

are much greater than fracture heights (Barber, 2010). Overall fracture shape is therefore 

likely to be like that of an elongate ellipse with the long dimension in the plane of 

bedding. Observations from both of the previously cited outcrop studies suggest that 

fractures in plan view are arranged in en echelon and relay patterns and that the longest 

fractures are composed of linked segments.  

Apparent from inspection of the GoogleEarth images is that many of the fracture 

traces extend all the way across the outcrops, introducing a censoring artifact to the size 

distribution of fracture lengths. In other words, measuring these traces would not give the 

true fracture length, but only some unknown fraction of the length. The maximum lengths 

typically correspond to the maximum outcrop lengths.  

Nevertheless, the images provide some information on how long fractures can be 

in these sandstones. Many of the trace lengths are extremely long, with trace lengths 

many tens of meters  to over 300 m (hundreds of feet to over 1 thousand feet). 
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Figure 48: Log-linear graph of fracture trace length size distributions from Kemmerer 

outcrops based on trace length data collected from GoogleEarth imagery 

(Figures 66-68 and Table 8). Most trace lengths are limited by outcrop size. 

Both data sets were fit with an exponential trendline. 

The outcrops near Kemmerer all have a dominant north-striking fracture set with 

long trace lengths and a secondary east-striking set with shorter trace lengths. These 

observations agree with previous outcrop studies in this area (Laubach, 1992; Lorenz and 

Laubach, 1994). The north-striking fractures range in length from 5 to 136 m long; the 

longest are truncated by the extent of the outcrop (Figure 48 and Table 8). The east-

striking fractures range in length from 2 to 85 m long (Figure 48 and Table 8). Images of 

the outcrops are in the Appendix (Figures 66-68). 

The outcrops at Muddy Gap, located northeast of the GGRB, have a dominant 

east-striking fracture set with very long trace lengths, and a sparse north-striking fracture 
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set with very short trace lengths oriented normal to the short dimension of the outcrop. 

The long east-striking fractures range in length from 6 to 316 m long, the longest of 

which are truncated by the extent of the outcrop (Figure 48 and Table 9). There are very 

few north-striking fractures and they range in length from 4 to 28 m long (Figure 48 and 

Table 9). Almost all of the north-striking fractures abut and terminate into the east-

striking fractures. Images of the outcrops are in Appendix C (Figures 69-71). 

 

 

Figure 49: Log-linear graph of fracture trace length size distributions from Muddy Gap 

outcrops based on trace length data collected from GoogleEarth imagery 

(Figures 69-71 and Table 9). Most trace lengths are limited by outcrop size. 

Both data sets were fit with an exponential trendline. 

Both sets of fractures in both of the outcrop locations approximate a straight line 

when plotted on a log-linear graph. If these observed fracture lengths are representative 
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of true fracture length, then this indicates that these fractures likely exhibit power-law, or 

fractal, size distribution. However, as mentioned above, maximum fracture length was 

limited by outcrop extent and minimum fracture length was limited by resolution of 

GoogleEarth imagery. 

It can be difficult to measure true fracture length, so fracture aperture has been 

suggested as a proxy for length (Vermilye and Scholz, 1995; Olson, 2003; Schultz et al., 

2008).  Such a procedure assumes that is a systematic, simple relationship between 

aperture and length, as is suggested by fracture mechanics. Olson (2003) interpreted a 

sublinear relationship between fracture aperture and length, finding fracture aspect ratio 

(ratio of aperture to length) is inversely related to fracture length by the negative ½ 

power. This is similar to aperture-length relationships observed in outcrop (Delaney and 

Pollard, 1981; Vermilye and Scholz, 1995; Moros, 1999). Scholz (2010) on the other 

hand, interpreted displacement to scale linearly with length.  

My results have some obvious limitations for addressing this issue. The core 

aperture measurements cannot be associated with lengths, which are unmeasurable using 

core. The GoogleEarth-based length measurements are not associated with aperture 

measurements, and previous field studies of these outcrops could not extract meaningful 

aperture measurements due to weathering (Laubach and Lorenz, 1992; Barber, 2010). On 

the other hand, assuming that the core apertures and the outcrop traces lengths are 

sampling the same population, then the trace lengths of hundreds to more than 300 m and 

apertures of a few millimeters or less are challenging to reconcile with either of the 

proposed fracture aperture-length relations. 
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CHAPTER 6: DISCUSSION 

6.1 Frontier Formation Mechanical Properties 

As described in the results section above, the upper shoreface sandstone has an 

average subcritical crack index of 46 and an average fracture toughness of 1.608 Mpa√m. 

The lower shoreface sandstone has average SCI (average of 54) and fracture toughness 

values (average of 2.153 Mpa√m). 

Barber (2010) determined the subcritical crack indices of the Frontier sandstones 

at both Oyster Ridge and Oil Mountain. Compared with his findings, the Frontier 

sandstones at the Rock Island/Sidewinder locality have higher SCI values than the 

Frontier at Oyster Ridge to the west, and lower SCI than the Frontier at Oil Mountain to 

the northeast. This could be the result of a variety of factors, including differences in 

amount and type of cement fill, as well as differences in original sandstone composition 

based on location within the basin and sediment sources. In the Rock Island core samples, 

both the SCI and fracture toughness values relate to differences in bulk rock porosity and 

permeability (Figures 50 and 51). The sample from the lower shoreface facies (which 

has higher SCI and fracture toughness values) has lower porosity and permeability than 

the sample from the upper shoreface facies. However, this apparent relationship of 

geomechanical values with porosity and permeability cannot be verified with the 

geomechanics data from the Oyster Ridge or Oil Mountain outcrops since the Barber 

(2010) study did not include porosity or permeability data for the samples. The Rock 

Island #4-H/Sidewinder #1-H Frontier Formation also has lower SCI than the average 

sandstone, based on the values reported by Rijken (2005), but her values are largely from 

sandstones of higher quartz content and higher cement content. 

  



 

 

94 

 

 

 

Figure 50: Graphs of subcritical crack index values for samples RI-15434 and RI-

15939 versus (a) porosity (%) and (b) permeability (mD). 
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Figure 51: Graphs of fracture toughness (Mpa√m) values for samples RI-15434 and RI-

15939 versus (a) porosity (%) and (b) permeability (mD). 

Modeling by Olson et al. (2001) showed that when considering similar layers 

under same strain, differences in subcritical index can lead to differences in fracture 

arrangement, length distribution and cumulative length (Figure 52). Specifically, high 
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fracture length, and low fracture intensity. Intermediate subcritical crack index values (20 

< n < 40) result in regularly spaced en echelon fractures and larger average fracture 

length. Low subcritical crack index values (n < 20) result in fractures to again be 

clustered but with medium average fracture lengths (average lengths between those for 

high and medium subcritical crack index values). 

Based on my measured subcritical crack index values, the high subcritical crack 

index values obtained in the Rock Island #4-H/Sidewinder #1-H cores suggests that the 

for a given deformation, fractures are more likely to be clustered with low average 

fracture lengths and low intensities. The fracture lengths could not be measured in the 

core, but the fracture intensity in the cores was relatively low and spatial scaling analysis 

of fracture spacing is compatible with clustering statistically greater than that of a random 

distribution in the lower shoreface facies.  
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Figure 52: Model fracture trace patterns for different subcritical crack indices (n) at (a) 

n=5, (b) n=20, (c) n=40, and (d) n=80 (Olson et al., 2001). Layer thickness 

and other rock properties are the same for all examples. Short lines are input 

‘starter cracks’ that did not grow. Values measured for the Frontier 

Formation in my study are closer to the results shown in c and d (SCI or 40 

to 50 and 55 to 65). 

6.2 Timing of Fracture Sets 

In the previous studies on Frontier Formation fractures, two fracture sets have 

consistently been identified over the Greater Green River Basin region. However, there is 

b) 
d) 

a) c) 
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disagreement about the relative timing of the two fracture sets, and whether there are 

really only two sets in this large area. Some studies have identified the north-striking 

fracture set as having formed before the east-striking set (Laubach and Lorenz, 1992; 

Laubach, 1992; Dutton et al., 1995; Barber, 2010) while others have identified east-

striking fractures as predating the north-striking fractures (Lorenz and Mroz, 1999; 

DeJarnett et al., 2001a; Lorenz et al., 1998; Hennings et al., 2000). This inconsistency in 

relative timing could be a result of different fracture sets existing within the Greater 

Green River Basin and thus could be related to differences in deformation at various 

locations within the Basin. In coals in the western U.S., abutting and crossing relations 

vary regionally on the basin scale, apparently reflecting regionally varying stress patterns 

and the time of fracture formation (or embrittlement) (Laubach et al., 1998). 

The studies that have identified the north-striking fractures as being older are 

located west of Rock Springs Uplift, while the studies that have identified the east-

striking fractures as being older are located east of Rock Springs Uplift. North-striking 

fractures in the western Green River Basin were inferred to result from basin-margin-

parallel stretching in the deep western depositional axis of the basin (Laubach and 

Lorenz, 1992). Inspection of GoogleEarth images from this region and previous reports 

show some north-striking fractures associated with folds that are not clearly older than 

nearby east-striking fractures. In the eastern Green River Basin, east- and north-striking 

fractures are inferred to be associated with Laramide folds or faults (Lorenz, 1999). 

Foreland areas can contain complex fracture histories while having fairly simple fracture 

strike patterns, including fracture sets of markedly different ages having the same 

orientation (Dunne and North, 1990; Laubach and Diaz-Tushman, 2009). This 
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uncertainty about fracture timing is a challenge that requires going beyond orientation 

and abutting and crossing relations to determine when fractures formed.  

In the Rock Island #4-H and Sidewinder #1-H cores, the north-striking Set 2 

fractures cross-cut the east-striking Set 1 fractures in several locations. Therefore I 

interpret the east-striking fractures to predate the north-striking fractures at this location. 

The east-striking fractures also have more quartz cement than do the north-striking 

fractures, which is compatible with the east-striking fractures having formed first. The 

east-striking fractures were subsequently reactivated in strike-slip and oblique-slip shear 

movement. The loading conditions of opening-mode fracture formation is such that 

fractures primarily accommodating opening displacement propagate along a plane of zero 

shear stress in isotropic rock, specifically the plane perpendicular to the least compressive 

principal stress (Lawn and Wilshaw, 1975; Pollard and Aydin, 1988). This pattern makes 

such fractures indicators of past stress orientations, as such vertical fractures include the 

maximum horizontal stress direction at the time of their formation. Thus Set 1 fractures 

mark a past state of north-south least compressive stress, followed by Set 2 fractures 

marking east-west least compressive stress. 

The following argument assumes, following Becker et al. (2010), that trapping 

temperatures can be equated with time by comparing temperatures with the rock’s burial 

history. Based on the fluid inclusion analysis results, both sets of fractures formed in 

similar environments of 140 to 160
o
C in fluids of similar salinities. If each fracture set 

was only associated with a range of temperatures, the fractures might have formed at 

widely different times, since the rocks would have passed though the same temperature 

range during burial and uplift. However, with the mapping of crack-seal increments using 

SEM-CL imaging, the sequence of the temperatures can be determined. 
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The temperature and crack-seal sequences observed in the quartz bridges indicate 

that the east-striking Set 1 fractures experienced a trend of increasing temperature as the 

fractures opened. The north-striking Set 2 fractures experienced both increasing and 

decreasing temperature trends as the fractures opened. Therefore the east-striking 

fractures likely formed as the Frontier Formation experienced burial, and the north-

striking fractures likely formed later during maximum burial since they experienced both 

increasing and decreasing burial. 

Based on the Washakie Basin burial history plot used, the east-striking Set 1 

fractures likely formed during burial of the Frontier Formation in earliest Eocene time. 

The Eocene corresponds with continued Laramide orogenic movement within 

southwestern Wyoming that created northeast-oriented shortening, and is likely related to 

the increase in deformation associated with the second stage of Laramide movement that 

occurred through early Eocene time (Fan and Carrapa, 2014). However, the Washakie 

Basin burial history plot could not be used to determine timing of the north-striking 

fracture formation. This is likely due to the different burial histories experienced by the 

Frontier Formation in the deep subsided Washakie Basin and the Frontier Formation on 

the uplifted high of the Table Rock Field. The Table Rock Field likely experienced much 

less burial with more uplift than the Washakie Basin. There was also likely local tectonic 

activity not accounted for in the Washakie Basin burial history, as the Rock Island #4-H 

and Sidewinder #1-H wells are located near a complicated reverse and oblique-strike-slip 

reverse fault, the tectonic history of which is unknown (Figure 53). Therefore, more 

research needs to be done to determine the local tectonic history for the Table Rock Field 

and a burial history is needed for the Rock Island #4-H and Sidewinder #1-H wells. 
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Most of the east-striking opening-mode fractures also have been reactivated, as 

shown by slip lineations, indicating shear movement that post-dated the Mode 1 opening 

of the east-striking Set 1 fractures. In addition, based on the cross cutting and abutting 

relationships determined above, the shear movement also likely post-dated the Mode 1 

opening of the north-striking Set 2 fractures. Based on the orientation of the slip 

lineations, the fractures were reactivated in strike-slip and oblique-slip movement. The 

prevalence of kaolinite in dilatant parts of fault rock, and in a few fractures that contain 

only kaolinite, suggests that this mineral was deposited during fault movement.  

Rock Island #4-H and Sidewinder #1-H wells are located near the northeastern 

extension of a major northeast-trending strike-slip with a reverse component of 

movement fault (DeJarnett et al., 2001a). The Rock Island #4-H well is located near a 

major change in orientation of the fault where it shifts from northeast-trending to north-

trending (Figure 53).  
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Figure 53: Diagram of the major reverse-strike-slip fault near the Rock Island #4-H 

well. The locations of the Rock Island #4-H, Government Union #4, Table 

Rock #104, and Frewen #4 Deep wells are shown, along with the major 

fracture set orientations observed at those locations. Macrofracture 

orientation stereonet for the Rock Island #4-H core data is overlain at the 

well location (modified from DeJarnett et al., 2001a). 

At one location, in the Sidewinder Core #4 at 4,878.4 m (16,005.2 ft) depth, a 

north-striking fracture intersects an east-striking fracture that has slip lineations but the 

north-striking fracture is not present on the other side of the east-striking fracture. I 

interpreted this to indicate that the east-striking fracture formed first, followed by the 
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formation of the north-striking fracture, and then after that the shear movement 

reactivated the east-striking fracture, offsetting the north-striking fracture. Due to the 

limitations of the core width, the distance of offset could not be measured. If my 

interpretation is correct, fault movement post-dates the formation of north-striking 

fractures. This implies further shifts in the directions of paleostresses in the vicinity of the 

sample sites. Lorenz and Mroz (1999) postulated that the north-striking fractures could 

have formed concurrently with shear reactivation of the east-striking fractures due to 

extension on the crest of the uplift created by local thrust faulting. No additional literature 

was found that described this fault further, so the validity of this structural interpretation 

is hard to assess. My results are compatible with a close timing relationship between Sets 

1 and 2. 

These results show that cement sequences alone do not provide improved 

evidence of fracture timing. Quartz was deposited in Set 1 and Set 2 fractures, as well as 

within dilatant fault rocks. The greater volumes of quartz cement in Set 1 compared to 

Set 2 is compatible with the relative timing evidence that Set 1 formed first. However, 

fluid-inclusion assemblages, sequenced by the crack-seal texture in quartz cement 

deposited during fracture growth, provide improved evidence of timing and suggest that 

Sets 1 and 2 formed during burial but possibly in a setting where the thermal history was 

more complicated than that of offset wells away from faults. 

6.3 Fracture Size Scaling and Spacing 

In the subsurface, cement accumulates locally within otherwise open fractures 

(Laubach et al., 2004b). Hooker et al. (2012) inferred that quartz precipitation during 

fracture opening affects fracture size and spatial distributions. Quartz accumulation 
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variably fills fractures, and Hooker et al. postulated that the adhesive properties of the 

partial fills affect the way that opening increments are partitioned and will modify the 

probabilities of existing fracture reactivation versus new fracture opening. In a scenario 

with quartz precipitation during opening, the quartz fills the fractures as they form, 

making those fractures more resistant to continued opening. When the next opening 

increment occurs, it is now just as likely that a new microfracture will open as it is that an 

existing one will widen. These fractures exhibit crack-seal texture in quartz bridges and 

power-law size distributions. This means that there is an abundance of small 

microfractures, with a decline in abundance with larger size. In a scenario with little to no 

quartz precipitation during opening, once a fracture is formed it becomes a zone of 

weakness in the rock, so when the next opening increment occurs it will be much more 

likely to open the existing weakness further rather than open a new fracture within the 

host rock. These arrays exhibit no crack seal texture and size-restricted, or characteristic, 

distributions. This means that the fractures would be mostly one size (or at least have a 

narrow size range) with few microfractures. 

Within the Rock Island #4-H and Sidewinder #1-H core fractures, quartz bridges 

with crack-seal texture are present in both Set 1 and Set 2. According to the hypothesis of 

Hooker et al. (2012), this would imply that copious microfractures, possibly following 

power-law size scaling of macro-and microfractures, should also be observed. However, 

this was not what I observed as almost no microfractures were encountered in the long 

thin section image mosaics I collected. Therefore the hypothesis as formulated by Hooker 

et al. needs to be refined. Hooker et al. noted that microfracture arrays are rare (or 

perhaps non-existent) associated with barren joints and are widespread associated with 

completely-cemented veins. Quartz-bridged fractures fall in between these two extremes. 



 

 

105 

Some quartz-bridged fractures are more extensively bridged than others (e.g. Hooker et 

al., 2013; Laubach et al., 2014), which could be a factor controlling the tendency for 

deformation to be partitioned into new microfractures. There could potentially be a 

threshold for the amount or the size of the bridges necessary before they can cause 

deformation to be partitioned away from expansion of existing fractures and into the 

formation of new microfractures.  

Although abundant quartz cement was observed in fractures, only a small amount 

of that is synkinematic cement precipitation. The present-day quartz bridges are wide but 

the crack-seal portions of the bridges are quite narrow, meaning that the bridges were 

narrow during fracture opening.  

Since fracture lengths could not be measured within the core, fracture trace 

lengths from outcrops were used to estimate the length potential of the Set 1 and Set 2 

fractures. Based on my outcrop observations, the macrofractures seen in outcrop correlate 

to the fractures seen in the core based on orientation, number of sets, and cement fill. The 

outcrop studies that report observations of fracture cement fill describe both sets of 

macrofractures as being filled with calcite and minor quartz and clays (Laubach, 1992; 

Lorenz and Laubach, 1994; Hennings et al., 2000), with the exception of Laubach (1992) 

that described the north-striking fractures to only be filled with calcite cement. The 

presence of these cements indicates that these fractures did actually form at depth not in 

the near surface. We can therefore assume that these fractures in outcrop can be 

meaningfully used to provide insight into subsurface conditions. 

A notable feature of Frontier macrofractures in outcrop is their very large 

maximum lengths of several tens of meters (several hundreds of feet). Moreover, the 

longest outcrop fractures are truncated by the extent of the outcrops and therefore are 
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longer than measured. Fracture patterns show that the north-striking fractures are the 

dominant set and the longest fractures on the western edge of the Greater Green River 

Basin, and the east-striking fractures were the dominant, longest, and most prominent set 

on the eastern and southern sides of the Greater Green River Basin, but this apparent 

dominance might simply be an effect of the orientations of the longest outcrops. The only 

conclusion that can be confidently reached is that there are some very long fracture trace 

lengths on the Frontier outcrop bedding plane pavements. According to outcrop 

descriptions (Laubach, 1992; Laubach and Lorenz, 1994; Dutton et al., 1995), most of 

these fractures are confined within sandstone intervals, and so have quite limited heights 

of a few to tens of meters on the order of bed thickness. 

Outcrop studies of the Frontier Formation have yet to yield meaningful aperture 

size distributions, so it is not possible to compare macrofracture aperture size 

distributions in outcrop and in the horizontal cores, and thus to make a link to the meagre 

length distribution information the outcrops provide. Based on the CorrCount analysis 

(Marrett et al., in preparation) of the east-striking Set 1 macrofracture spacing 

distributions, the macrofractures in the lower shoreface facies appear to be more clustered 

than random. The clusters are relatively narrow (0.04-0.6 m wide) and the fractures 

within these clusters approximate power-law (fractal) distributions. Further investigations 

and models of fracture spatial arrangement should account for the rock property, fracture 

cement pattern, and spatial arrangement patterns documented here. 

6.4 Permeability Estimation 

Based on the mechanical properties measured from the core sandstones and the 

amount of partly open macrofractures encountered in the core, it could be assumed that 
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the permeability of this formation would be enhanced at this locality. This correlates with 

the production data gathered from the Rock Island #4-H/Sidewinder #1-H well reports, 

which state that the production was the highest seen from the Frontier Formation in the 

Greater Green River Basin (as of the time the well was drilled) (DeJarnett et al., 2001a). 

Assuming the fractures are permeability enhancers, a higher production would be 

expected from the lower shoreface facies where macrofractures are more abundant 

compared to the upper shoreface sandstone, but production data tied this closely to 

sandstone type is not available to corroborate this hypothesis. 

In previous research, fracture aperture was found to not affect permeability as 

much as fracture length does, but the cements precipitated within the fractures do have a 

negative influence on permeability (Philip et al., 2005). The cement fill within the 

fractures reduces the effective aperture and length of the fracture, which creates a 

reduction in permeability along the fracture. Therefore, despite the abundant presence of 

macrofractures in the core, the permeability enhancement in this reservoir might be 

tempered by the abundant cement fill within the fractures. The observed fault surfaces 

indicate that the faults are likely mostly to completely filled with cement, which would 

mean that the faults would not serve to enhance permeability in the reservoir. However, 

both fracture sets have fractures that show open porosity with only quartz cement and 

bridges. These would likely be great permeability enhancers, meaning that permeability 

enhancing fractures could be present in either or both east- and north-striking orientations 

in the reservoir. The degree of cement fill and the presence of open porosity is not 

dependent on the direction of SHmax, as both fracture sets are oriented orthogonally to 

the present day SHmax as determined based on petal fractures from the Government Union 

#4 well. 
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While no fractures with apertures larger than 1.75 mm were observed in the core, 

there are fractures in outcrop that reach up to tens of meters (hundreds of feet) in length. 

Since long fractures are found all around the basin margin and locally they contain the 

same cements found in the subsurface fractures, it is plausible that the fractures observed 

in the core are part of a population that includes some very long fractures (ca. 300 m) 

bed-contained fractures. If this is the case and large fractures are present in the reservoir, 

it would imply high permeability enhancement (assuming these large fractures are not 

completely occluded by cement fill). However, it is unclear whether the fracture apertures 

measured in the core can be meaningfully extrapolated to predict fracture lengths. 

Additional fracture size studies would be needed to compare fracture sizes in the 

subsurface with fracture sizes in outcrop, ideally using multiple cores from throughout 

the Greater Green River Basin. 
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CHAPTER 7: CONCLUSIONS 

Two fracture sets are observed in the Rock Island #4-H and Sidewinder #1-H 

cores, as well as in Frontier Formation outcrops in the Greater Green River Basin. A 

dominant older east-striking Set 1 is cross cut by a younger north-striking Set 2, with 

east-west oriented compressive shear reactivation of the Set 1 fractures postdating the 

formation of both sets. Fluid inclusion assemblage temperatures correlated with burial 

history indicate that Set 1 fractures opened at approximately 140-160
o
C during burial of 

the Frontier Formation in earliest Eocene time, which corresponds to a second stage of 

Laramide movement through the Early Eocene. The Set 2 fractures also opened at 

approximately 140-160
o
C and likely opened during maximum burial and during local 

uplift of the Frontier Formation, but the precise timing of opening could not be 

determined with the burial histories available. Further work needs to be done to better 

understand the local tectonic history of the Table Rock Field, and a burial history for the 

Rock Island #4-H and Sidewinder #1-H wells is needed. 

The occurrence of transgranular microfractures within the core is rare. 

Macrofractures have narrow size ranges, with apertures of 0.62-1.75 mm, while 

transgranular microfracture populations are rare. Macrofracture abundance is lower in the 

upper shore face (2.39 fractures/m) than in the lower shore face (4.12 fractures/m). East-

striking Set 1 fractures exhibit clustering in the lower shoreface facies and random 

distribution in the upper shoreface facies. This corresponds to the higher subcritical crack 

index and fracture toughness values (average of 54 and 2.2 Mpa√m, respectively) in the 

lower shoreface sandstones as compared to the upper shoreface sandstones (average SCI 

of 46 and fracture toughness of 1.6 Mpa√m). These geomechanical values also 

correspond to lower porosity and permeability in the lower shoreface facies. 
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The presence of crack-seal quartz bridges in both Set 1 and Set 2 fractures along 

with the lack of microfractures observed in the core indicates that synkinematic quartz 

cementation failed to cause partitioning of deformation into the creation of microfracture 

populations during fracture development. Narrow and sparse quartz bridges likely 

provided insufficient bonding within fracture openings to be able to partition 

deformation.  
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APPENDICES 

Appendix A: Historical Frontier Formation Fracture Studies 

A.1 PREVIOUS FRONTIER FORMATION CORE FRACTURE STUDIES 

A.1.1 Gas Research Institute (1991) – SFE #4 well 

The data for this study was collected from the Holditch SFE #4 well located in 

Chimney Butte Field in Section 24, T28N, R113W, Sublette County, Wyoming. It is 

located on the northeast side of La Barge Platform, to the north of the Moxa Arch. 

The SFE #4 core was targeting the Second Bench of the Second Frontier 

Formation. A total of 14 m (46 ft) of shoreface sandstone was encountered, including 3 m 

(10 ft) of net porous sandstone. The Frontier Formation was described as having a higher 

than usual shale content at this location. The lower shoreface facies encountered was thin, 

with interbedded clean and muddy sandstones that had low permeabilities. The upper 

shoreface facies was composed of clean sandstone that also had low permeability. 

Three fracture sets were identified, striking northeast, north, and northwest. Due 

to the vertical nature of the core, the dataset was insufficient to make further observations 

on the orientations and relative timing of the fracture sets. 

The fractures observed in the SFE core had apertures that ranged from less than 

0.02 to 0.16 mm wide.  They had heights that were mostly less than 15.0 cm (5.9 in) 

(however, fracture height and length data was limited by the core width). 

Wide fractures were described as often being filled with calcite and minor quartz 

cements. Some calcite-lined fracture faces had slip lineations implying shear movement, 

but no data was provided on direction of slip. 
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Many core analyses were performed, including mechanical testing for Young’s 

modulus, but 23 vertical cores were tested and it is unclear which data is from the SFE #4 

well. 

No information was given on fracture length or spacing, fracture scaling, or 

remnant fracture porosity. 

A.1.2 Dutton et al. (1995) – S. Hogsback #13-8, SFE #4, Terra Anderson Canyon #3-

17, Wexpro Church Buttes #48, and Blue Rim Federal #1-30 

Data for this study was collected from four wells in the Green River Basin (Enron 

S. Hogsback #13-8, Holditch SFE #4, Terra Anderson Canyon #3-17, Wexpro Church 

Buttes #48, and Blue Rim Federal #1-30). 

The Enron S. Hogsback #13-8A well is located on the La Barge Platform, on the 

northern end of the Moxa Arch. Here the Frontier Formation was encountered at 2,133.6-

2,217.4 m (7,000-7,275 ft) depth. The fractures described at this location generally had 

apertures of less than 0.25 mm and heights of less than 1 ft tall with the tallest being 0.3 

m (2 ft) tall. The fractures were mostly confined to sandstone beds. Cement was observed 

to be completely to partially filling the wide fractures, and was made up of calcite and 

minor quartz cement. The quartz was precipitated first, likely even before fracturing 

occurred, and then several generations of calcite cement precipitated afterwards. No 

information was given on number or orientation of fracture sets or their relative timing, 

fracture lengths or distributions, remnant fracture porosity, shear movement, rock type, or 

rock mechanical properties. 

The Holditch SFE #4 well is located on the La Barge Platform, just to the north of 

the Moxa Arch. It encountered the Frontier Formation at 2,225-2,370 m (7,300-7,775 ft) 

depth. Three fracture sets were observed: one oriented NW-SE, the second oriented N-S, 
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and the third oriented NE-SW. The fractures described here had sizes and cement fills 

that were similar to the fractures in the above Enron S. Hogsback #13-8A well. However 

some of the fractures at this location were described as having striations that were gently 

to moderately dipping. Mechanical testing determined that there was tensile strength 

anisotropy in the reservoir (thought to likely be due to the aligned microfractures), and 

the anisotropy shifts from north to east between beds. No information is given on relative 

timing of fracture sets, fracture lengths or distributions, remnant fracture porosity, or rock 

type. 

The Terra Anderson Canyon #3-17 well is located on the northern end of the 

Moxa Arch. Here the Frontier Formation was encountered at 2,743-2,804 m (9,000-9,200 

ft) depth. The fractures described here had sizes and cement fills that were similar to 

those described in the above Enron S. Hogsback #13-8A and Holditch SFE #4 wells. No 

information was given on number or orientation of fracture sets or their relative timing, 

fracture lengths or distributions, remnant fracture porosity, shear movement, rock type, or 

rock mechanical properties. 

The Wexpro Church Buttes #48 well is located on the central Moxa Arch. Here 

the Frontier Formation was encountered at 3,673-3,719 m (12,050-12,200 ft) depth. Two 

fracture sets were described, a northeast-striking set and an east-northeast-striking set. 

However, this was only based on four observed fractures (3 oriented NE and 1 oriented 

ENE). Again, the fractures at this location had similar sizes and cement fills as the 

fractures described in the above Enron S. Hogsback #13-8A, Holditch SFE #4, and Terra 

Anderson Canyon #3-17 wells. No information is given on relative timing of the fracture 

sets (or whether these sets are representative), fracture lengths or distributions, remnant 

fracture porosity, shear movement, rock type, or rock mechanical properties. 
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The Blue Rim Federal #1-30 well is located near the structural axis of the Green 

River Basin. This well encountered the Frontier Formation at 4,913-4,916 m (16,120-

16,127 ft) depth. The fractures at this location had similar sizes and cement fills as the 

fractures described in the above Enron S. Hogsback #13-8A, Holditch SFE #4, Terra 

Anderson Canyon #3-17, and Wexpro Church Buttes #48 wells. No information is given 

on number or orientation of fracture sets or their relative timing, fracture lengths or 

distributions, remnant fracture porosity, shear movement, rock type, or rock mechanical 

properties. 

A.1.3 DeJarnett and Calogero (1997) – Stratos Federal #1-24 and Blue Rim #1-30 

wells 

The data for this report was collected from two wells: the UPRC Stratos Federal 

#1-24 well and the Blue Rim Federal #1-30 well. The Stratos Federal #1-24 is located in 

the southeastern quadrant of Section 24, T22N, R107W, Sweetwater County, Wyoming. 

It was drilled on a structural saddle called the Blue Rim Arch close to the structural axis 

of the Green River Basin. 

A total of 110.5 ft of core was retrieved, sampling the fluvial and marine 

sandstones of the Second Bench of the Second Frontier. The Stratos Federal was 

targeting the Second Bench of the Second Frontier, and retrieved a total of 100.5 ft of 

core from 15,990-16,100 ft MD. Cores #1 and #2 each sampled 25 ft of the fluvial First 

Bench at 15,990-16,015 ft and 16,015-16,039 MD, respectively. Core #3 sampled 60 ft of 

the marine Second Bench at 16,039-16,100 ft MD. Compared to the Blue Rim Federal 

#1-30, the Stratos Federal fluvial section was thicker but had lower porosity, and the 

marine sandstone was cleaner but had more quartz cement and therefore lower porosity. 
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The core contained very few macrofractures. From the six macrofractures 

observed, three were oriented east-northeast and three were oriented northeast and they 

were filled with calcite and an unidentified “dark gouge”, respectively. More 

microfractures were observed in thin section, from which two fracture sets were 

identified: a dominant west-northwest oriented set (280
o
) and a secondary northeast 

oriented set (no specific orientation given). 

No information was given on relative timing of fracture sets, fracture aperture, 

height, length, abundance, or spacing, fracture scaling, cement fill of the microfractures, 

shear movement, or rock mechanical properties. 

The second well, Blue Rim Federal #1-30, is located in Section 30, T22N, 

R107W. It is 1,250 m (4,100 ft) to the southeast of the Stratos Federal #1-24 well, and is 

also on the Blue Rim Arch. 

Only one small zone of fractures was observed in this core, all of which were 

filled with calcite cement. 

No information was given on relative timing of fracture sets, fracture aperture, 

height, length, abundance, or spacing, fracture scaling, remnant fracture porosity, shear 

movement, or rock mechanical properties. 

A.1.4 Lorenz et al. (1998) – Frewen Deep #4 well 

The data for this study was from the Amoco Frewen #4 well (which encountered 

the Frontier Formation at 5,578 m (18,300 ft) depth). The well is located in Sec 13, 

T19N-R95W, Sweetwater County, Wyoming. It is located on the southern end of the 

Wamsutter Arch which lies between the Great Divide Basin to the north and the 

Washakie Basin to the south. 
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Core was retrieved from this well, totaling 26 m (86 ft). Here the Frontier 

Formation is described as Cretaceous sandstones and shales, with the main reservoir 

sandstone being 12 m (40 ft) thick. 

Three sets of fractures were described: one set, F1, consisting of east-striking 

fractures (85
o
); a second set, F2, consisting also of east-striking fractures (115

o
); and a 

this set, F3, consisting of north-striking fractures (170
o
). The F1 fractures are the oldest 

and the F3 fractures are the youngest (so the east-striking fractures formed before the 

north-striking fractures. The timing relationship of the F1 and F2 fractures was 

determined based on the cement fill, since the F2 fractures did not have the earliest 

pyrobitumen cement that the F1 fractures did. The timing of the F3 fractures was 

determined based on orientation, since the F3 fractures are oriented with present-day in-

situ stress and the F1 and F2 fractures are not. 

Fracture apertures were as large as 5 mm wide, with bridges spanning between 

fracture walls. Fracture height ranged from a maximum of 1.2 m (4 ft) (observed in the 

F1 fractures) to a minimum of several centimeters (observed in the F3 fractures). Over 

the 26 m (86 ft) of core, the F1 fractures are the most abundant, with less F2 fractures 

present, and F3 being the least abundant (10, 8, and 2 fractures were measured, 

respectively). 

The F1 fractures were filled with pyrobitumen, quartz, and calcite, with 

pyrobitumen precipitating first and calcite last. The smallest fractures generally only had 

quartz and/or pyrobitumen fill. The F2 fractures were filled with calcite and then a later 

period of quartz precipitation. It is unclear what cements were within the F3 fractures. 

Overall, the fractures were described as having obvious open porosity with bridges 
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holding the fractures open, but that a lot of the porosity had been occluded with 

pyrobitumen cement. 

This study did not provide information on fracture length, spacing, or scaling, or 

shear movement, rock mechanical properties, and the cement data for the F3 fractures 

was unclear. 

A.1.5 Lorenz and Mroz (1999) – Rock Island #4-H well 

The data from this study was collected from the Rock Island #4-H well in the 

Table Rock field, eastern Greater Green River Basin, Wyoming. 

Two main sets of fractures were identified: a dominant east-striking set, with 

strikes between 50
o
-120

o
 and concentrated between 80

o
-110

o
, and a secondary north-

striking set, with strikes between 0
o
-10

o
. The east-striking set was determined to be older 

based on cross-cutting relationships (however, it should be noted that many locations 

where cross-cutting relationship occurred, the relative timing was unclear). 

The fractures had apertures between 0.25 to 0.5 mm wide (this is an estimate 

since many of the fractures in the core had been separated and therefore their apertures 

were difficult to determine). 76 fractures were described in the 23.8 m (78.2 ft) of core. 

Spacing measured between consecutive fractures showed that the maximum length of 

unfractured core was 5.2 m (16.9 ft) in Cores #1 and #2, and 3.8 ft in Core #3. The 

minimum spacing in all cores was less than 2.54 cm (1 in). 

The east-striking fractures were filled with quartz druze (a term by which they 

meant a thin veneer of quartz), a black organic carbon material (which was noted to be 

similar to cement present in the Frewen #4 core), and kaolinite cements. The north-

striking fractures only had calcite cements. 
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Approximately half of the fracture faces showed evidence of shear movement, 

with slip lineations indicating right-lateral movement. 

Information was not provided on fracture height or length, fracture scaling, 

relative timing of cement precipitation, remnant fracture porosity, rock type, or rock 

mechanical properties. 

A.1.6 DeJarnett et al. (2001a) – Rock Island #4-H and Sidewinder #1-H wells 

The data for the first part of this study was collected from the Rock Island #4-H 

well, located in Sec 4, T19N-R97W, Sweetwater County, Wyoming. It is located 36 

miles east of the eastern side of the Rock Springs Uplift. 

Three cores were retrieved from the well – Cores #1 and #2 were taken 

consecutively in the upper shoreface facies of the Second Bench of the Second Frontier 

and Core #3 was taken deeper in the lower shoreface facies of the Second Bench. 

The natural fractures were characterized as two main sets: a dominant east-

striking set, with strikes between 50
o
-120

o
 but mostly between 80

o
-110

o
, and a secondary 

north-striking set, with strikes between 0
o
-10

o
. The east-striking set was determined to be 

older than the north-striking set (although it is unclear what this assumption is based on). 

Fracture spacing varies between the cores. The shallower Cores #1 and #2 have a 

maximum length of 5.2 m (16.9 ft) of unfractured core, while Core #3 has a maximum of 

1.2 m (3.8 ft) of unfractured core. All three cores have minimum spacing of less than 2.54 

cm (1 in). 

The east-striking fractures are filled with quartz, black carbon material interpreted 

to be bitumen, and white to tan kaolinite cements. The north-striking fractures are filled 

with quartz and local calcite cements. Overall, more than half of the observed fractures 

have visible remnant porosity. 
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Evidence of shear was observed in about one third of the visible fracture faces. 

The slip lineations showed right-lateral to oblique shear. 

No information was given on fracture aperture, height, or length, or fracture 

scaling, relative timing of cement fills, or rock mechanical properties. 

The data for the second part of this study was collected from the Sidewinder #1-H 

well. This well was drilled as an offset to the Rock Island #4-H well and is located to the 

north of the Rock Island well, on the northeastern upthrown side of a major northeast-

trending oblique reverse-strike-slip fault. 

One core was retrieved from the Sidewinder #1-H well that sampled the lower 

shoreface facies of the Second Bench of the Second Frontier. The sandstone is described 

as sublitharenite with 87.1-91.8% quartz and 1.4-3.7% plagioclase feldspar. 

One set of fractures was identified, having an eastward strike of 90-120
o
 and an 

average of 113.9
o
. 42 fractures were measured in the 18 m (60 ft) of core, and they were 

found to be partially to completely filled with pyrobitumen, quartz, kaolinite, and calcite 

cements. 

Four of the fractures showed evidence of left-lateral oblique shear movement, and 

six fractures showed evidence of vertical shear movement. 

No information was given on fracture aperture, height, length, or spacing, or 

fracture scaling, relative timing of cement precipitation, remnant fracture porosity, or 

rock mechanical properties. 

A.1.7 DeJarnett et al. (2001a) – Table Rock #104 and Government Union #4 wells 

The data for this study was collected from three locations: (1) the Table Rock 

#104 well and (2) the Texaco Government Union #4 well, both located in the Table Rock 
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Field just to the southwest of the Rock Island #4-H well, and (3) the Amoco Frewen #4 

well, located east of the Rock Island #4-H well. 

In the Table Rock #104 well, two fracture sets were identified. The dominant 

fracture set is oriented east-southeast, and the second set is not stated although it can be 

inferred to be a secondary north-striking set based on the Government Union #4 well. 

The dominant east-striking set is the oldest. A total of 13 fractures were measured along 

the 8.5 m (28 ft) of vertical core. The east-striking fracture set showed evidence of shear 

reactivation, indicating strike-slip or oblique movement. No information was given on 

fracture aperture, height, length, or spacing, fracture scaling, cement fill, remnant fracture 

porosity, rock type, or rock mechanical properties. 

In the Government Union #4 well, two fracture sets were identified: a dominant 

east-striking set, and a secondary north-striking set. The east-striking fractures were 

determined to have formed before the north-striking fractures, although it is unclear on 

what observations this assumption was based. A total of 33 fractures were measured in 

the vertical core. The east-striking fracture set showed evidence of shear reactivation, 

indicating strike-slip or oblique movement. No information was given on fracture 

aperture, height, length, or spacing, fracture scaling, cement fill, remnant fracture 

porosity, rock type, or rock mechanical properties. 

In the Frewen #4 well, two sets of fractures were identified: a dominant east-

striking set, and a secondary north-striking set. The east-striking fractures were 

determined to have first, although it is unclear on what observations this assumption was 

based. The fractures were described as having pyrobitumen fill but no kaolinite fill. No 

information was given on fracture aperture, height, or length, fractures distributions, 

remnant fracture porosity, shear movement, rock type, or rock mechanical properties. 
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A.2 PREVIOUS FRONTIER FORMATION OUTCROP FRACTURE STUDIES 

A.2.1 Laubach (1992) – Kemmerer outcrops 

The data for this study was collected from outcrops on the western edge of the 

Thrust Belt, located northeast of Kemmerer in southwest Wyoming. 

The fractures were divided into two sets, an east- to east-northeast-striking set and 

a north-striking set. Based on cross-cutting relationships seen in outcrop, the north-

striking set formed before the east-striking set.  The east-striking fractures were 

determined to have formed previous to folding. 

The east-striking set had apertures that ranged from less than one mm to several 

cm wide. Height was restricted to the sandstone bed, with the fractures having heights 

equal to or less than the bed thickness. Fracture length varied greatly, ranging from 2.54 

cm (1 in) to over 38 m (125 ft) long. Average fracture length was 7 m (23 ft) (for only 

fractures longer than 0.9 m, or 3 ft). This fracture set showed clustering, with fracture 

spacing ranging from 2.54 cm to 4.6 m (1 in to 15 ft) within swarms. 

The north-striking set had similar heights to the east-striking set, with heights 

being equal to or less than sandstone or interbed thickness. This set showed clustering 

over several scales, with large fracture swarms that could measure up to 122-152 m (400-

500 ft) wide. The distribution shows fractal scaling that is scale-invariant. Locally 

fractures were spaced close together, ranging from 10 cm to 0.9 m (4 in to 3 ft). Fracture 

swarms were isolated laterally and fractures had low connectivity, with only a few cross-

cutting or abutting fractures. 

The fractures were completely to partially filled with cements. The east-striking 

fractures were filled with calcite (only partial fill) as well as quartz and clay cements that 
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were present locally. The north-striking fractures were filled with abundant calcite 

cement. Observations show that, where present, the quartz precipitated before the calcite. 

This study did not provide information on remnant fracture porosity, shear 

movement, rock type, or rock mechanical properties. 

A.2.2 Lorenz and Laubach (1994) – Hogsback/Oyster Ridge outcrops 

The data for this study was collected from outcrops on the Hogsback (also called 

Oyster Ridge), located on the southwestern edge of the Green River Basin in 

southwestern Wyoming. 

The Frontier Formation at this location was composed of interbedded sandstones 

and shales that were deposited in shoreline, deltaic, and shallow marine environments. 

The unit exposed in these outcrops is the Oyster Ridge sandstone, which is the same as 

the Second Frontier Formation that is seen in the subsurface. 

Three fracture sets were identified in the outcrops: J1 (north-striking fractures), J2 

(east-striking fractures) and J3 (with variable orientations between outcrops). Based on 

abutting and cross-cutting relationships, J1 was determined to be the oldest and J3 to be 

the youngest. However, it is likely that J2 and J3 formed contemporaneously. 

Fracture heights were found to be equal to or less than bed thickness, and ranged 

from less than 1 cm to several meters. Fracture trace lengths were much greater than 

heights, and the length:height ratio of these fractures was greater than 10:1. Fracture 

lengths of 3-30 m were most common, but the outcrops also had very small 

microfractures and large macrofractures that extended beyond the outcrop exposures. For 

the J1 set, trace lengths ranged between 6-135 m, with an average of 32 m. For the J2 set, 

trace lengths could be up to 40 m, with an average of 7 m. 
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The J1 fractures were seen to be irregularly distributed across the outcrops, but 

they did not form fracture swarms. The spacing for J1 fractures ranged from less than 1 m 

to 7 m, with an average of 2.4 m. The J2 fractures formed fracture swarms in some 

outcrops but not in others. 

The fractures had experienced diagenesis, and were described as being completely 

to partially filled with carbonate minerals, quartz (minor), and clays (local). There was no 

evidence seen for shear movement. 

No information was provided on fracture aperture, fracture scaling, remnant 

fracture porosity, or rock mechanical properties.  

A.2.3 Dutton et al. (1995) – Green River Basin outcrops 

Data for this study was collected from outcrops exposed on the eastern, southern 

and western edges of the Green River Basin. 

Three sets of fractures were described: one set was oriented north, a second set 

oriented east-northeast, and a third set oriented northeast. The north and east sets were by 

far the most common, and the north set was determined to be the oldest. 

The fractures described had apertures that ranged from less than 0.2 mm to more 

than 10 mm. Their heights were equal to or less than bed thickness, ranging from less 

than 1 in to several meters (several tens of feet) tall. The length to height ratio was found 

to be greater than 10 to 1, and trace lengths ranged from a few centimeters to more than 

823 m (2,700 ft) long. The north set was locally closely spaced, ranging from 10 cm to 

0.9 m (4 in to 3 ft). The east set had variable spacing, and they were locally widely 

spaced, ranging from centimeters to several meters (tens of feet). They did not seem to 

have a relationship with bed thickness. Both sets were observed to have power-law 

scaling over several scales. 
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The north set fractures were described as having abundant calcite cement fill, with 

some quartz and clay cements. 

No information was given on the east set cement fill, the relative timing of 

cements, remnant fracture porosity, shear movement, rock type, or rock mechanical 

properties. 

A.2.4 Harstad et al. (1996) – Green River Basin outcrops 

This data for this study was gathered from four outcrops around the Green River 

Basin: (1) Scully’s Gap, located the Hogsback at the southwest edge of Green River 

Basin, (2) Bridger Gap, also located on the Hogsback, (3) an outcrop 2 km east of 

Flaming Gorge on the northern flank of the Uinta Mountains, and (4) Muddy Gap, 

located on the western edge of the Green River Basin. 

The outcrops at Scully’s Gap had one regional set of northeast-striking fractures 

(19
o
). The fracture porosity within these fractures was 0.0234%. 

The outcrops at Bridger Gap had one regional set of northeast-striking fractures 

(13
o
). The fracture porosity within these fractures was 0.0075%. 

The outcrops near Flaming Gorge had one regional set of northwest-striking 

fractures (N39
o
W). The fracture porosity within these fractures was 0.0029%. 

The outcrops at Muddy Gap had one regional set of northwest-striking fractures 

(N44
o
W). The fracture porosity within these fractures is 0.0007%. 

This study did not provide information on relative timing of fracture formation, 

fracture aperture, height, length, or distributions, or cement fill, fracture porosity, shear 

movement, rock type, or rock mechanical properties. 
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A.2.5 Hennings et al. (2000) – Oil Mountain outcrops 

The data for this study was collected from outcrops on Oil Mountain, located on 

the western flank of Casper Arch in central Wyoming. 

The Frontier Formation at this location is described as Upper Cretaceous 

alternating sandstones, shales, siltstones, and bentonites that formed in fluvial, deltaic, 

and marine environments. There are four main sandstone bodies and they are classified as 

litharenites to sublitharenites, with an average of 50% detrital quartz and less than 2% 

detrital clay. The sandstone body that is the focus of this study, called the Frontier 1 

sandstone, is 10 m thick. 

There are three main sets of fractures: J1, consisting of east- to southeast-striking 

fractures (110-130
o
); J2, consisting of northeast-striking fractures (30-60

o
); and J3, 

consisting of north-striking fractures (350-5
o
). The J1 fracture set was determined to be 

the oldest, which means the east- to southeast-striking fractures formed before the 

northeast-striking fractures (however it was not mentioned what evidence this assumption 

was based on). The J3 set is sporadically developed and therefore was omitted from the 

study. 

The J1 fractures were broadly spaced, with spacing approximating bed thickness. 

Fracture spacing did not vary much and averaged 10 m. The J1 fractures also showed low 

fracture intensity of 0.1. Conversely, the J2 fracture spacing widely varied, ranging from 

sparse to extreme intensity. J2 fracture spacing varied greatly based on structural 

position. 

The fractures had cement fill, with carbonate minerals, quartz, and clays being the 

most common authigenic minerals present. 
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The study did not provide information on fracture aperture, height, length, or 

abundance, or fracture scaling, remnant fracture porosity, shear movement, or mechanical 

properties. 

A.2.6 Barber (2010) – Oyster Ridge and Oil Mountain outcrops 

The data for this study was collected from two main outcrop locations. The first 

location is on Oyster Ridge in southwestern Wyoming, and the second is on Oil 

Mountain in central Wyoming. 

The outcrops at Oyster Ridge were fluvial, deltaic, and upper shoreface 

sandstones of the Frontier Formation. It was noted that the Frontier Formation is sandier 

in the western part of the basin, where this outcrop is located. 

Two to five fracture sets were identified, varying in number between outcrops. 

The dominant set in all the outcrops is north-northeast-striking fractures (10-20), and the 

other sets vary between outcrops. Based on cross-cutting relationships observed and from 

previous timing information in literature, the north-striking set was determined to have 

formed first. 

Fracture distributions were quantified by fracture intensity, and the fractures in 

these outcrops showed fracture intensities of 1.4-15 fractures/m (0.43-4.6 fractures/ft). 

The thickest bed had fractures with the lowest intensity. Fractures had trace lengths 

ranging up to 3 m (10 ft) long. Trace lengths measured on the outcrops had negative 

exponential distributions, with exponents of -1.6 to -0.27. The thickest bed had 

distributions with the highest exponent. 

Mechanical tests were run on samples taken from the outcrop, measuring both 

Young’s modulus and subcritical crack index (SCI) values. The Frontier Formation had 

SCI of 27 and 36 (measured from 2 samples) and Young’s modulus of 0.030-0.732 Mpsi. 
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No information was given on fracture aperture or height, cement fill, remnant 

fracture porosity, or shear movement. 

The outcrops at Oil Mountain were fluvial, deltaic, and upper shoreface 

sandstones of the Frontier Formation. These sandstone outcrops also had abundant shale 

and siltstone interbeds. 

Two to five fracture sets were identified, but the number and orientation of the 

sets varied between the outcrops and the relative timing of the sets was difficult to 

determine. 

The fractures in these outcrops showed fracture intensities of 0.63-13 fractures/m 

(0.19-3.9 fractures/ft). The thickest units had the lowest fracture intensities. Fracture trace 

lengths ranged up to 5 m (17 ft) long. The trace lengths had negative exponential 

distributions, with exponent values of -1.5 to -0.18. The thickest units had the highest 

exponents. 

Both Young’s modulus and subcritical crack index (SCI) values were measured 

from samples taken from the outcrops. The Frontier at this location had SCI of 88, 71, 

and 67 (measured from three samples) and Young’s modulus of 0.030-0.732 Mpsi. 

No information was given on fracture aperture or height, fracture cement fill, 

remnant fracture porosity, or shear movement. 
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Appendix B: Systematics of Quartz Growth in Fractures 

 

Figure 54: Diagram of quartz crystals showing the orientations of the c- and a-axes. 

The left diagram is looking at the quartz crystal from the side, and the right 

diagram is looking down on the top of the quartz crystal. C-axis growth is 

much faster than a-axis growth (Lander et al., 2008). 

Quartz grows fast along its c-axis and grows slowly along its a-axis (Figure 54). 

Quartz bridges form when the rate of quartz precipitation is greater than the slowest 

quartz growth rates but less than the fastest quartz growth rates. Under these conditions, 

only quartz crystals that are oriented with their c-axes perpendicular to the fracture wall 

will be able to grow quickly enough to keep up with fracture opening (Figure 55). 

Porosity will be unimpaired at locations along the fracture where there are other minerals 

or where quartz crystals are not oriented favorably to the fracture wall. Crack-seal texture 

is formed when many short and small increments of fracture widening are followed by 

short periods of quiescence during which the quartz crystals grow. 
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Figure 55: Diagrams of three different scenarios of quartz precipitation rate vs. fracture 

opening rate: (left) fracture opening rate is slower than quartz precipitation 

rate, (middle) fracture opening rate equals quartz precipitation rate, and 

(right) fracture opening rate is greater than quartz precipitation rate (Lander 

and Laubach, 2015). 

The opening increment boundaries within the crack seal texture are marked by 

trails of fluid inclusions, where phases were trapped between cement growth following an 

increment of fracture opening. Relative timing of the crack-seal zones can be determined 

by cross-cutting relationships – the shortest crack-seal zones (equaling the width of the 
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quartz crystal) formed first (shown by crack seal zone I in Figure 56) and the longest 

crack-seal zone (spanning the width of the entire bridge and cutting through all the lateral 

cement) formed last (shown by crack-seal zone V and VI in Figure 56). 

 

 

Figure 56: Diagram showing the evolution of crack-seal bridging and the crack-seal 

increment relationships used to determine relative timing. The red shades 

with roman numerals show crack seal zones, and the numbered blue shades 

show corresponding lateral quartz cement growth (Becker et al., 2010). 
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Appendix C: Additional Figures 

 

 

Figure 57: Plot of porosity (%) versus depth (ft) for the Rock Island #4-H cores, (a) the 

upper shoreface Cores #1 and #2 and (b) the lower shoreface Core #3. 
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Figure 58: Plot of permeability (mD) versus depth (ft) for the Rock Island #4-H cores, 

(a) the upper shoreface Cores #1 and #2 and (b) the lower shoreface Core 

#3. 
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Figure 59: Load (lb) versus time (sec) graphs for sample RI-15434-2 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 60: Load (lb) versus time (sec) graphs for sample RI-15434-5 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 61: Load (lb) versus time (sec) graphs for sample RI-15434-6 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 62: Load (lb) versus time (sec) graph for sample RI-15939-3 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 63: Load (lb) versus time (sec) graphs for sample RI-15939-4 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 64: Load (lb) versus time (sec) graphs for sample RI-15939-5 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 
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Figure 65: Load (lb) versus time (sec) graph for sample RI-15939-6 from the dual 

torsion geomechanics testing. Curves were fit to the data to get subcritical 

crack index values for this sample. Each curve represents a separate 

subcritical crack index value. 

 

Figure 66: Fracture trace lengths on outcrop #1 near Kemmerer, Wyoming (image 

taken from GoogleEarth). 
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Figure 67: Fracture trace lengths on outcrop #2 near Kemmerer, Wyoming (image 

taken from GoogleEarth). 

 

Figure 68: Fracture trace lengths on outcrop #3 near Kemmerer, Wyoming (image 

taken from GoogleEarth). 
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Figure 69: Fracture trace lengths on outcrop #1 at Muddy Gap, Wyoming (image taken 

from GoogleEarth). 

 

Figure 70: Fracture trace lengths on the northwestern section of outcrop #2 at Muddy 

Gap, Wyoming (image taken from GoogleEarth). 
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Figure 71: Fracture trace lengths on the southeastern section of outcrop #2 at Muddy 

Gap, Wyoming (image taken from GoogleEarth). 
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Appendix D: Tables 

Table 1: Subcritical crack index values from dual torsion testing from the upper 

shoreface facies Sample 1 (Rock Island #4-H at 4,704 m (15,434 ft) depth). 

Wafers 1, 3, and 4 broke too quickly and SCI data was not able to be 

measured. 

Wafer # 
RI-

15434-1 

RI-

15434-2 

RI-

15434-3 

RI-

15434-4 

RI-

15434-5 

RI-

15434-6 
 

SCI #1 --- 44 --- --- 44 47  

SCI #2 --- 52 --- --- 49 48 Sample 

average SCI #3 --- 51 --- --- 37 --- 

Average 

SCI 
--- 49 --- --- 43 47 46 

Fracture 

toughness 
1.4 1. --- --- 1.8 1.7 1.6 

Table 2: Subcritical crack index values from dual torsion testing from the lower 

shoreface facies Sample 2 (Sidewinder #1-H at 4,858 m (15,939 ft) depth). 

Wafers 1 and 2 broke too quickly and SCI data was not able to be measured. 

Wafer # 
RI-

15939-1 

RI-

15939-2 

RI-

15939-3 

RI-

15939-4 

RI-

15939-5 

RI-

15939-6 
 

SCI #1 --- --- 36 57 56 57  

SCI #2 --- --- --- 62 68 --- Sample 

average SCI #3 --- --- --- --- --- --- 

Average 

SCI 
--- --- 36 60 62 57 54 

Fracture 

toughness 
2.3 1.9 2.1 2.4 2.0 2.2 2.2 
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Table 3: Salinity (in weight percent) of fluid inclusions based on their measured 

freezing point depressions (
o
C). 
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Table 4: Fracture aperture and spacing data for east-striking Set 1 fractures in the 

upper shoreface Cores #1 and #2. 

# 
Depth 

(ft) 

Aperture 

(mm) 

Spacing 

(ft) 

Spacing 

(mm) 

1 15424.53 --- --- --- 

2 15426.54 --- 2.02 614.68 

3 15427.50 --- 0.96 292.10 

4 15429.32 --- 1.82 553.72 

5 15429.47 0.500 0.15 45.72 

6 15434.04 --- 4.57 1394.46 

7 15446.21 0.095 12.17 3708.40 

8 15446.29 --- 0.08 25.40 

9 15446.40 0.330 0.11 33.02 

10 15453.36 --- 6.96 2120.90 

11 15454.12 0.140 0.76 231.14 

12 15454.21 --- 0.09 27.94 

13 15456.83 --- 2.63 800.10 

14 15459.28 0.175 2.45 746.76 

15 15459.42 --- 0.13 40.64 

16 15462.00 --- 2.58 787.40 

17 15464.73 --- 2.73 830.58 

22 15468.08 --- 1.54 469.90 

23 15471.31 0.330 3.22 982.98 

24 15471.44 --- 0.13 40.64 

25 15471.53 0.620 0.09 27.94 

26 15472.13 --- 0.59 180.34 

27 15474.42 0.265 2.29 698.50 

28 15474.94 --- 0.53 160.02 

29 15475.63 0.215 0.69 210.82 

30 15476.25 --- 0.62 187.96 

31 15476.49 0.330 0.24 73.66 

32 15476.57 --- 0.08 22.86 

33 15476.64 0.265 0.07 22.86 

34 15476.78 0.400 0.13 40.64 

35 15476.92 0.500 0.14 43.18 

36 15477.46 --- 0.54 165.10 

37 15477.58 0.400 0.13 38.10 
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38 15478.44 0.330 0.86 261.62 

39 15478.50 0.265 0.06 17.78 

40 15478.58 --- 0.08 25.40 

41 15480.00 --- 1.42 431.80 

42 15480.42 0.330 0.42 127.00 

43 15480.50 --- 0.08 25.40 

44 15480.56 0.215 0.06 17.78 

45 15481.33 --- 0.78 236.22 

Table 5: Fracture aperture and spacing data for north-striking Set 2 fractures in the 

upper shoreface Cores #1 and #2. 

# 
Depth 

(ft) 
Aperture 

Spacing 

(ft) 

Spacing 

(mm) 

1 15465.79 0.175 1.07 325.12 

2 15466.54 0.265 0.75 228.60 
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Table 6: Fracture aperture and spacing data for east-striking Set 1 fractures in the 

lower shoreface Cores #3 and #4. 

# 
Depth 

(ft) 

Aperture 

(mm) 

Spacing 

(ft) 

Spacing 

(mm) 

1 15931.17 --- --- --- 

2 15931.23 0.215 0.06 17.78 

3 15931.29 0.115 0.07 20.32 

4 15931.33 0.140 0.04 12.70 

5 15931.36 0.215 0.03 8.13 

6 15931.71 --- 0.35 106.17 

7 15931.92 0.140 0.21 63.50 

8 15932.04 --- 0.13 38.10 

9 15932.15 --- 0.11 33.02 

10 15932.21 0.265 0.06 17.78 

11 15932.34 0.140 0.13 40.64 

12 15932.43 0.330 0.09 27.94 

13 15932.50 --- 0.07 20.32 

14 15933.17 --- 0.67 203.20 

15 15933.92 --- 0.75 228.60 

16 15934.04 0.400 0.13 38.10 

17 15934.36 0.140 0.32 96.52 

18 15934.54 --- 0.18 55.88 

19 15935.08 0.215 0.54 165.10 

20 15935.11 0.175 0.02 7.62 

21 15935.33 --- 0.23 68.58 

22 15935.34 0.175 0.01 2.54 

23 15935.45 --- 0.11 33.02 

24 15936.10 --- 0.65 198.12 

25 15936.70 0.215 0.60 182.88 

26 15937.29 --- 0.59 180.34 

27 15937.85 --- 0.56 170.18 

28 15937.92 0.215 0.07 20.32 

29 15938.17 1.400 0.25 76.20 

30 15941.75 --- 3.58 1092.20 

31 15942.33 0.115 0.58 177.80 

32 15944.63 --- 2.29 698.50 

33 15944.96 --- 0.33 101.60 
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34 15945.23 0.140 0.27 81.28 

35 15946.71 --- 1.48 452.12 

36 15947.73 --- 1.02 309.88 

37 15947.79 0.400 0.07 20.32 

38 15949.92 0.115 2.13 648.72 

39 15950.41 0.330 0.49 148.84 

40 15950.45 --- 0.04 12.70 

41 15951.04 0.140 0.59 180.34 

42 15973.84 --- --- --- 

43 15975.13 --- 1.29 393.19 

44 15976.21 --- 1.08 329.18 

45 15976.47 0.175 0.26 79.25 

46 15976.92 0.265 0.45 137.16 

47 15977.39 --- 0.47 143.26 

48 15978.11 --- 0.72 219.46 

49 15979.21 --- 1.10 335.28 

50 15979.50 --- 0.29 88.39 

51 15980.33 --- 0.83 252.98 

52 15981.39 --- 1.06 323.09 

53 15985.92 0.330 4.53 1380.74 

54 15985.97 0.265 0.05 15.24 

55 15986.56 --- 0.59 179.83 

56 15986.57 --- 0.01 3.05 

57 15993.48 --- 6.91 2106.17 

58 15993.65 --- 0.17 51.82 

59 15994.00 --- 0.35 106.68 

60 15997.54 --- 3.54 1078.99 

61 15999.43 0.620 1.89 576.07 

62 15999.53 0.265 0.10 30.48 

63 15999.54 0.330 0.01 3.05 

64 16001.11 --- 1.57 478.54 

65 16003.49 --- 2.38 725.42 

66 16003.70 1.750 0.21 64.01 

67 16005.18 --- 1.48 451.10 

68 16005.57 0.620 0.39 118.87 

69 16005.59 0.400 0.02 6.10 

70 16005.61 --- 0.02 6.10 
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71 16005.77 --- 0.16 48.77 

72 16006.26 --- 0.49 149.35 

73 16006.75 --- 0.49 149.35 

74 16006.98 0.265 0.23 70.10 

75 16007.41 0.175 0.43 131.06 

76 16008.66 --- 1.25 381.00 

77 16012.00 0.175 3.34 1018.03 

78 16012.11 --- 0.11 33.53 

79 16012.19 0.265 0.08 24.38 

80 16012.29 0.620 0.10 30.48 

81 16012.31 0.620 0.02 6.10 

82 16013.01 --- 0.70 213.36 

83 16014.82 0.215 1.81 551.69 

84 16014.87 0.140 0.05 15.24 

85 16015.71 --- 0.84 256.03 

86 16015.93 --- 0.22 67.06 

87 16016.85 0.215 0.92 280.42 

Table 7: Fracture aperture and spacing data for north-striking Set 2 fractures in the 

lower shoreface Cores #3 and #4. 

# 
Depth 

(ft) 

Aperture 

(mm) 

Spacing 

(ft) 

Spacing 

(mm) 

1 15933.46 0.330   --- 

2 15933.94 0.215 0.48 146.812 

3 15933.98 --- 0.04 13.208 

4 15934.71 --- 0.73 220.98 

5 --- 0.140   --- 

6 15935.44 ---   --- 

7 15950.18 0.500 14.74 4493.26 

8 16005.20 --- 55.02 16769.08 

9 16012.30 0.330 7.10 2164.08 
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Table 8: Trace length measurements (in ft) of east-striking and north-striking 

fractures observed on Frontier Formation outcrop pavements near 

Kemmerer, WY, from Google Earth imagery (Figures 64-66). 

  
E-striking 

(m) 
N-striking 

(m) 

1 85.3 135.7 

2 85.0 130.2 

3 79.5 129.2 

4 54.6 126.3 

5 50.3 111.0 

6 47.7 106.0 

7 41.6 104.0 

8 39.7 88.9 

9 35.9 85.0 

10 32.1 78.0 

11 32.0 77.8 

12 31.9 76.3 

13 31.3 75.4 

14 27.4 74.1 

15 27.3 72.0 

16 25.9 65.6 

17 25.7 65.4 

18 25.3 58.5 

19 24.9 58.2 

20 24.8 55.7 

21 24.8 53.1 

22 24.7 49.7 

23 24.2 49.5 

24 23.5 48.6 

25 20.6 46.5 

26 20.5 45.6 

27 20.2 44.9 

28 19.6 43.4 

29 19.0 41.3 

30 18.8 40.1 

31 18.0 39.8 

32 17.7 38.6 
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33 17.4 37.8 

34 17.2 37.3 

35 16.4 36.4 

36 16.3 35.9 

37 15.9 33.5 

38 15.6 33.2 

39 14.9 32.2 

40 14.6 31.5 

41 14.5 31.4 

42 14.5 30.3 

43 14.4 29.3 

44 14.3 29.3 

45 13.9 29.1 

46 13.5 29.1 

47 13.5 28.0 

48 13.4 28.0 

49 13.4 27.9 

50 13.1 27.7 

51 13.1 27.5 

52 13.1 27.5 

53 12.9 27.0 

54 12.9 25.1 

55 12.8 24.9 

56 12.4 24.9 

57 12.4 23.7 

58 12.3 23.6 

59 12.0 23.5 

60 11.6 23.3 

61 11.5 23.1 

62 11.3 21.4 

63 11.3 21.1 

64 11.2 20.8 

65 11.0 20.7 

66 11.0 20.6 

67 10.9 20.5 

68 10.6 20.1 

69 10.6 20.0 
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70 10.5 19.9 

71 10.1 19.8 

72 10.0 19.7 

73 10.0 19.5 

74 9.9 19.0 

75 9.9 18.9 

76 9.6 18.9 

77 9.6 18.6 

78 9.5 18.6 

79 9.4 18.4 

80 9.3 18.2 

81 9.3 18.1 

82 9.1 17.9 

83 9.0 17.7 

84 8.9 17.5 

85 8.9 17.3 

86 8.7 17.2 

87 8.7 17.1 

88 8.6 16.9 

89 8.4 16.8 

90 8.3 16.4 

91 8.3 16.1 

92 8.1 15.8 

93 8.0 15.8 

94 7.9 15.7 

95 7.9 15.7 

96 7.8 15.4 

97 7.8 15.3 

98 7.6 14.8 

99 7.5 14.8 

100 7.4 14.4 

101 7.4 14.4 

102 7.3 13.8 

103 7.3 13.7 

104 7.1 13.3 

105 6.9 13.3 

106 6.8 13.1 
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107 6.8 13.0 

108 6.4 12.5 

109 6.3 12.2 

110 6.3 12.2 

111 6.3 11.5 

112 6.0 10.9 

113 6.0 10.6 

114 5.8 10.4 

115 5.7 10.3 

116 5.6 10.2 

117 5.5 10.0 

118 5.4 10.0 

119 5.4 9.8 

120 5.1 9.4 

121 5.0 9.4 

122 5.0 9.0 

123 5.0 8.9 

124 4.8 8.0 

125 4.7 7.9 

126 4.6 6.8 

127 4.6 6.8 

128 4.6 5.6 

129 4.6 5.5 

130 4.5   

131 4.1   

132 4.1   

133 4.1   

134 4.0   

135 3.9   

136 3.8   

137 3.8   

138 3.6   

139 3.4   

140 3.4   

141 3.1   

142 2.2   
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Table 9: Trace length measurements (in ft) of east-striking and north-striking 

fractures observed on Frontier Formation outcrop pavements near Muddy 

Gap, WY, from Google Earth imagery (Figures 67-69). 

  
E-striking 

(m) 
N-striking 

(m) 

1 315.9 27.8 

2 287.7 24.9 

3 254.7 23.7 

4 213.7 22.1 

5 209.3 21.7 

6 181.5 20.7 

7 180.1 18.4 

8 176.5 17.9 

9 172.6 16.8 

10 161.3 16.4 

11 155.1 15.8 

12 152.8 15.5 

13 145.6 15.2 

14 113.8 14.9 

15 104.5 14.7 

16 99.1 14.5 

17 96.4 14.4 

18 94.3 14.0 

19 88.8 13.3 

20 83.0 12.8 

21 80.7 12.4 

22 77.6 12.0 

23 65.8 12.0 

24 63.3 11.8 

25 60.7 11.7 

26 60.7 11.5 

27 58.0 11.4 

28 53.1 11.4 

29 52.8 11.3 

30 50.2 11.2 

31 46.3 11.2 

32 45.9 11.1 
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33 45.7 11.0 

34 45.2 10.5 

35 45.2 10.4 

36 45.1 10.2 

38 43.1 10.2 

39 42.7 9.5 

40 42.3 9.0 

41 42.1 8.8 

42 40.1 8.7 

43 40.0 8.7 

44 39.0 8.5 

45 37.4 8.4 

46 32.2 8.2 

47 31.4 7.9 

48 31.4 7.7 

49 31.1 7.5 

50 30.6 7.2 

51 30.2 7.1 

52 29.8 7.1 

53 29.7 7.1 

54 29.6 6.9 

55 27.0 6.6 

56 26.2 6.1 

57 26.1 5.1 

58 25.6 4.7 

59 24.9 4.7 

60 24.5   

61 23.4   

62 23.0   

63 23.0   

64 17.6   

65 17.1   

66 16.8   

67 14.3   

68 13.4   

69 12.5   

70 12.1   
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71 11.0   

72 8.9   

73 6.3   
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Appendix E: Field Work 

Field work was done in August, 2014 to sample the Cambrian Flathead Formation 

sandstones in the Grand Teton Mountain Range, Wyoming. Five samples were acquired 

from three locations in Grand Teton Mountain Range. Two samples were gathered from 

Forellen Peak, two samples from Moose Basin, and one sample from Rock Springs 

(Figure 72). 

NATIONAL PARK SERVICE RESEARCH PROPOSAL 

Purpose of Study 

The structures exposed near the Forellen fault in the northern Tetons represent a 

nearly unique opportunity to collect samples as well as geometric and kinematic data 

Fracture sizes depend on strain, rock type, and bed thickness. In the subsurface 

cement accumulates locally within otherwise open fractures (Laubach et al. 2004).  I test 

the hypothesis (Hooker et al. 2012) that quartz precipitation during fracture opening also 

affects fracture size and spatial distributions. Quartz accumulation variably fills fractures, 

and the adhesive properties of the partial fills modify probabilities of fracture 

reactivation. Under high temperature conditions many fractures seal, resulting in some 

existing fractures growing and some new fractures forming. These fractures have power 

law distributions and crack-seal texture. Under cooler conditions less quartz accumulates 

and, once formed, existing fractures grow preferentially. These arrays have size-restricted 

distributions and no crack seal. Using horizontal core and outcrop data, my study tests 

this model by assessing attributes formed under varying thermal, rock type, and strain 

conditions.  
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Figure 72: Map of the Teton Range in western Wyoming. Locations where the Flathead 

Formation was sampled during August 2014 field work are marked in blue 

stars. Normal fault is shown in green, and thrust faults are shown in pink. 
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Fracture sizes and size distributions influence a rock’s overall permeability (Long 

& Witherspoon, 1985; Phillip et al., 2005) and are key to understanding fluid flow 

potential in rocks. However, sampling subsurface fracture size is difficult since wellbore 

diameter is typically much smaller than average fracture spacing, and vertical wellbores 

are generally not oriented at high angle to fractures. Outcrops allow for fracture aperture 

size populations to be measured, and such size data sets are essential for understanding 

the role of fractures in subsurface fluid movement. My study documents aperture size 

distributions over a wide range of fracture sizes with the aim of clarifying the 

fundamental controls on fracture size distribution – a key issue in modern structural 

geology. Fractures are measured in the Cambrian Flathead Formation, marine sandstones 

exposed in Forellen Peak, in the northern part of Grand Teton National Park. The 

Flathead outcrop is exposed in a hanging-wall-fixed fold created by a steeply-dipping 

basement-bounded thrust fault (Erslev 1991) where deformation is localized in the 

footwall, allowing a comparison of fractures in rock with the same composition and 

thermal history but differing fold-related strain. 

Summary of Proposed Field Methods and Activities 

The methods we will be using for the study involve both measurements on the 

Flathead Fm in situ and collecting samples to analyze later. The measurements we will be 

taking on the outcrops are non-intrusive techniques. A scanline is a line drawn across a 

surface at a high angle to fracture orientation. We will use measuring tapes to create 

scanlines across the outcrop, and will use a type of ruler called a comparator (Ortega et 

al. 2006) to measure fracture apertures. Aperture is defined as the distance between the 

fracture walls, and corresponds to fracture width.  Measurements of fracture orientation 

will be taken using a Brunton compass. The samples we plan to take can be removed with 
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minimal damage to the outcrop and no disturbance to its surroundings. Due to the nature 

of the outcrop, we expect to be able to remove the samples easily by hand or by using a 

rock hammer. 

Location of Activity in the Park 

Field activities will take place on Forellen Peak. It is located on the southern end 

of the Survey Peak Quadrangle, southeast of Berry Creek and northwest of Owl Creek. 

The coordinates for Forellen Peak are 44o 00’ 32” N, 110o 49’ 46” W. 
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