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ABSTRACT 

 
This research tested hypotheses about how porosity evolves in low permeability (“tight”) 

sandstone hydrocarbon reservoirs, and how that might affect well producibility. Well producibility 

is related to pore geometry (the size, shape, and connectivity of pores and pore throats), 

hydrocarbon saturations, and relative permeability to hydrocarbons, among other factors. 

Variations in reservoir pore geometry are of primary importance to hydrocarbon production. The 

hypothesis tested was that emplacement of hydrocarbons preserves or enhances pore geometry 

in tight-sandstone hydrocarbon reservoirs, and explains differences in producibility. 

Three hydrocarbon reservoirs were studied in sandstones of the Upper Cretaceous 

Almond Formation in the Washakie Basin, southwestern Wyoming: 1) the Arch Unit oil pool, i.e., 

the northern part of Patrick Draw Field, currently buried to depths of 4,500-6,500 feet (1,370-

1,980 m); 2) the Echo Springs/Standard Draw (“ESSD”) gas pool, which currently is buried to 

depths of 8,500-11,500 feet (2,590-3,510 m); and 3) the Polar Bar Unit (PBU) area, currently at 

burial depths around 15,500 feet (4,720 m). The upper Almond reservoir rocks in these areas are 

very fine- to medium-grained lithic sandstones in which compaction was a major influence on 

reservoir pore geometry. But so also was cementation. Differentiating the relative contributions of 

ever-present compaction from variable cementation required regional and local geologic 

analyses, and careful rock sampling. 

Structurally higher in the studied hydrocarbon accumulations reservoir porosity, pore 

throat sizes, and hydrocarbon saturations are greater, and per-well producibilities are better, 

compared to structurally lower (and deeper) parts of the reservoirs. Reservoir pore geometry in 

the ESSD and PBU areas was partially protected from cementation by entrapped hydrocarbons. 

This was not the case in the Arch Unit area. Enhanced grain solution in the ESSD and Arch 

reservoirs may have been related to hydrocarbon emplacement, but did not significantly improve 

reservoir quality. 

Evidence behind these conclusions includes petrographic, core, and well-log analyses 

that indicate gradients (or lack of them) in compaction, cementation, and water saturation within 

these hydrocarbon pools, as correlated with elevation within the hydrocarbon columns. 

Differences in interpreted paleostructural and trapping history between these three pools also 

support the conclusion that hydrocarbon emplacement preserved reservoir quality. 
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CHAPTER 1 

INTRODUCTION 

 
 
 
There are broad areas in the deeper parts of many sedimentary basins in which rock 

formations contain nearly ubiquitous saturations of natural gas. Such gas accumulations are 

found worldwide in siliciclastic and carbonate reservoir rocks ranging in geologic age from 

Cambrian through Paleogene. The reservoir rocks commonly have: 1) poor pore geometry, i.e., 

low porosity (<12%), low permeability (<0.1 md), and small pore throats (<5  radius); 2) non-

hydrostatic fluid pressures; 3) limited or no associated water production, and 4) limited reservoir 

continuity. These accumulations are styled “tight formation gas” (TFG), “tight gas”, “basin-center 

gas”, and “unconventional gas” accumulations (McPeek, 1981; Law, 1984; Law and Dickinson, 

1985; Law, 2002). Although some workers question the validity of these concepts (Shanley et al., 

2004; Fassett and Boyce, 2005), they are widely applied in academic and industry circles. This 

work was undertaken to clarify reasons for wide variations in the quality of oil and gas production 

from one of these TFG areas, in the Almond Formation of the Washakie Basin, Wyoming, U.S.A. 

TFG accumulations comprise gas resources commonly estimated in the multiple trillions 

of cubic feet (TCF). Energy companies have found that, despite the large volumes of gas in 

place, the producibility and commerciality of individual wells and gas pools is not assured. Gas 

production from many areas within TFG accumulations is non-commercial under any currently 

known drilling and completion methods, while other “sweet spot” areas offer superior gas 

production. Identification of sweet spots is a responsibility of modern petroleum geologists.  

Meckel and Thommason (2005) surveyed 14 North American basins containing TFG gas 

resources and found that reservoirs varied in porosity by about 150% (5 to 14%), and in 

permeability by several orders of magnitude (0.0001 md to several millidarcies). Geological 

reasons advanced for sweet spots include variations in reservoir: 1) energy of depositional 

environments and original clay contents; 2) drainage areas; 3) natural fracturing; 4) fluid 

pressures; 5) gas saturations; and 6) particularly pore geometry. Bloch et al. (2002) and 

Marchand et al. (2001) report anomalously high porosity in tight-gas reservoirs with grain-coating 

cements, early-emplaced hydrocarbons, or secondary porosity. 

Petroleum geologists often hypothesize that emplacement of fluids related to 

hydrocarbon generation either preserve or enhance reservoir pore geometry (Surdam et al., 

1989; Saigal et al., 1992; Bloch et al., ibid; Marchand et al., 2000, 2001, 2002). But the efficacy of 

hydrocarbons in halting diagenesis is denied by other work (e.g., Hendry et al., 2000; Parnell, 
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2001; Taylor et al., 2010). Resolving this conundrum requires studies of local variations in pore 

geometry and diagenesis within individual TFG pools, but such studies are sparse.  

In this study three hydrocarbon-bearing areas were chosen where cores, well logs, and 

production data were available that would allow more thorough sampling of reservoir rocks and 

comparisons of reservoir pore geometry and producibility from varying structural elevations within 

the same hydrocarbon pool. This was based on the expectation that progressive emplacement of 

hydrocarbons would fill structurally high reservoir rocks before structurally low reservoir rocks, 

and would create elevation-related gradients in diagenesis.  

The study includes three hydrocarbon-bearing areas in the Washakie Basin of the 

eastern Greater Green River Basin of Wyoming (Fig. 1.1). This area has seen active exploitation 

of gas resources since the 1950s, with tight-gas resources being drilled heavily since about 1975. 

Major Cretaceous gas-producing formations in the Washakie Basin are found in the 

Mesaverde Group (Fig. 1.2), which is credited with gas resources up to hundreds of TCF (Gautier 

et al., 1995; Boswell et al., 2002; Schenck and Pollastro, 2002; U.S. Geological Survey 

Southwestern Wyoming Province Assessment Team, 2002, 2005). Some of the most prolific tight 

gas reservoirs are sandstones in the Almond Formation. 

Regional structure mapping of the Mesaverde Group shows local uplifts and basins that 

formed mainly during and immediately after the Laramide Orogeny (Cross, 1986; Miller et al., 

1992; Christiansen et al., 1992; Fig. 1.3). The Washakie Basin is bounded on the west by the 

Rock Springs uplift, on the east by the Rawlins Uplift, on the north by the Wamsutter Arch and 

Creston Nose, and on the south by the Cherokee Ridge. Most, but not all, structural relief on 

these features developed during Eocene times (Bader, 2008), well after deposition of the 

Mesaverde Group. 

The Almond Formation can be subdivided into a mainly paludal “lower member” and a 

mainly marine strandline “upper member” (Jacka, 1965; Weimer, 1965; Doelger and Morton, 

1999), although finer stratigraphic subdivisions have been applied (Martinsen and Christensen, 

1992; Rigg, 2009). Gas is produced from both upper and lower Almond sandstones. 

Most of the Almond-formation gas pools in the Washakie Basin are typical Rocky 

Mountain tight-gas reservoirs, i.e., shaly sandstones with small pores and pore throats, low 

porosity, and low permeability as compared to “conventional” reservoirs. Based on public-domain 

core analyses permeabilities of productive Almond sandstone reservoirs range from less than 

0.0001 md to about 100 md, with permeabilities less than 5 md being typical at burial depths 

below about 6,000 ft. (2,000 m). Ultimate per-well gas production varies from more than 30 billion 

cubic ft. of gas (BCFG) to less than 0.1 BCFG (IHS Energy Group database, 2011). Generally, 

upper Almond sandstones produce hydrocarbons at better rates and with more reserves than do 

lower Almond sandstones (Tilden, 1985; Hendricks, 1994). 
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Figure 1.1 Location of the study areas (red outlines) and studied hydrocarbon pools (pink 
polygons) in the Greater Green River Basin, Wyoming, U.S.A. BB=Bridger Basin, BRA=Blue Rim 
Arch, CN=Creston Nose, CR=Cherokee Ridge, GM=Granite Mountains, GRB=Green River Basin 
proper, HaB=Hanna Basin, HoB=Hoback Basin, LBP=LaBarge Platform, LS=Lost Soldier Field, 
MA=Moxa Arch, OTB=Overthrust Belt, RDB=Red Desert (Great Divide) Basin, RSU=Rock 
Springs Uplift, RU=Rawlins Uplift, SWA=Sweetwater Arch, SWB=Sand Wash Basin, UM=Uinta 
Mountains, VA=Vermillion Arch, WA=Wamsutter Arch, WB=Washakie Basin, WRM=Wind River 
Mountains. Red arrows mark anticlines. Brown lines show basin-bounding faults; ochre color 
shows Precambrian outcrops (Love and Christiansen, 1985). 

 

Several authors have conjectured that the quality of Almond gas production relates to 

burial diagenesis and to hydrocarbon emplacement (Tilden, ibid; Tobin et al., 2010), but the 

timing of diagenetic events with respect to hydrocarbon emplacement has proven difficult to 

characterize (Bishop et al., 2005). It is possible that hydrocarbon emplacement halts diagenesis 

by restricting water flow into or through a formation. However, the possibility also exists that tight-

gas reservoirs are of low porosity and permeability because hydrocarbon emplacement does not 

inhibit diagenesis, at least for some time after initiation of emplacement, thus allowing reservoirs 

to continue to lose reservoir quality during burial due to compaction and cementation (Coskey, 

2004; Shanley et al., 2004, 2007, 2008). 
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Figure 1.2 Upper Cretaceous and Tertiary stratigraphic column, eastern Green River Basin. 
Modified from Johnson et al. (2005); absolute age dates are from Gradstein et al. (2004). 
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Figure 1.3 Structure of the Washakie Basin (WB) and environs. Study areas are in outlined in red; 
pink polygons are study fields. Also shown are major anticlines (red arrows), subsurface faults 
(blue lines; Chang et al., 1993; Parker and Bortz, 2001; Bader, 2008; Hettinger et al., 2008; and 
mapping by the author), Precambrian outcrop (ochre color), Almond Formation outcrop on Rock 
Springs Uplift (RSU; green) and Mesaverde Group outcrop on Rawlins Uplift (RU; green). Black 
contours are structure on top of the Mesaverde Group. AT=Adobe Town area, CN=Creston Nose, 
CR=Cherokee Ridge, DR=Dripping Rock gas field, RDB=Red Desert (Great Divide) Basin, 
RSU=Rock Springs Uplift, TR=Table Rock Field. VA = Vermillion Arch, WA=Wamsutter Arch. 
Black rectangles are townships.  
 

This study focused on upper Almond sandstone reservoirs for the following reasons: 1) it 

was intended to rely heavily on studies of rock samples from cores, 2) the upper Almond has 

been cored extensively in some fields; and 3) some upper Almond reservoirs have relatively large 

areal extent and reservoir volume. It was assumed that progressive emplacement of 

hydrocarbons would result in gradual filling of reservoirs with hydrocarbons, starting at the 

structurally highest point in the reservoir and progressing to structurally lower positions with time. 

If hydrocarbon emplacement affects reservoir quality, then progressive filling would lead to 

gradients in reservoir diagenesis. Thus, relatively abundant cores from larger upper Almond 

reservoirs were considered likely to reveal systematic variations in pore geometry and diagenesis 
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that might relate to progressive hydrocarbon emplacement within continuous hydrocarbon pools. 

The Arch Unit area and Echo Springs/Standard areas were chosen for these characteristics. The 

Polar Bar area was chosen because it is in the deepest part of the Washakie Basin, and a good-

quality core was available from one well. 
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CHAPTER 2 

PREVIOUS WORK AND RESEARCH OBJECTIVES 

 

The Almond Formation in the Washakie Basin has been the object of much research. 

This chapter summarizes some of that work, primarily that which applies to reservoir quality and 

the origin of “sweet spots” (areas of superior hydrocarbon production) in the study area. 

 
 
 
2.1 Stratigraphy of the Mesaverde Group 

 

Much of the voluminous literature addressing the Mesaverde Group and the Almond 

Formation (Fig. 1.2) in the Washakie Basin emphasizes stratigraphy, depositional environments, 

and sedimentology (Weimer, 1960; Lewis, 1961; Weimer, 1965; Meyers, 1977; Van Horn, 1979; 

Roehler, 1990; Martinsen and Christensen, 1992; Cobban et al., 1994; Dyman et al., 1994; Elder 

and Kirkland, 1994; Hendricks, 1994; Peterson, 1994; Sageman and Arthur, 1994). A notable 

stratigraphic paper was authored by Roehler (1988). This was an outcrop study of depositional 

environments of the Almond “barrier-bar G” and associated rocks, located in T15-17N, R101-

102W, Sweetwater County, Wyoming. This paper, supplemented by those of Flores (1978) and 

Schatzinger and Tomutsa (1999), provide a field guide to outcrop analogies for subsurface work. 

Several authors have published useful regional stratigraphic cross sections through the 

Washakie Basin that illustrate correlations of upper Cretaceous through Miocene beds (Bradley, 

1945; Roehler, 1973, 1989, 1990, 1991a, 1992a, 1992b, 1993; Miller, 1977; Tyler, 1978, 1979a,b; 

Dames and Moore Company, 1979; Law, 1979; Law et al., 1979; Tyler, 1980a,b,c; Bucerl, 1981, 

1982; Bucerl-White, 1983; Honey and Hettinger, 1989; Roehler and Hansen, 1989; Bader, 

1990a,b; Hettinger and Kirschbaum, 1991; Hettinger et al., 1991; Dyman et al., 1994; Clyde et al., 

1997; Martinsen, 2003). Several of these authors employed paleontological data in making their 

correlations, and thus provide a well-controlled starting point for lithostratigraphic correlations and 

mapping of time-stratigraphically significant rock intervals. 

 
 
 
2.2 Petrography and Paragenesis 

 

Almond sandstones in the area generally are described as light- to dark-grey quartz 

arenites, lithic arenites, and lithic greywackes with quartz grains that are clear to milky, angular to 
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subangular, and very fine- to medium-grained (Roehler, 1988; Keighin et al., 1989; Yin and 

Surdam, 1995). Thomas (1978) studied lower Almond and Ericson sandstones from ten wells in 

the study area and saw paragenesis of illitekaolinitesilicasiderite in fine-grained 

sandstones, but not in coarser-grained sandstones. He inferred differing geochemical histories 

due to permeability differences between rocks of differing grain sizes. Yin and Surdam (ibid) 

studied Almond sandstones at ten widely separated locations in the Washakie Basin. They 

concluded that tidal channel sandstones were dominantly quartz-cemented and displayed 

relatively high permeabilities. Foreshore sandstones were interpreted as being richer in clay 

(“shalier”) and having lower permeabilities. 

Meshri and Walker (1990) studied cores from nine wells in the Echo Springs/Standard 

Draw area, and water samples from 18 wells. They interpreted paragenesis to have proceeded 

from early dissolution of plagioclase and rock fragmentsgrowth of euhedral quartzgrowth of 

authigenic feldspardissolution of authigenic feldspargrowth of pore-filling kaolinitegrowth of 

ferroan dolomite growth of pore-bridging and pore-filling illite. They concluded that this was a 

geochemically reasonable paragenesis for marine sandstones filled with normal marine water.  

 
 
 
2.3 Petrophysics, Pore Geometry, and Burial Diagenesis 

 

Some workers have reported petrophysical work in the Almond Formation. Keighin et al. 

(1989); Yin and Surdam (1995); and McClain and Norris (2006) reported ranges and averages of 

Almond porosity and permeability. Data of Keighin et al. (ibid) indicate that Almond sandstones 

with permeabilities less than 1.0 md displayed less correlation between porosity and permeability 

than did more permeable rocks, suggesting that studies of reservoir quality might be especially 

critical in tighter reservoirs. Yin and Surdam (ibid) reported similarly wide variability in 

relationships between porosity and permeability in Almond sandstones. Keighin et al. (ibid) were 

able to correlate porosity only roughly with burial depth, but observed that porosities in some 

Almond sandstones are anomalously greater at the top of the zone of peak gas generation as 

defined by vitrinite reflectance data. Yin et al. (1992) found that more dissolution porosity is found 

in Almond sandstones at depths shallower than about 8,000 ft. (2,600 m). 

Byrnes (2009) studied the petrographic, electrical, and fluid properties of the Mesaverde 

Group in various Rocky Mountain basins in an effort to improve determinations of porosity, water 

saturation, and pay from well logs. The scope of his work was regional rather than local and did 

not address possible reservoir-scale differences in diagenesis. He observed that burial 

compaction of lithoclasts in Mesaverde sandstones significantly reduces porosity and 

permeability.  
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These studies suggest that Almond reservoir quality relates in complicated ways to depth 

of burial. Common observations are that compaction of lithoclasts in Almond sandstones reduces 

porosity and permeability more than might be seen in rigid-frame sandstones, and that diagenesis 

relates in complicated ways to thermal maturation. 

 
 
 
2.4 Diagenesis Relating to Thermal Maturation 

 

Several publications address burial history and thermal maturation of the Almond 

Formation, notably a 2005 publication by the Southwestern Wyoming Resource Assessment 

Team of the U.S. Geological Survey. In their Chapter 3, Roberts et al. (2005) observed that 

source rocks in the Mesaverde Group in the Washakie Basin contain mixed Type II and Type III 

kerogens. They estimated that oil generation started in the deepest part of the basin at about 55 

Ma (late Paleocene/early Eocene) and ended between 48 and 7 Ma; peak gas generation ended 

at 42 Ma (Eocene). In the deepest part of the Washakie Basin oil was thermally cracked to gas, 

ending about 8 Ma during regional uplift and unroofing. The authors show that gas generation in 

the Red Desert/Great Divide Basin started at 63 Ma (Paleocene). This was about 8 My before 

gas generation started in the Washakie Basin. 

There is correspondence between the areas of peak gas generation mapped by Roberts 

et al. (ibid) and anomalously high formation-fluid pressures mapped by McPeek (1981) and by 

Nelson and Kibler (2005). This suggests that the model of “basin-bottom” gas accumulations 

provided by McPeek (1981), Law (1984, 1996, 2002), and Law and Dickenson (1985) applies to 

the deeper parts of the study area. The major elements of that model are that: 1) tight reservoir 

rocks having small lateral extent are charged by nearby source rocks; 2) escape of the gas is 

hindered by the low permeability and small volume of the reservoirs, 3) peak gas generation from 

interbedded source rocks fills the restricted available pore space and increases pore-fluid 

pressures, and 4) thermal cracking of oil to gas further increases gas saturations and fluid 

pressures. The result is almost ubiquitous gas saturations and overpressures in the deepest and 

most thermally mature parts of the Washakie and Red Desert Basins. 

An early comprehensive geochemical model was made for the Almond Formation in the 

study area by MacGowan et al. (1992, 1993). Although they did not address clay minerals, the 

authors did relate burial history to paragenesis. They estimated the time of initial formation of 

significant quartz cement in the basin center (maximum burial depth 18,000 ft. or 5,500 m) as 45 

Ma, approximately coincident with the end of peak gas generation as estimated by Roberts et al. 

(2005). Quartz cementation is insignificant in the basin fringe (1,200 ft., or 370 m, of maximum 

burial depth). The relative timing of generation of carboxylic acid anions, thermal decarboxylation, 
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and CO2 generation appeared to them to be crucial in determining the stability of carbonate and 

aluminosilicate minerals. 

Recently Tobin et al. (2010) published petrographic work and geochemical modeling of 

Almond sandstones in the east-central part of the Washakie Basin. Their paragenetic 

interpretations were derived from 92 thin sections taken from rock samples out of three wells that 

were scattered across the Echo Springs/Standard Draw (ESSD) area. They observed: 1) early 

compaction, chlorite grain coatings, carbonate cements, and dissolution; 2) petroleum 

emplacement partially coincident with dissolution, and 3) formation of kaolinite, illite, and pyrite 

wholly coincident with petroleum emplacement (Fig. 2.1). Sixteen of their thin sections were from 

upper Almond sandstones, but none were from the best upper Almond sandstone reservoir 

(Chapter 6). 

 

 
Figure 2.1 Almond Formation paragenetic sequence observed in three wells in the Echo Springs 
area (from Tobin et al., 2010). 

 

The modeling of Tobin et al. (ibid) suggests that petroleum generation started as early as 

64 to 53 Ma (Paleocene to early Eocene) in the general Washakie Basin area. They interpret 

earliest petroleum expulsion as occurring about 52 Ma (early Eocene) in the deepest part of the 

basin, and as late as 19 Ma (Miocene) just east of the Echo Springs/Standard Draw area. 
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Yin et al. (1992) and Yin and Surdam (1993, 1995) studied the Almond Formation in 

three areas in the Washakie Basin: the Arch and Table Rock units, the Echo Springs/Standard 

Draw (ESSD) area, and the Dripping Rock Field (close to the PBU area of this study) (Fig. 1.3). 

They used an extensive set of thin sections from widely scattered wells. They postulated 

preservation of porosity from occlusion by carbonates and quartz due to emplacement of 

hydrocarbons. 

 

 
Figure 2.2 Almond diagenesis related to burial depths and thermal maturation of source rocks, 
Washakie Basin, Wyoming. Modified from Yin and Surdam (1993). Arch/TR = Arch and Table 
Rock units. ESSD = Echo Springs-Standard Draw field areas. DR = Dripping Rock Field. PBU = 
Polar Bar Unit area. Their data indicate loss of porosity with burial depth due to cementation by 
quartz and carbonates. 
 
 
 
2.5 Natural Fractures 

 

In any reservoir with low matrix permeability, open natural fractures might be expected to 

contribute significantly to reservoir permeability. At Siberia Ridge Field, just west of Echo 

Springs/Standard Draw, Clark et al. (1999), Sturm et al. (2000), and Evans et al. (2001) inferred 

that fractures improved reservoir permeability in Almond reservoirs. However, in the same area 

Smith (2001) infers permeability reduction by cemented fractures. Microfractures have been 
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reported occurring in the absence of macrofractures (Olson et al., 2009). Dunn (1994) observed 

compaction-driven microfractures in quartz grains that were healed by diagenetic cement.  

At Echo Springs and Standard Draw (ESSD) fields Smith (ibid) interpreted from 

formation-water chemistry the presence of open, vertical natural fractures connecting the lower 

and upper Almond intervals. However, Meshri and Walker (1990), using similar data, interpreted 

a lack of vertical fracturing or communication in the same area. Dunn et al. (1995) observed open 

fractures in cores from a horizontal ESSD well, but noted that production from the well did not 

suggest that fractures improved bulk formation permeability. Dunn et al. (1997) emphasized the 

importance of quartz, kaolinite, dolomite, barite, and calcite cements filling fractures, and noted 

that the only open fractures were the smallest ones, averaging about 100 microns in width, and 

implied that wider fractures were cemented by calcite. 

Vinopal et al. (1999) rejected fracturing adding to permeability of the Almond reservoir at 

Table Rock Field (just east of the Arch Unit). This field is an anticlinal trap where fractures might 

be expected to develop preferentially. Thus, the role of fracturing in Almond reservoirs is unclear. 

 
 
 
2.6 Summary of Previous Research 

 

Published regional studies establish general patterns of diagenesis in the Almond 

Formation. Not surprisingly, Almond-sandstone pore geometries tend to have lower porosity and 

permeability at greater burial depths due in part to compaction. Silica, clay, and carbonate 

cements are widely reported as occluding porosity, but interpretations of their paragenesis vary. 

Anomalously high porosities may be related to thermal maturation, perhaps due to increased 

grain dissolution (Keighin, 1989; Yin et al., 1992).  

In all the reviewed published studies of Almond petrography, the sample-to-sample 

variability in cement percentages and porosity is quite large at all burial depths. This was 

assumed to result from the invariable practice of acquiring samples from cores obtained in widely 

separated wells, and from stratigraphically non-equivalent upper and lower Almond sandstones. 

As a result, previous studies do not closely address local differences that may exist in reservoir 

quality or diagenesis within specific hydrocarbon reservoirs. Thus, the following questions persist: 

1) Does early emplacement of hydrocarbons preserve reservoir quality significantly; is 

there a relationship between hydrocarbon saturation and inhibition of diagenesis? 

Presumably, if enough hydrocarbons are emplaced to preclude water moving through 

the reservoir, hydrous chemical reactions intuitively ought at least to be inhibited.  

2) Do the acidic waters that precede hydrocarbon expulsion have any important effect 

on reservoir quality? Carboxylic acids and CO2 are known to be capable of promoting 

dissolution of carbonates and aluminosilicates (Surdam et al., 1989), but is there 
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evidence of these chemicals being concentrated and abundant enough to create 

significant dissolution? If so, how does that affect pore geometry?  

3) How important are fractures in determining well producibility as compared to matrix 

porosity and permeability? 

 
 
 

2.7 Research Objectives 

 

The major objective of this study was to answer the above questions and to better 

understand the geologic origins of production sweet spots. It was intended to determine whether 

or not sampling and analyzing rock samples constrained to single, continuous Almond Formation 

hydrocarbon reservoirs would reduce the high variability seen in published petrographic analyses. 

I also intended to develop relatively rapid, visual means of quantifying compaction and estimating 

pore and pore-throat sizes from analyses of thin sections and comparing the results to similar 

information obtained from analyses of digital images of thin sections. 

More specifically, the objective was to test these hypotheses: 

1) Changes in pore geometry may be caused by diagenesis driven by invasion of the 

hydrous fluids that predate and accompany hydrocarbon generation. Hydrous 

hydrocarbon-related fluids commonly are postulated to create dissolution porosity 

during secondary migration. However, the importance of this process to pore 

geometry and reservoir porosity and permeability is uncertain. Volumes of secondary 

porosity may be minor, being formed by dissolution of sparse labile grains, and 

yielding co-precipitated cements, and consequently creating little or no net increase 

in porosity or permeability. Alternatively, abundant dissolution pores may form well-

connected networks and create superior reservoir rocks, as they do in certain lower 

Cretaceous Dakota sandstone reservoirs in the Green River Basin (Muller and 

Coalson, 1989). 

2) Major changes in sandstone pore geometry may be caused by neoformation of illite 

and silica cementation during burial. Illite crystals can bridge pore throats and reduce 

permeability significantly without much effect on porosity. Pore-filling quartz cement 

can reduce both porosity and permeability to values near zero. Yet emplacement of 

hydrocarbon-related fluids may be effective in inhibiting these processes. 

3) If hydrocarbon emplacement hinders cementation, then better reservoir quality and 

above-average production would be expected to correspond with “conventional” 

hydrocarbon traps that formed prior to and/or during early hydrocarbon generation. 

Later-formed traps would be expected to have lesser reservoir quality and 

production. 
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4) Natural fracturing may be very important to producibility or not very important, 

depending on variations in fracture geometry and abundance and in matrix pore 

geometry. 

5) Compaction and cementation might be expected to reduce reservoir quality to some 

extent everywhere in the basin. A central question is whether or not local 

preservation or enhancement of reservoir quality can be observed by local 

improvement of reservoir quality above regional trends. 
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CHAPTER 3 

METHODS 

 

Extensive public-domain subsurface data are available in the area. These were evaluated 

to: 1) provide geological and petrophysical context for more detailed work; and 2) allow careful 

choices of representative samples in order to minimize analytical expense. The steps were: 

1) Mapping of regional stratigraphy and structure of upper Almond-Formation (Fig. 1.2) 

gas production across the Washakie Basin (Fig. 1.1). Regional correlations were 

made using many of the principles discussed by Van Wagoner et al. (1990), 

particularly correlation of intervals bounded by widely correlative marine shales. 

2) Investigations on the scale of a few miles or kilometers (“field scale”) of the structure, 

sandstone distributions, porosity and permeability, hydrocarbon saturations, and per-

well hydrocarbon production in the study areas. 

3) Identification of representative wells from which good quality cores were available at 

the U.S. Geological Survey Core Research Center in Lakewood, Colorado. Initial 

examinations of the cores were made, after which “key” cored wells were chosen for 

more detailed study. 

4) Petrographic analyses of the key wells using thin-section microscopy, and of well 

logs using standard methods of log analysis. 

 
 
 
3.1 Core Descriptions and Sampling Protocol 

 

Thirty-four cores were examined in order to identify key cores for analysis, of which there 

were eleven (Table 3.1). Once the key cores were identified, they were further examined to 

characterize gross mineralogy, grain sizes, clay content, depositional facies, natural fracturing, 

and other standard visual features. Descriptions were captured in Excel® spreadsheets and 

plotted using LogPlot7® software from RockWorks, Inc. (Boulder, Colorado). 

Of particular interest was the degree and nature of natural fracturing, which were 

characterized by the methods of Nelson (1985) and Kulander et al. (1990). Fractures wider than 

about 0.05 mm were visible at 10x magnification under a hand lens or binocular microscope. 

Rarely, macroscopically invisible fractures were revealed when slabbed core surfaces were 

wetted with water; the fractures imbibed water more readily and dried more slowly than did the 

rock matrix. 
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Table 3.1 Cores in Sweetwater and Carbon counties, Wyoming, that were sampled for this study. 
ESSD = Echo Springs/Standard Draw. PBU = Polar Bar Unit. SS Top = top of sandstone in core; 
SS Bot = bottom of sandstone in core, in ft. CRC # = library number at the U.S. Geological 
Survey Core Research Center. 22-19n-99w = Sec. 22, T19N, R99W. 

Area API CRC # Well Name Location SS Top SS Bot 

Arch 4903705580 E757 Arch Unit #58-22-1 22-19n-99w 4,210 4,259 

Arch 4903705578 A395 Arch Unit #20-23-4 23-19n-99w 4,497 4,548 

Arch 4903705617 A394 Arch Unit #9-18-2 18-19n-98w 4,879 4,905 

Arch 4903705636 F005 Arch Unit #16-7-1 7-19n-98w 4,829 4,858 

Arch 4903705642 D783 Arch Unit #68-7-8 7-19n-98w 5,103 5,149 

ESSD 4903720937 S332 Monument Lake #2 9-21n-92w 11,508 11,531 

ESSD 4900720302 W126 Marathon Fed #1-2 2-19n-93w 9,473 9,513 

ESSD 4900720366 W125 Standard Draw Fed #1-2 2-18n-93w 8,675 8,689 

ESSD 4900720430 C059 Amoco Champlin 226-D #1 5-17n-93w 9,060 9,111 

ESSD 4903721040 S232 Amoco Champlin 237-E #1 9-17n-94w 10,173 10,189 

PBU 4903723037 E497 Polar Bar Unit #1 22-14n-96w 15,247 15,271 

 

In the course of examining the cores and comparing them to legacy core analyses, it 

became apparent that some visually identifiable Almond sandstones consistently displayed lower 

porosity and permeability than did other Almond sandstones. Light-colored “carbonate-rich” 

sandstones that were subjacent to oyster-coquina beds were “tight”, i.e., had very little 

macroscopic porosity, and were almost completely filled with carbonate cement. Darker-hued 

Almond sandstones were richer in pore-filling clay, had more obvious clay-rich laminations, and 

contained more shale intraclasts. These “shaly” sandstones consistently were of lower porosity 

and permeability, probably due to obstruction of pore systems by intergranular clay particles and 

to poorer winnowing and sorting during deposition. 

The consistency with which shalier and more carbonate-rich Almond sandstones 

displayed lower reservoir quality led to greater sampling of sandstones with lower clay and 

carbonate contents. Fewer clay- and carbonate-rich sandstones were sampled for comparison. 

 
 
 
3.2 Core Plugging and “Routine” Porosity and Permeability Measurements 

 

Based on legacy core analyses, on well-log data, and on visual examination of the cores, 

36 samples were chosen selectively to represent the best reservoir rocks in each of the 11 key 

cores. A few samples of lower porosity/permeability sandstones were taken for comparison, but 

the focus of this study was on the best-quality reservoir rocks. 



 

 17 

Core plugs 1.0 inch (2.54 cm) in diameter were cut by U.S. Geological Survey personnel 

from the fronts of slabbed cores, or from the back of core butts when possible. Some of these 

were used for petrophysical tests and measurements, the first of which was measurement of 

porosity and permeability using the Core Laboratories® CMS device. CMS porosity is measured 

by the gas-expansion (“Boyle’s Law”; Anderson, 1975; American Petroleum Institute, 1998) 

method using helium as the working fluid. The method is considered an accurate method of 

measuring core porosity and grain density. Limitations on CMS® accuracy include measurement 

of the volumes of irregularly shaped plugs and the unknown effect on total porosity of sample 

dryness. CMS® permeability is measured using standard unsteady state methods (Jones, 1972; 

Ruth and Kenny, 1989). 

It is known that increased net confining stress (Pnc, i.e., the difference between lithostatic 

and pore-fluid pressures) reduces sandstone porosity and permeability. The effect is related to 

pore geometry (Byrnes and Castle, 2000), but the dependence of in situ porosity and permeability 

on Pnc was not investigated. What was deemed of greatest interest was comparison of porosity 

and permeability between rock samples. 

 
 
 
3.3 Thin Sections 

 

Trimmed ends of the plugs were impregnated with blue porosity-filling epoxy resin and 

used to make standard 30 petrographic thin sections (Mark Mercer of Petrographic Solutions, 

Inc., Montrose, Colorado). One half of each thin section was stained for K-feldspars, using a 

method similar to that of Wilson and Sedeora (1979). The steps are: 1) etching the thin sections 

by suspension one cm above a container of HF for 12 seconds, and 2) immersion in a cold 

saturated solution of sodium cobaltinitrite for 30 seconds. K-feldspar stains yellow; plagioclase 

feldspars don’t stain. The same thin sections also were stained for carbonates using the method 

of Dickson (1966): 1) immersion for 15 to 20 seconds in a solution of alizarin red-S, potassium 

ferricyanide, and 0.9% HCl; then 2) immersion in pure alizarin red-S. The process doesn’t stain 

magnesite, dolomite, or siderite, but calcite, aragonite, and witherite stain pale pink to brick red; 

cerussite and Fe-rich calcite stains mauve or purple; and ferroan dolomite stains pale to deep 

turquoise or royal blue (Dickson, 1966, p. 494). 

Sample compositions, grain sizes, sorting, roundness, porosity characteristics, 

diagenesis, and paragenesis were characterized visually using standard methods for at least 300 

points per thin section with a step length of 0.1 mm (Van der Plas and Tobi, 1965; Patterson and 

Fishbein, 1989; Flügel, 2004, p. 255 ff.; Raymond, 2009). The microscope used was a Leitz 

Ortholux II POL-BK® polarizing microscope, using a point-count stage and Counter® point-

counting software. Images were captured with a Nikon Coolpix® P-6000 digital camera. Grain 
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size, roundness, and sorting were visually characterized using comparators. Thin section images 

were sharpened and color-corrected with Photoshop® and Lightroom® software. 40x- 

magnification images were corrected for depth-of-field limitations of the microscope with Helicon 

Focus® software. 

 
 
 
3.3.1 Evaluation of Burial Compaction – Published Methods 

 

This study addressed porosity evolution in non-volcanic, non-greywacke, lithic marine 

sandstones. Work by Ethridge et al. (1979), Al-Shaieb et al. (1980), Ahmad (1982), Pittman 

(1988), Smosna, (1989), Pittman and Larese (1991), de Souza et al. (1995), Worden et al. 

(2000), Eseme (2004), Warren and Pulham (2004), and Kurkjy et al. (2010) suggests that lithic 

sandstones are especially prone to loss of porosity by compaction. Because published 

petrographic studies on the Almond Formation (e.g., Keighin et al., 1989) indicated that lithics 

make up a large percentage of Almond sandstones, burial compaction was expected to be an 

important process reducing porosity, permeability, and pore/pore-throat sizes (“reservoir quality”), 

as it is in many other sandstone reservoirs (Lundegard, 1992). Compaction effects were expected 

to be small where burial depths vary by only 500 to 1,000 ft. (15 to 330 m), but these reservoirs 

vary in depth from about 4,500 ft. to over 15,000 ft. (1,370 to 4,570 m) in burial depths. 

Therefore, means were investigated of characterizing compaction effects (Houseknecht, 

1987; Lundegard, 1992; and Ehrenberg, 1995). Useful parameters estimated from analysis of thin 

sections are “optical total porosity” (o) and “volume-percent pore-filling cement” (C). Porosity-

loss due to compaction (co) may be quantified as 100 x (i - o - C) / i), where i = pre-

compaction porosity, a parameter that is estimated by analogy to modern sand deposits, and 

ranging from 39% to 49% (Houseknecht, ibid). Lundegard (ibid) notes that the different published 

estimates of I seriously affect calculations of changes in intergranular volume (IGV), which is 

defined as the sum of sample porosity, cement, and matrix. For this study it was assumed that i 

was 42% and did not vary between the Almond sands that were studied. 

There are other weaknesses in the Houseknecht method (Lundegard, ibid), including the 

assumptions that: 1) all observed thin-section porosity is intergranular, and 2) invisible 

microporosity is insignificant. In the studied sandstones, microporosity and dissolution porosity 

were expected to be abundant. 

Pittman and Larese (1991) experimented with sand packs containing up to 100% ductile 

grains. They observed that the presence of lithic fragments promotes sand/sandstone compaction 

in direct proportion to the ratio of lithics to lithics-plus-quartz, and also to the ratio of more ductile 

to less ductile lithics. For sand packs consisting of 50% quartz and of 50% relatively ductile shale, 

they saw that porosity decreased at a rate of 1 to 2 p.u. per 500 ft. (152 m) increment of burial 
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depth, up to stresses of about 5,000 psi (340 atm). This would be equivalent to burial depths of 

about 9,000 ft. (2,740 m) assuming normal fluid and lithostatic pressure gradients. This porosity 

change, although small, could be petrophysically significant. 

These results contrast with the work of Paxton et al. (2002), who studied lithic-poor (<5%) 

quartz-rich, “rigid framework” sandstones, in which most reduction of intergranular volume (IGV) 

is accomplished at burial depths less than about 4,900 ft. (1,490 m). This highlights the potential 

importance of lithic grains to compaction processes. 

For these reasons an attempt was made to differentiate more ductile lithoclasts (clay-rich) 

from other, possibly less ductile lithoclasts. This was done mainly on the basis of clay-rich 

lithoclasts appearing to have brownish colors, moderate birefringence, small particle size, and 

common equant crystals of pyrite. Thus, lithoclasts initially were classified as “clay-rich”, “chert” 

(low birefringence, very small crystallites), quartzite, igneous, and “other” lithoclasts. However, 

these distinctions proved too difficult to maintain consistently, and were not used. 

 
 
 
3.3.2 Evaluation of Burial Compaction by Grain “Tightness” 

 

Quantifying the degree of compaction of thin section samples was done by estimating the 

“tightness” of quartz-grain contacts. By “tight” is meant sutured, penetrating, or tangential 

interfaces between quartz and the surrounding materials. Contacts between quartz grains and 

pores, intergranular cements, or matrix were not considered “tight” because they presumably are 

not formed by compaction but by cementation and deposition (Figs. 3.1, 3.2, and 3.3). 

At least 100 quartz grains were selected randomly from each thin section for this 

measurement. Grains with indistinct boundaries were skipped. This biased the point counts 

toward larger grains, and excluded the application of this method to samples with too-pervasive 

quartz cementation, i.e., Arch Unit #16-7-1, core depth 4,851 ft. The percentage of tight contacts 

surrounding each grain was categorized visually in increments of 25% (Table 3.2). The eyepiece 

micrometer was useful in dividing grains into quadrants. This approach conceptually is similar to 

that of Cook et al. (2011), but is more rapid. 

 

Table 3.2 Categories or “bins” of grain tightness as seen microscopically in thin sections and 
applied to multiple individual grains per thin section. 

Floating 

grains 

Only point contacts; 

<5% tight contacts 

5% to 

25% 

 25-50% tight 

contacts 

50-75% tight 

contacts 

75-100% tight 

contacts 
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Figure 3.1 Example of grain-contact classification, carbonate-cemented sandstone, Arch Unit 
#68-7-8, core depth 5,116 ft., 10x, plane light. Note tight contact (TC) between quartz grains (Q) 
and chert grain (Cht), and point contacts (PC). Contacts with ferroan dolomite (FeD) and dolomite 
(D) cement are not counted as “tight”. Grain Q1 was classified as 5-25% tight contacts (red lines). 
When measured manually on this image, tight contacts surround 31% of the grain. Q2 = 5-25% 
tight contacts. Q3=25-50%. “X” symbols simulates ocular cross-hairs used to aid estimates. 

 

 
Figure 3.2 Grain-contact classification, shaly sandstone, Arch Unit #58-22-1, core depth 4,210 ft., 
10x, plane light. This sandstone has abundant clay laminations. Tight grain contacts (TC) are 
seen between a quartz grain (Q) and chert (Cht) and feldspar (Fd) grains. Contacts with clay-rich 
matrix (M) were not counted as “tight”; doing that would increase the estimated “tightness” of this 
sample to 100% and would over-estimate the effect of compaction. Grain tightness was estimated 
as 5-25%. Measurement of contacts manually drawn on this image yielded 26% tight contacts. 
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Figure 3.3 Example of grain-contact classification, porous, clean sandstone, Arch Unit #58-22-1, 
sample 4220 ft., 10 x, plane light. Quartz grain (Q) has tight contacts (TC) with quartz grain above 
and rock fragment below. Blue color is epoxy resin filling pores. Grain (Q) was classified visually 
as 25-50% tight grain contacts. Tight contacts actually cover 40% of grain circumference as 
measured manually on this image. 
 

Sampling of cores was biased in favor of cleaner rocks with fewer indications of matrix 

content. However; some samples contained more than 10%, and a few more than 20%, of matrix 

material. Excluding matrix as a contributor to tight contacts perhaps might have been problematic. 

Matrix might have little or no ability to reduce compaction effects. Further, it might be considered 

likely to increase compaction by “lubricating” grain movements. This suggests that: 1) matrix-rich 

Almond sandstones might compact more readily than cleaner sandstones, and 2) excluding 

matrix material from the count of tight contacts would not underestimate the “tightness” of grain 

contacts. However, differences in grain tightness among the studied Almond samples did not 

always show the expected effects (see subsequent chapters). 

A difficulty with this style of differentiating grain contacts is distinguishing between 

sutured quartz grains and polycrystalline quartz grains. This distinction was made on the basis of 

the sharpness of crystallite boundaries, and on the overall shape of particles. If polycrystalline 

quartzose particles were more-or-less regular and convex-outward in outline, i.e., without 

significant embayments, they were considered to be clastic grains. If not, they were considered to 

be sutured grains.  

Numerous grains displayed quartz overgrowths. Overgrowths were counted as having 

tight contacts where they were embedded into or sutured with surrounding grains. Sharp-and-
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curved or embayed contacts were interpreted as compressional, but gradational or sharp-and-

straight were interpreted as non-compressional interfering crystal faces. These distinctions varied 

from obvious to subtle, sometimes causing consternation and “skipping” of classification of 

individual grains (Fig. 3.4). 

 

  
Figure 3.4 Example of grain-contact classification, quartz overgrowths, Arch Unit #20-23-4, 
sample 4505 ft., 10x, plane light (left) and crossed polarizers (right). The tight contacts between 
the quartz overgrowths (OG) on the central quartz grain and the surrounding grains were 
estimated visually as 5-25%. Measurements on this image yielded a tight-contact percentage of 
20%. 

 

Some quartz grains developed tight contacts with grains that subsequently have been 

dissolved. These remnant contacts were counted as being “tight”. 

Another challenge with this method is differentiating between grain-to-matrix contacts 

(not considered tight) and contacts between grains and compressed rock fragments (considered 

tight). In other words, it was necessary to differentiate highly compressed rock fragments, or 

“pseudomatrix” (Dickinson, 1970) from depositional matrix. This was done partly on the basis of 

the regularity and distinctness of the matrix-like material; overall rounded masses with sharp 

boundaries were considered compressed rock fragments, but irregular masses with ragged 

edges were considered matrix. Also, the gross characteristics of representative rock fragments 

were established from several early-carbonate-cemented, under-compacted sandstones (Figs. 

3.1 and 3.5). Pseudomatrix was identified as components having gross compositional aspects 

similar to un-compacted rock fragments, but appearing to display the effects of compaction, e.g., 

“patches” of medium to dark brown, clay-rich, pyritic material that had apparently sharp, curved, 

or clearly limited outlines. Another indication of pseudo-matrix was parallel extinction of numerous 

crystallites. 
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Figure 3.5 Lithic fragments in undercompacted, early carbonate-cemented sandstone. Arch Unit 
#68-7-8, core depth 5,116 ft., 10x. LEFT: Plane light. RIGHT: Cross-polarized light on right. A = 
opaque rock fragment. B = unidentified (probably metamorphic) rock fragment. C = chert 
fragment. KFd = K-feldspar. Q = quartz grain. FeD = pore-filling ferroan dolomite (blue color is 
stain applied in thin section preparation). 
 

In practice, estimating the tightness of grain contacts depended strongly on an 

understanding of what constitutes grains, cements, and matrix. Each of these, or all of them, may 

be present surrounding any single grain (Fig. 3.6). The greatest challenges were differentiating 

matrix from pseudo-matrix and separating quartz grains from quartz overgrowths. Also, greater 

compression renders those differentiations more difficult to make, because matrix and pseudo-

matrix are more compressed and harder to distinguish with confidence. Also, in the more 

compressed samples there are more and thicker quartz overgrowths and greater suturing of 

grains and overgrowths. Commonly the absence of clear grain boundaries (clay rims or bubble 

trains) makes it difficult to distinguish grain/cement boundaries and sutures. In the samples from 

the greatest burial depths, quartz grains had to be skipped in the point counts because quartz-

grain boundaries could not be recognized with confidence. This problem was exacerbated in thin 

sections of very fine grained sandstone because the 30-micron thickness of the thin sections 

(approaching that of the grains) leads to commonly overlapping grain/cement boundaries. Thus, 

the results of these analyses have a greater subjective confidence level in the shallowest-buried 

samples. 

These visual estimates were checked against 33 manual measurements made on eight 

thin-section images from five wells representing the total range in burial depths and rock types 

(Table 3.3). The visual classifications were substantiated by manual measurements in 80% of the 

test cases. Where they were not substantiated, measured tight contacts were within less than 

+10% of category limits, i.e., 25%, 50%, and 75%. It was assumed that visual misclassification of 

tight contacts would average out over 100 grains, with some tight contact classifications being too 

high and some too low. 
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Figure 3.6 Example of estimation of grain tightness in a complex situation. All images are from 
Amoco, #226 D-1 Amoco Champlin well, core depth 9,108 ft. (2,776 m). UPPER LEFT: Plane 
light, 10x magnification. Q = quartz grain, OG = quartz overgrowths, Cht = chert grain, M = matrix, 
PM = pseudo-matrix, Fe-C = ferroan dolomite cement. UPPER RIGHT: Same view, crossed 
polarizers. LOWER: Same view, red lines = interpreted grain contacts with cement and matrix. 
Green lines =contacts with other grains and pseudo-matrix. Visual estimate of contact tightness 
of this grain was 25-50%. As measured directly on this image, it was 43%. 
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Table 3.3 Comparison of tight contact percentages, 33 grains, estimated visually and measured 
directly on thin section images. “Match” indicates visual estimate that matches manual estimate. 

Test Well  Sample (ft.) Visual Measured Match? 

1 Arch Unit #58-22-1 4,210 5-25 26  

2 Arch Unit #58-22-1 4,210 25-50 31 X 

3 Arch Unit #58-22-1 4,210 25-50 36 X 

4 Arch Unit #58-22-1 4,210 25-50 52  

5 Arch Unit #58-22-1 4,210 25-50 47 X 

6 Arch Unit #58-22-1 4,210 50-75 55 X 

7 Arch Unit #58-22-1 4,210 25-50 46 X 

8 Arch Unit #58-22-1 4,210 25-50 31 X 

9 Arch Unit #58-22-1 4,210 5-25 11 X 

10 Arch Unit #58-22-1 4,210 5-25 21 X 

11 Arch Unit #58-22-1 4,220 25-50 40 X 

12 Arch Unit #58-22-1 4,220 5-25 14 X 

13 Arch Unit #58-22-1 4,220 5-25 16 X 

14 Arch Unit #58-22-1 4,220 5-25 30  

15 Arch Unit #58-22-1 4,220 5-25 9 X 

16 Arch Unit #58-22-1 4,220 5-25 17 X 

17 Arch Unit #58-22-1 4,220 5-25 14 X 

18 Arch Unit #58-22-1 4,220 5-25 20 X 

19 Arch Unit #58-22-1 4,220 5-25 25 X 

20 Arch Unit #58-22-1 4,220 25-50 35 X 

21 Arch Unit #58-22-1 4,220 5-25 15 X 

22 Arch Unit #58-22-1 4,220 5-25 23 X 

23 Arch Unit #58-22-1 4,220 25-50 57  

24 Arch Unit #20-23-4 4,505 5-25 20 X 

25 Arch Unit #68-7-8 5,116 5-25 31  

26 Polar Bar Unit #1 15,263 50-75 67 X 

27 Polar Bar Unit #1 15,263 50-75 75 X 

28 Polar Bar Unit #1 15,263 50-75 50 X 

29 Polar Bar Unit #1 15,263 50-75 58 X 

30 Polar Bar Unit #1 15,263 5-25 22 X 

31 Polar Bar Unit #1 15,263 50-75 48  

32 Polar Bar Unit #1 15,263 50-75 63 X 

33 Champlin 226 D-1 9,108 25-50 43 X 
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Once gathered, the grain-tightness estimates of multiple grains in each sample needed to 

be reduced to a number that characterized each sample. A weighted average of grain tightness 

(Ct) was calculated from the formula: Ct = 0*A + 2.5*B + 12.5*C + 37.5*D + 62.5*E + 87.5*F, 

where A = percentage of floating grains,  B = percentage of grains with only point contacts (<5% 

tight contacts), C = percentage of grains with 5 to 25% tight contacts, D = percentage of grains 

with 25 to 50% tight contacts, E = percentage of grains with 50 to 75% tight contacts, F = 

percentage of grains with 75 to 100% tight contacts. 

 
 
 
3.4 Estimates of Macroporosity and Macropore Sizes 

 

Thin sections in the Arch Unit area were scanned in transparent-medium mode on a 

Microtek flat-bed scanner. All scans were made on the same day at 4,800 ppi in RGB 8-bit color. 

Adobe Photoshop® software was used to crop images of the unstained parts of thin sections, and 

to sharpen them (Smart Sharpen settings: Radius = 5 pixels, Amount = 100%, Remove = 

Gaussian blur, more accurate). Macropores were identified by color-selection and output as gray-

scale images for subsequent analysis. 

It was discovered that much of the porosity in the deeper-buried samples was too small 

to be detected in this manner. Scans were not analyzed for the Echo Springs/Standard Draw 

(ESSD) or Polar Bar Unit (PBU) areas. 

Characterizing porosity from image analysis is an established practice (Ehrlich et al., 

1991a,b; McCreesh et al., 1991; Anselmetti et al., 1998; White et al., 1998; De Keyser, 1999). 

One critical step is selection of a color range representing porosity. That selection is complicated 

by: 1) the presence of microporosity; 2) the color and color-consistency of the pore-filling epoxy; 

3) low image resolution, or 4) refraction of light along particle edges creating paired red and blue 

color bands. In this work all of these complicating factors were present. Still another complication 

arose. The scanner used created horizontal “striping” that emphasized pores that were elongate 

parallel to the scan lines.  

Two color ranges were employed in the analysis of all images, one wider and another 

narrower. Each range appeared to identify macropores (Fig. 3.7), but which color range was the 

more accurate was not immediately apparent. 

In order to determine the optimal scanning and analysis parameters, digital images were 

analyzed using ImageJ® software from the National Institute of Health (http://rsbweb.nih.gov/ij/) 

Estimates were made of the total area of macroporosity and also the individual areas of 

macropores (ImageJ® “Particle Analysis”). Those data were collated in Excel® spreadsheets, and 

compared to porosity estimates from core analyses and point counts. The percentage of porosity 

identified using either color range invariably proved to be less than total porosity measured on 
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companion core samples (Table 3.4 and Fig. 3.8), as expected from the inferred presence of 

significant percentages of microporosity. Porosity estimated from the narrower color range 

invariably was less than porosity estimated from the wider color range, also as expected. 

Porosities estimated from scans made perpendicular to rock laminations proved to be lower than 

those estimated from scans made parallel to laminations. The latter were used because they 

yielded porosities closer to point-count porosities. 

 

 
Figure 3.7 Illustration of macropore images as identified from a thin-section image using differing 
color ranges. All views are the same area of the thin section, scanned at 4800 ppi. UPPER LEFT: 
Plain image. Blue indicates porosity. UPPER RIGHT: Dotted lines outline pixels selected as pores 
using a wider color range. LOWER LEFT: Bitmap image of porosity detected using wider color 
range. LOWER RIGHT: Example of porosity detected with a narrower color range. The same two 
color ranges were used for processing each thin section. 

 

These variations were explained as follows. Porosity estimated using the narrow color 

range yielded lower values than point-count estimates because point counts included only the 

very largest pores (Fig. 3.8). Porosity estimated using the wide color range compared favorably to 

porosity estimated from point counts, although the scatter is significant (R2 = 0.64; see Fig. 3.9). It 

was expected that these two porosity methods should yield similar results because the minimum 

area of detectable pores (25 microns square) is about the same between the two methods. The 



 

 28 

observed lower porosities from the wide color range as compared to core porosities is explained 

by microporosity that is invisible in thin-sections being detected by routine core measurements. 

Accordingly, ImageJ® analyses were preferred where they were made from images 

created using the wider color range. Scans made with the scan lines parallel to laminations also 

were preferred.  

 

Table 3.4 Comparison of porosity values derived from thin-section point counts (Pnt Cnt), core 
analyses (Core), and analyses of thin-section scans done with ImageJ® software. Scans were 
done with laminations perpendicular to scan lines, and also parallel to scan lines. “WIDE” refers 
to images made from a wider color range; “narrow” refers to images made from a narrower color 
range. The average areas of macropores in 2 (Ave A) were estimated with ImageJ® software. 
“Por” = total porosity from scan analyses. 

     

Image Analysis 

     

Perpendicular Parallel 

   

Porosity Narrow WIDE narrow WIDE 

Well 

Core 
Depth 
(ft.) ID 

Pnt 
Cnt Core Por 

Ave 
A 

(2) Por 

Ave 
A 

(2) Por 

Ave 
A 

(2) Por 

Ave 
A 

(2) 

58-22-1 4210   5.0% --- 0.6% 330 1.8% 270 2.0% 507 3.9% 428 

58-22-1 4213   15.0% 22.4% 7.1% 1,265 12.6% 1,248 8.8% 1,372 13.4% 1,192 

58-22-1 4220   12.0% --- 9.3% 1,203 12.8% 844 11.0% 1,263 13.9% 905 

58-22-1 4223   --- 22.0% 7.3% 1,009 11.4% 874 9.1% 1,216 14.1% 1,100 

58-22-1 4223 FG 9.0% --- --- --- --- --- 9.6% 973 14.4% 1,018 

58-22-1 4223 CG 14.0% --- --- --- --- --- 9.2% 1,449 14.0% 1,199 

20-23-4 4497   10.0% 18.9% 8.9% 1,639 12.5% 1,219 9.4% 1,816 15.1% 1,704 

20-23-4 4505   19.0% --- 8.3% 1,094 13.5% 936 9.3% 1,176 15.8% 1,277 

20-23-4 4518   13.0% 22.7% 8.2% 1,621 13.6% 1,591 9.3% 1,703 16.4% 2,261 

16-7-1 4834   12.0% 19.1% 7.8% 1,493 14.3% 1,748 7.0% 1,369 13.2% 1,543 

16-7-1 4851   10.0% --- 0.9% 305 3.4% 338 1.2% 309 3.2% 302 

9-18-2 4881   <1% --- 0.2% 273 1.1% 218 0.4% 367 1.4% 263 

9-18-2 4891   9.0% 19.4% 7.5% 1,346 13.8% 1,459 8.3% 1,476 15.6% 1,738 

9-18-2 4902   12.0% --- 8.8% 1,609 13.8% 1,526 8.5% 1,609 13.8% 1,573 

68-7-8 5116   0.0% --- 0.2% 285 0.6% 192 0.3% 345 0.8% 200 

68-7-8 5134   12.0% 19.2% 7.3% 1,249 13.5% 1,324 8.0% 1,311 13.0% 1,202 

68-7-8 5139   10.0% 19.2% 7.0% 1,127 12.7% 1,238 6.9% 1,207 11.9% 1,148 

 

Estimates of “effective pore radii” were made from the areas of pores reported from 

ImageJ® software using the relationship: effective pore radius = (pore area)1/2 / 2. These effective 

pore radii were graphed in Excel® in a format similar to that used for capillary-pressure data (Fig. 

3.10). The goal was to compare the cross-sectional areas of macropores between samples. 
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Figure 3.8 Porosity estimated from image analysis compared to routine core analysis, from 
companion samples. The former values are lower because they are a measure of macroporosity, 
whereas core analyses detect pores of essentially all sizes larger than nanoporosity. Dashed line 
is the line of perfect agreement. 
  

 
Figure 3.9 Porosity estimated from image analysis using a wider color range, as compared to 
porosity estimated from point counts done at 10X microscopic magnification. The values should 
be similar because the minimum area of detectable pores (25 microns square) is about the same. 
Red line is line of linear regression. Dashed black line is line of perfect agreement. 
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The results of these analyses are discussed more fully in Chapter 5, but a limitation of 

this methodology is apparent: the smallest pore theoretically detectable is one pixel wide by one 

pixel high. With the scanner that was used, set at a scan density of 4,800 pixels per inch (188.98 

pixels per mm), one pixel is about 5 microns by 5 microns, which equates to an effective pore 

radius of about one micron. Experiment with the equipment and software indicated that the 

minimum detectable effective pore radius actually is about 2.5 microns. Either size is 

macroporosity. Also, in thin section and thin section images it is impossible to accurately 

differentiate pores from pore corners and pore throats. Still, the method offers a means of 

comparing between samples the sizes of the largest pores, at least semi-quantitatively. 

 

 
Figure 3.10 Example of the sensitivity of the estimations of macropore sizes, Arch Unit #58-22-1 
(sample 4,213 ft.). Images are bitmaps of a thin section that was cut from the end of a core plug. 
The core plug measured 22.4% porosity. Upper (blue) bitmap image was acquired from a color 
photomicrograph using a narrower color range that detected 14% porosity. Lower (red) curve was 
derived from a wider color range that detected 23.3% porosity.  
 

Clearly, this approach is challenging. However, the process used was identical for all 

samples, allowing the assumption that the differences seen in porosity and macropore sizes 

between samples were significant, even if the absolute values might be questioned. 
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3.5 Estimates of Pore-throat Size 

 

Do macropore sizes estimated by this method relate to pore-throat sizes, a parameter 

directly related to reservoir permeability and other major petrophysical characteristics? When 

routine measurements of porosity and permeability are available from cores, there is an empirical 

relationship that allows estimation of representative pore-throat sizes (Winland, 1976, 

unpublished Amoco Research report; Kolodzie, 1980; Pittman, 1992, and Coalson et al., 1994). 

This relationship was developed from core samples of sandstone and carbonate, and relates core 

porosity (, in percent), air permeability (K, in md), and pore-throat radius at 35% non-wetting 

phase saturation in capillary pressure testing (R35, in microns): R35 = 10[0.255+(0.565 * log K) - (0.523 * log )] 

An underlying assumption in this method is that the porosity is mainly intergranular or 

intercrystalline. The method of Winland was used as the measure of pore-throat sizes.  

In every sample studied in this work, R35 pore-throat radii were smaller than 3.5 microns, 

suggesting that the visible porosity in these samples has little relationship to permeability or to 

pore-throat sizes. A petrographic explanation for this non-intuitive result is the observation that 

the largest pores in almost all of these samples were poorly connected dissolution pores. 

 
 
 
3.6 Estimates of Water and Hydrocarbon Saturations 

 

Water saturation (Sw) and hydrocarbon saturations were calculated for key wells with 

adequate log suites, or else for nearby wells with adequate log suites. Saturation calculations 

were made using the Archie (1942) method and: 1) porosities estimated from acoustic velocity or 

bulk density logs using standard equations, or else empirical linear relationships with core 

porosities); 2) formation-water resistivities (Rw) and cementation exponents (m) estimated from 

Pickett plots (Pickett, 1973) or spontaneous potential (SP) log; and c.) an Archie saturation 

exponent (n) arbitrarily assumed equal to 2.0 (Arch Unit) or 2.04 (ESSD, PBU). Bulk volume 

water (BVW) and bulk volume oil or gas were interpreted using the method of Buckles (1965). 

 
 
 
3.7 Source Rock Studies 

 

Rock-Eval® analyses (Peters, 1986) of five samples of shales from the uppermost 

Almond and lowermost Lewis Formations were kindly supplied by Geomark Research, Ltd. The 

samples included one from each of the two shallowest and two deepest wells at the Arch Unit and 

the Echo Springs/Standard Draw, and one from the Polar Bar Unit well. 
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CHAPTER 4 

REGIONAL GEOLOGY 

 

Poelchau et al. (1997) suggest that basin studies should start with investigations of: 1) 

regional tectonic setting, 2) local structural elements; 3) rock lithofacies and thicknesses; 4) 

absolute ages; 5) distributions of reservoir, seal, and source rocks; and 6) burial, thermal, and 

source-rock maturation histories. This study generally followed their recommendations and relied 

heavily on published regional information.  

It was imagined that local paleostructure might have affected reservoir quality in the 

Almond Formation by influencing deposition, by causing penecontemporaneous erosion, or by 

affecting diagenesis (Van Horn, 1979; Mead and Krystinik, 1997; Krystinik and Mead, 1996, 1998; 

Martinsen, 1998). Accordingly, regional and local stratigraphic correlations of well logs and 

isopach mapping were employed to investigate paleostructure. 

Of interest were the histories of the rocks younger than the unconformable base of the 

Ericson Formation and its eastern equivalent, the Pine Ridge Sandstone (Fig. 1.2 above). 

Correlations of the Mesaverde Group were aided by the work of Miller (1977) and principles 

espoused by Miall (1997, 2000). Correlations above the Fox Hills Formation were guided by work 

published by U.S. Geological Survey and other geologists (Bradley, 1945; Roehler, 1973, 1989, 

1990, 1991a,b, 1992a,b, 1993; Tyler, 1978, 1979a,b, 1980a,b,c; Dames and Moore Company, 

1979; Law, 1979; Law et al., 1979; Bucerl, 1981, 1982; Bucerl-White,1983; Honey and Hettinger, 

1989; Roehler and Hansen, 1989; Bader, 1990a,b; Hettinger and Kirschbaum, 1991; Hettinger et 

al., 1991; Dyman et al., 1994; and Clyde et al., 1997). In preparing the isopach maps, selected 

tops picked by the above authors, by the database of the I.H.S. Group (Denver, Colorado), and 

by the author were honored.  

 
 
 
4.1 Regional Stratigraphy of the Mesaverde Group and Overlying Strata 

 

The oldest rocks studied were the Upper Cretaceous Mesaverde Group. The Mesaverde 

Group of the western Washakie Basin comprises the Blair, Rock Springs, Ericson, and Almond 

formations (Weimer, 1960; Johnson et al., 2005; Fig. 4.1). The Blair Formation is marine 

sandstones and shales, and is conformably overlain by heterolithic siliciclastic and coaly beds of 

the Rock Springs Formation. The Rock Springs Formation is unconformably overlain by pebble 

conglomerate, sandstone, siltstone, and thin shales beds of the Ericson Formation. The Ericson 

Formation is conformably overlain by continental, paludal, marginal marine siliciclastic and 
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carbonaceous rocks of the Almond Formation. The Almond Formation is in turn conformably 

overlain by and intertongues with shale beds of the lower part of the Lewis Formation, except on 

the Rock Springs Uplift where late Laramide erosion and deposition causes the Almond 

Formation to be unconformably overlain by the Lance and Fort Union formations. 

 

 
Figure 4.1 Stratigraphic diagram of upper Cretaceous formations across the Washakie Basin 
(modified from Johnson et al., 2005). Of primary interest are the beds of the Mesaverde Group. 
This section appears to be hung on the top of the Lance Formation. 
 

The rocks of the Mesaverde Group have been the object of many stratigraphic and 

sequence-stratigraphic studies (e.g., Krystinik and DeJarnett, 1995). They reflect deposition 

during repeated marine transgressions and regressions, with generally north-south depositional 

strike (Weimer, 1965; Roehler, 1990; Hendricks, 1994). Deposition may have been influenced by 

small-scale (tens of ft.) structural movements (Barlow, 1961; Weimer, 1966; Krystinik and Mead, 

1996; Martinsen, 1998, 2003). The Mesaverde Group is punctuated by regional and local 

unconformities. Time-stratigraphic correlations by Miller (1977) (Fig. 4.2) revealed the presence 

of a regional unconformity at the base of the Ericson Formation. 

Six stratigraphic cross sections were constructed of the Mesaverde Group and the lower 

part of the Lewis Formation (Figs. 4.3 and 4.4). Mesaverde Group tops were picked in more than 

1,900 wells located within the map area. 
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Figure 4.3 Map of the general Washakie Basin area showing the locations of stratigraphic cross 
sections built to evaluate the stratigraphy of the Mesaverde Group and the lower part of the Lewis 
Formation. The blue line indicates the location of the example stratigraphic cross section (West-
East) shown in Figure 4.4. Colored north-south lines indicate the eastern extents of correlative 
intervals within the Almond Formation. Red polygons indicate the three detailed study areas. 
Outcrop patterns (green) are the Almond Formation on the Rock Springs Uplift (RSU) and the 
Mesaverde Group on the Rawlins Uplift (RU) (Love and Christiansen, 1985). Most of the wells 
lying between cross-section wells also were correlated. 
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4.1.1 Ericson Formation and Pine Ridge Sandstone 

 

In the western part of the Washakie Basin the middle Campanian Ericson Formation is 

divided into the Trail, Rusty, and Canyon Creek members (Fig. 4.1). The Trail and Canyon Creek 

members are mainly white, feldspathic, orthoquartzitic sandstones and typically contain coarse 

sedimentary chert grains. The Rusty member contains both sandstones and mudstones. Ericson 

sediments were deposited in fluvial and alluvial environments, and were sourced mainly by 

highlands to the west of the study area. 

In the same area, the base of the Trail member of the Ericson Formation rests with 

angular unconformity on the middle Campanian Rock Springs Formation; there is another 

unconformity at the base of the Canyon Creek member (Miller, 1977; Hendricks, 1990; Krystinik 

and DeJarnett, 1995; Martinsen et al., 1999). In the eastern part of the study area the Pine Ridge 

sandstone is equivalent to the Canyon Creek member of the Ericson Formation (Miller, 1977; 

Baars et al., 1988; Roehler, 1990; Johnson et al., 2005). The Pine Ridge Sandstone rests with 

probable unconformity on the Allen Ridge Formation, although the existence of an unconformity 

at the base of the Pine Ridge sandstone is somewhat controversial (cf. Roehler, 1960, vs. Gill et 

al., 1970, and Martinsen et al., 1999). The upper part of the Ericson Formation changes facies 

eastward into the lower part of the Almond Formation (Fig. 4.4).  

In order to calculate Ericson Formation thicknesses, one needs top values for the Ericson 

Formation (or the equivalent Pine Ridge Sandstone) and the Rock Springs Formation (or the 

equivalent Allen Ridge Formation). Between formation tops picked for this study, those published 

by U.S. Geological Survey authors, and those in the I.H.S. database, there were over 700 wells in 

the area in which appropriate tops were available; 200 wells had my picks. Based on over 700 

tops, the Ericson Formation and Pine Ridge Sandstone range in thickness from 0 to 1,800 ft. (0 to 

550 m), average 460 ft. (140 m), most commonly are about 250 ft. (75 m) thick, are thickest near 

the Rock Springs Uplift, and generally thin to the east across the Washakie Basin (Fig. 4.5).  

Ericson deposition coincided with a base-level fall over much of what is now 

southwestern Wyoming (Gill et al., 1970; Pederson and Steel, 1999). The consequently low 

accommodation space promoted development of braided stream deposits. Ericson thicknesses 

do not support an interpretation of uplift on the Rock Springs Uplift during Ericson time, although 

Nicholson (2010) interprets either local uplift on a paleo-Rock Springs Uplift, or else regional 

thinning of the Ericson due to westward reduction in accommodation space. 
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Fig. 4.5 Thickness of the Ericson Formation and Pine Ridge Sandstone, Washakie Basin, shown 
by color fill (c.i.=50 ft., 17 m). Detail study areas shown with red polygons: Arch=Arch Unit. 
ESSD=Echo Springs/Standard Draw. PBU=Polar Bar Unit. CN=Creston Nose, CR=Cherokee 
Ridge, RDB=Red Desert Basin, RSU=Rock Springs Uplift, RU=Rawlins Uplift, WA=Wamsutter 
Arch, WB=Washakie Basin. Black contours=Mesaverde structure (c.i.=1,000 ft., 305 m). Brown 
and blue lines are faults (Love and Christiansen, 1985; Chang et al., 1993; Parker and Bortz, 
2001; Bader, 2008; and mapping by the author). Ericson outcrop on the Rock Springs Uplift 
(RSU) in yellow; Mesaverde Group outcrop on the Rawlins Uplift in green. Black dots are control 
wells. 
 
 
 
4.1.2 Almond Formation 

 

 The Almond Formation is part of a well-known progradational depositional system 

(Roehler, 1990; Hendricks, 1994) laid down under episodic westward transgressions of the 

Western Interior Cretaceous seaway. Siliciclastic sediments were eroded from highlands far west 

of the study area in the Sevier Uplift and transported to continental, deltaic, marine shoreline, and 

offshore marine environments in the study area. Regionally, Almond shorelines reflect deposition 
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in a concave-westward “Rock Springs embayment” (McGookey et al., 1972; Roehler, 1988; Fig. 

4.6). The northern, western and southern margins of this embayment are roughly coincident with 

the mainly Laramide-age Wind River/Sweetwater, Rock Springs, and Uinta/Cherokee-Ridge 

structural trends, respectively. These data suggest that Laramide structural trends had precursors 

that influenced deposition of the Mesaverde Group (Krystinik and DeJarnett, 1995). 

 

 
Figure 4.6 Regional paleogeography during deposition of the Almond Formation, showing three 
Laramide uplifts that coincide with margins of the embayment (blue lines) (modified from Roehler, 
1988). WICS = Western Interior Cretaceous Seaway. 
 

Both Almond and Ericson/Pine Ridge formation tops were available in over 2,000 wells in 

the Washakie Basin, of which 366 were wells in which I had picked those tops. In those 2,000 

wells, the Almond Formation is about 450 to 475 ft. (135 to 145 m) thick, ranging from 0 ft. (due to 

post-Almond erosion) to about 950 ft. (0 to 290 m). Regional Almond thicknesses (Fig. 4.7) 

express north-south thinning roughly coincident with the modern Wamsutter Arch and Creston 

Nose, over a distance of about 80 miles (130 km). The section thins by about 450 ft. and 200 ft. 

(135 m and 60 m) compared to the Washakie and Red Desert sub-basins, respectively. The 

inferred presence of a broad, low-relief arch roughly coincident with the Wamsutter Arch/Creston 

Nose trend during Almond time is consistent with more detailed data discussed in Chapter 6. 
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Figure 4.7 Thickness of the Almond Formation, Washakie Basin, shown by color fill (c.i.=50 ft., 15 
m). Mesaverde Group structure is shown with black contours; c.i. = 1,000 ft. (305 m). Almond 
outcrops on the Rock Springs Uplift and Mesaverde outcrops on Rawlins uplift are shown in light 
green. Control wells are shown with black dots. Other abbreviations explained in Fig. 4.5. Black 
arrows show the direction of thinning of this interval from the Washakie and Red Desert basins 
toward an interpreted paleo-Wamsutter Arch as discussed in the text. 
 
 
 
4.1.3 Subdivisions of the Almond Formation 

 

Common usage recognizes two subdivisions of the Almond Formation, although 

increasingly workers are applying three or more subdivisions (e.g., Tobin et al., 2010; Fig. 4.2). 

The lower Almond consists almost exclusively of medium to dark gray and brown sandstones and 

siltstones, coal and carbonaceous shale beds, and white to black mudstones and shales (Van 

Horn, 1979). White mudstones have been interpreted as paludal underclays (Asquith, 1970). 

Lower Almond sandstones contain abundant rock fragments and commonly are carbonaceous. 

The coal beds and organic-rich shales are source rocks.  
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Cyclicity is observed in the lower Almond (Horn et al., 2001); laterally extensive marine 

shales provide correlative beds. The lower Almond commonly is interpreted as being deposited 

under conditions variously described as delta-plain, fluvial, distributary, coastal marsh, salt marsh, 

or interdistributary bay (Van Horn, 1979; Barclay, 1984; Bryant, 1984). 

The focus of this study was the upper Almond interval, which consists of white to dark 

gray sandstones interbedded with dark gray to black, variably carbonaceous mudstones and 

shales. Locally one finds oyster coquinas (Weimer, 1966). Thin beds of coal are present but rare. 

Upper Almond deposits characteristically display cyclic (or “rhythmic”) upward successions of 

lithologies from: 1) transgressive marine or lagoonal shale; 2) barrier-island sandstone; 3) marsh 

and tidal flat deposits; 4) lagoon and bay deposits; 5) alluvial coastal plain sediments; and 6) 

alluvial coastal plain deposits” (modified from Jacka, 1970; Hendricks, 1994; Mead and Krystinik, 

1997). The upper Almond is generally considered to be of dominantly marginal marine origin, 

being deposited in “shoreface, barrier-island, tidal inlet, tidal delta, washover-fan, tidal flat, 

lagoon, tidal creek, overbank, pond, and marsh” settings (Flores, 1978; Krystinik, 1990). 

There are, by the count of Krystinik and Mead (1996), at least 15 upper Almond 

sandstone trends that consist of shoreface and tidal sandstones. These generally are elongate 

north to south and provide reservoir rocks for hydrocarbons (Van Horn, 1979; Hendricks, 1994). 

Almond coals and carbonaceous shales provide source rocks (García-González et al., 1997). 

Upper Almond rocks are widely interpreted to have been deposited during multiple 

westward back-steps followed by eastward progradation (e.g., Hendricks, 1990; Van Wagoner et 

al., 1990). The coal and marine shale beds are assumed to indicate regional flooding events, with 

rising base level and increased accommodation space. These beds were used to correlate upper 

Almond intervals throughout the study area. The coal beds are recognizable on well logs by 

gamma ray (GR) readings less than about 65 API units and apparent porosities on density, 

neutron, and acoustic travel-time logs greater than 30%. Marine shales are identified on well logs 

from their elevated GR readings (>100-120 API units) and low resistivities (<10-50 ohms)  

Oyster debris in the upper Almond Formation is locally abundant. One species present in 

the western Washakie Basin is Ostrea glabra (Weimer, 1965, 1966). Modern oysters thrive under 

a specific set of conditions: 1) restricted but circulating water, 2) brackish salinities, 3) photic 

water depths (5 to 65 ft., or 1.5 to 3.2 m), and 4) firm to hard substrates (Wells, 1961). These 

conditions are characteristic of estuarine, intertidal, and shallow subtidal settings. Hartman and 

Kirkland (2002) indicate that the genuses Crassostrea and Ostrea favor mesohaline, estuarine 

settings. It is here assumed that Cretaceous oysters were similarly most prolific in such settings. 

An unknown thickness, but at least 800 ft. (240 m), of uppermost Almond Formation has 

been eroded from the eastern flank of the Rock Springs Uplift, based on a few wells near the 

crest of the uplift that have Almond Formation preserved beneath the unconformities, e.g., the 

Pan American Petroleum, #1 Jim Springs Unit well (Sec, 11, T12N, R103W). On the Rock 
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Springs Uplift the eroded top of the Almond Formation is lapped onto from east to west by the 

Paleocene Fort Union Formation. 

The top of the Almond is difficult to recognize in wells drilled west of the crest of the Rock 

Springs Uplift due to erosion and to the loss of the Lewis shale by westward facies change into 

Lance-like lithofacies. However, in most areas lying east of the Rock Springs Uplift, the Almond 

Formation is easy to recognize, as it is overlain by clay-rich mudrocks of the upper Cretaceous 

Lewis Formation. Exceptions occur near the Wind River and Sweetwater uplifts where the 

Almond Formation is unconformably overlain by the Fort Union and Wasatch formations. 

The thickest and most obviously correlative Almond shale beds define intervals roughly 

100 to 150 ft. (30 to 50 m) thick. Each of the studied field areas produces from a different interval, 

each of which is here named after the studied field that it contains. Thus, the “Arch interval” 

denotes the rock interval from which the Arch Unit at Patrick Draw produces oil and gas.  

Within each interval it often is possible to differentiate correlative shales that define 

stratigraphic units thinner than 50 ft. (23 m). Thus, the Arch, Echo Springs/Standard Draw, and 

Polar Bar intervals can be divided into sub-intervals. 

Erosion on the order of 20 to 30 ft. (6 to 10 m) penecontemporaneous with deposition of 

the Almond Formation occurred in the Dripping Rock area (Martinsen, 1998, 2003). Dripping 

Rock Field is immediately east of the PBU area (Fig. 1.3). Erosion of the uppermost Almond 

Formation was not observed elsewhere in the detail study areas. 

 
 
 
4.1.4 Lewis and Fox Hills Formations 

 

The late Campanian to middle Maastrichtian Lewis Formation (Fig. 4.2) consists mainly 

of transgressive marine shales and interbedded deeper-water sandstones. The overlying Fox 

Hills Sandstone is a thinner interval of regressive marine sandstone. The upper Lewis Formation 

and the Fox Hills Formation are in facies relationship throughout the study area (Cronoble, 1969). 

The Fox Hills Formation youngs to the east as it interfingers with the upper part of the Lewis 

Formation. The Lewis and Fox Hills formations represent the last marginal marine deposits of the 

Western Interior Cretaceous seaway in the study area. 

The Lewis Formation was laid down during base-level rise and east-to-west 

transgression of the Western Interior Cretaceous Seaway (Winn et al., 1987; Pyles, 2000). The 

major sources of Lewis sediments lay to the west, in the eroding Sevier highlands (Molenaar and 

Rice, 1988). 

The lowermost, shaliest part of the Lewis Formation includes laterally persistent, easily 

correlatable intervals of mudrocks with vertical variations in ratios of lower-resistivity to higher-

resistivity materials, probably reflecting clay versus silt, sand, and carbonate contents. These 
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beds may have been deposited under regionally, and perhaps synchronously, varying conditions 

of water chemistry, sediment input, or base-level, or of all three factors. These Lewis shale 

intervals have been interpreted as time-rock units (e.g., Asquith, 1970). However, the lack of core 

control in the subsurface obscures the true nature of these beds. The most visually obvious 

example on well logs is the so-called “Asquith marker”, which is a shaly interval with noticeably 

elevated GR and resistivity readings. The Asquith marker is considered to be a condensed 

section representing late Cretaceous base-level rise, and was informally named in the 1980s in 

recognition of work published by Asquith in 1970 (Pasternack, 2007).  

Several Lewis beds appear on well logs as thin, low resistivity “marker” beds (Fig. 4.4). 

Two of these, named the L-5 and L-9 beds by Barlow (1961), are here (and elsewhere) 

interpreted as bentonites resulting from ash falls into marine waters based on their anomalously 

low resistivities and great lateral continuity. The L-5 bed generally is thinner than three ft. (one m); 

the L-9 bed generally is less than six ft. (two m) thick. Assuming that compaction has reduced the 

thickness of these ash-fall deposits by 50%, the original ash-fall deposits would have been about 

six to twelve ft. (two to four m) thick. It is not known whether the L-5 and L-9 bentonites are the 

results of single, very thick ash falls, or of multiple ash falls. In either case, these bentonites are 

taken to be time-stratigraphic markers. 

The lower part of the Lewis Formation is here defined as the Lewis interval lying beneath 

the L-5 bed, which is stratigraphically below the lowest Lewis sandstones in this area. The lower 

Lewis interval consists almost entirely of shale beds and the Asquith marker, and includes the L-9 

bed. The lower Lewis marine shales contain planktic and calcareous foraminifera, along with 

fossil spores and pollen. The upper Lewis interval foraminifera are dominantly arenaceous and 

benthic (Miller, 1977, pers. comm.), probably reflecting lesser water depths and greater proximity 

to sources of siliciclastic sediments. The lower Lewis contains source rocks, but no sandstone 

reservoir rocks. The upper part of the Lewis consists of marine shales and turbidites lying 

stratigraphically above the L-5 bed. Sands rich in rock fragments were sourced both from 

northerly and from southerly terrains. 

Lewis and Fox Hills formation tops were available in over 3,300 wells; I correlated 450 of 

those wells. The Lewis-Fox Hills interval is 0 (due to post- Lewis erosion) to 3,200 ft. thick (0 to 

980 m), and generally is about 2,000 to 2,400 ft. thick (610 to 730 m; Fig. 4.8). The combined Fox 

Hills/Lewis interval thins from east to west across the study area and becomes indistinguishable 

by facies change from the Lance Formation over the crest of the Rock Springs Uplift. Regionally, 

the thickness of this interval reflects the Rock Springs Embayment (McGookey et al., 1975; 

Roehler, 1988). 

North of the study area, on the south flank of the Sweetwater Uplift (Fig. 1.1), the Lewis 

and Fox Hills are absent by pre-Lance(?) erosion and/or non-deposition. This implies middle or 
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late Maastrichtian uplift on the Sweetwater Uplift, and possibly along the Wind River Mountains. 

The Lance Formation appears to conformably overlie the Fox Hills Formation. 

 

 
Figure 4.8 Thickness of the combined Fox Hills and Lewis formations, Washakie Basin, shown by 
color fill (c.i.=250 ft., 76 m). Mesaverde Group structure is shown with black contours (c.i. = 1,000 
ft., or 305 m). Fox Hills and Lewis outcrops on the Rock Springs and Rawlins uplifts are shown in 
light green and gray. Control wells are shown with black dots. Other abbreviations explained in 
Fig. 4.5. 
 
 
 
4.1.5 Lance Formation 

 

The latest Maastrichtian Lance Formation (Fig. 4.2) consists of paralic and coastal plain 

sandstone, shale, and coal (Weimer, 1960). The Lance Formation is unconformably overlain by 

the Paleocene Fort Union Formation (Kirschbaum and Nelson, 1988). The top of the Lance 

Formation is difficult to differentiate from the lower Fort Union Formation. Correlations were 

guided by the publications listed in Section 4.1, allowing generalized mapping of Lance thickness 
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(Fig. 4.9). The Lance and Fort Union formations were correlated in over 250 wells. In 3,000 wells 

for which both tops were available, the Lance ranges in thickness from 0 to 3,500 ft. (0 to 1,100 

m), with the Lance Formation in most wells being 1,200 to 1,400 ft. thick (370 to 430 m). 

 

 
Figure 4.9 Thickness of the Lance Formation, Washakie Basin, shown by color fill (c.i.=100 ft., 30 
m). Mesaverde structure is shown with black contours (c.i. = 1,000 ft., or 305 m). Lance outcrops 
on the Rock Springs and Rawlins uplifts are shown in light green. Control wells are shown with 
black dots. Abbreviations are explained in Fig. 4-5. Brown lines are surface faults (Love and 
Christiansen, 1985). Blue lines are subsurface faults mapped by the author. 
 
 
 
4.1.6 Fort Union Formation 

 

The middle and upper Paleocene Fort Union Formation consists of fluvial and coastal 

plain sandstones, shales, and coals. In 3,110 wells from which both Fort Union and Lance tops 

were available (187 of which were correlated for this study), the Fort Union section varies from 0 

ft. thick (due to post-Fort Union erosion) to about 5,000 ft. (1,500 m) thick (Fig. 4.10). The Fort 
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Union Formation is conformably overlain in most of the area by the “main body” of the Eocene 

Wasatch Formation.  

 

 
Figure 4.10 Thickness of the Fort Union Formation, Washakie Basin, shown by color fill (c.i.=250 
ft., 76 m). Mesaverde Group structure shown with black contours (c.i. =1,000 ft., or 305 m). Fort 
Union outcrops on the Rock Springs and Rawlins uplifts are shown in light green. Control wells 
are shown with black dots. Abbreviations explained in Fig. 4-5.  
 

 

4.1.7 Wasatch, Green River, Washakie, and Battle Springs Formations  

 

Eocene rocks in the area are lithologically and stratigraphically complex (Fig. 4.11). The 

early Eocene “main member” or “main body” of the Wasatch Formation consists of varicolored 

alluvial sandstone, siltstone, and mudstone (Wilf, 2000). Above that lie intertongued beds of 

middle Eocene Wasatch and Green River formations. Wasatch tongues are mainly flood-plain 

and fluvial deposits (Roehler, ibid). Tongues of the Green River Formation are mainly lacustrine 

carbonates (marls, coquinas) and siliciclastic mudstones, some of which are organic-rich “oil 
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shales” (Roehler, 1992a,b). The late Eocene Bridger and Washakie formations (Fig. 1.2) are 

mainly alluvial and fluvial siliciclastics (Roehler, ibid). 

 

 
Figure 4.11 Diagrammatic stratigraphic column for Eocene rocks in the Washakie Basin. A typical 
lithologic column is presented on the right side. Data are derived mainly from Roehler (1991a, 
1992a,b) and McCarroll et al. (1996b). Absolute ages in left-hand columns are Roehler’s (ibid) 
preferred ages; his alternative ages are presented in parentheses. Pk=Peak; Tge=Tongue, 
Mbr=Member, G.R.=Green River Formation, W=Wasatch Formation, Rch=Ranch. 
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Wasatch and younger Eocene formations were correlated along eight lines of cross 

section (Fig. 4.12) and in many of the intervening wells. The correlations were guided by work of 

U.S. Geological Survey authors cited in Section 2.1 (Fig. 4.13). 

 

 
Figure 4.12 Stratigraphic cross sections constructed to evaluate the thicknesses of younger 
Tertiary formations in the Washakie Basin. Blue line is cross section shown in Figure 4.14. 
Salmon outcrop patterns indicate tongues of the Wasatch Formation. Green outcrops are tongues 
of the Green River Formation. Orange outcrop is the Washakie Formation. Olive green outcrop is 
the Battle Spring Formation. Black contours are structure contoured on the top of the Mesaverde 
Group (c.i.=1,000 ft., or 305 m). Blue lines are subsurface faults identified from seismic data 
(Chang et al., 1993; Parker and Bortz, 2001; Bader, 2008; and from work by the author). Red 
outlines are detailed study areas. 
 

Not all of the several tongues and members defined by Roehler (ibid) in the Green River 

and Wasatch formations proved to be correlative in the subsurface throughout the study area. 

However, the major units were successfully correlated (Fig. 4.14). 

Post-Eocene regional uplift and erosion have removed rocks of the Green River, 

Wasatch, Bridger, Washakie and older formations. Topographic relief in the area at the end of the 

Eocene probably was subdued (Steidtmann et al., 1989). 
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Figure 4.13 Stratigraphic cross sections of upper Cretaceous and Tertiary formations in the 
Washakie Basin published by the U.S. Geological Survey. Authors are Tyler et al. (1982); Honey 
and Hettinger (1989); Bader (1990a,b); Hettinger and Kirschbaum (1991); Hettinger et al. (1991); 
and Roehler (1991a,b). Contours are structure datumed on the Mesaverde Group (c.i.=1,000 ft., 
or 305 m). Labels for cross sections are U.S. Geological Survey publication numbers. I=Report of 
Investigations, OF=Open File Report, MF=Miscellaneous Field Studies. 
 

Poor subsurface control for post-Washakie formations and the difficulty of correlating in 

that interval necessitated that mapping of these formations be accomplished by assuming that 

there is no appreciable thickness of post-Eocene rocks in the study area (see Section 4.1.8). The 

error in making this assumption is minimal because major Laramide subsidence was during the 

Eocene, before deposition of these rocks. The major source of map error is the difficulty of 

recognizing the top of the Fort Union Formation on well logs. 

In over 3,500 wells for which Fort Union tops were available, the maximum thickness of 

post-Fort Union beds is about 10,500 ft. (3,200 m). However, correlations are difficult, which 

leads to considerable “noise” in the contouring (Fig. 4.15). Still, deepening of the Washakie and 

Red Desert basins by many thousands of feet during the Eocene is evident (Smith et al., 2008). 
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Figure 4.14 Example of a stratigraphic cross section of the younger Tertiary rocks located in the 
northern part of the Washakie Basin. Correlations of Eocene formations are shown. Datum is the 
top of the Cathedral Bluffs Member of the Wasatch Formation. Location of cross section is shown 
in Figure 4.12.  
 
 
 
4.1.8 White River, Bishop, Browns Park, and Miocene Formations 

 

There are not any great thicknesses of rocks younger than the Washakie Formation 

known in the study area (Fig. 1.2). However, some considerations suggest that such rocks have 

been lost to erosion. First, the Miocene Browns Park Formation contains thick beds of 

conglomerate and coarse sandstone near the Uinta Mountains (Fig. 1.1), suggesting sediment 

dispersal by high-energy fluvial or alluvial processes, which implies more-widespread deposition 

of finer grained clastic sediments distal to the conglomeratic beds. Secondly, there are well-

known high-elevation erosion surfaces of Tertiary age scattered around the Greater Green River 

Basin. Based on such evidence, Roberts et al. (2005) estimated that 3,200 ft. (975 m) of post-

Eocene rocks were deposited in the deeper part of the Washakie Basin, then removed by 

erosion. 

The only known Oligocene sedimentary rocks preserved in the general study area are 

thin beds of middle or late Oligocene White River and equivalent South Pass formations in the 

southern Wind River Mountains and Red Desert Basin (Love and Christiansen, 1985). There is 

evidence of high topographic relief on the Medicine Bow and Wind River mountains at the 

beginning of the Oligocene (Evanoff, 1990). Steidtmann et al. (1989) interpreted late Oligocene 

(i.e., post-Laramide) uplift of the Wind River Mountains based on the physiography of the 

mountains, evidence of rejuvenation of presumably mountainous source areas for coarse clastics, 
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and fission-track analysis of apatite in Precambrian fault blocks. By middle or late Oligocene the 

relief may have been as great as, or greater than, it is today, based on paleovalleys filled with 

conglomeratic, sandy, and tuffaceous sediments (Antweiler et al., 1980; Evanoff, ibid). 

 

 
Figure 4.15 Thickness of post-Fort Union formations, Washakie Basin, shown by color fill (contour 
interval = 2,000 ft., 610 m). Brown lines are surface faults (Love and Christiansen, 1985). Fort 
Union and Post-Eocene outcrops are shown in brown, yellow, and orange. Control wells shown 
with black dots. Abbreviations explained in Figure 4.5. 

 

The only known Miocene rocks preserved in the Washakie Basin occur along the 

Cherokee Ridge in townships 12-13N, ranges 92-97W (Love and Christiansen, 1985). Bradley 

(1945) called these beds Browns Park Formation, and described them as: 1) 75 ft. (25 m) ft. of 

basal quartz-pebble conglomerate derived from Proterozoic rocks in the Uinta Mountains (Fig. 

1.1); 2) medial white, cross bedded, eolian(?) sandstone and white, glassy tuff; and 3) dense 

quartzite at the top. Miocene rocks unconformably overly Eocene formations, and are deformed 

by post-Miocene left-lateral strike slip along the Cherokee Ridge (Bader, 2008). 
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The stratigraphic record of post-Miocene deposition is fragmentary because the 

Washakie Basin saw widespread post-Miocene erosion. Formation of the low-relief sub-summit 

surface in Wyoming started during the Miocene (Evanoff, ibid) by erosion of uplifts and 

sedimentary filling of low spots. However, the exact timing is not well known, and probably varies 

between mountain ranges (e.g., Steidtmann et al., 1989). 

There were major volcanic upheavals in the Yellowstone area (far north of the study area 

in Wyoming) during the Pliocene, Pleistocene, and Quaternary that probably rained ejecta on the 

Washakie Basin. Local alkalic extrusives (lamproites) and intrusive igneous rocks of Quaternary 

age (3.1 to 0.9 Ma) were emplaced locally on the northeastern flank of the Rock Springs Uplift 

(Carmichael, 1967; Hausel, 2006). However, there are only very thin deposits of Pleistocene 

sedimentary rocks in the area, and no known Pliocene rocks. Quaternary deposits are found in 

and near stream beds and terraces, and in sand dunes on the northeastern flank of the Rock 

Springs Uplift (Ahlbrandt, 1975) and on the Rawlins Uplift (Gaylord, 1982; Heller et al., 2011). 

 
 
 
4.2 Regional Tectonics and Local Structural Movements 

 

From Ericson through Recent times, the Washakie Basin and surrounds have been part 

of tectonic terrains that evolved through several stages. These were:  

1) The eastern structural flank of a foreland basin (“WICS” phase) lying generally near 

sea level (Kauffman, 1977; Jordan, 1981; Molenaar and Rice, 1988), which formed 

contemporaneously with a thrust belt in what is now Idaho and westernmost 

Wyoming (Armstong and Oriel, 1965; Oriel and Armstrong, 1966).  

2) Laramide intracratonic basins and uplifts. 

3) Post-Laramide volcanic, alluvial, and erosional terrains regionally uplifted several 

thousands of feet above sea level. 

 

These tectonic phases overlapped in time. The foreland basin phase lasted from early 

Cretaceous through Paleocene time. The Laramide “breakup” phase started perhaps as early as 

Campanian and lasted until late Eocene. The post-Laramide phase of regional uplift probably 

started in late Eocene and continues today. 

Laramide structural movements along the major tectonic trends in southwestern 

Wyoming were on the scale of thousands of feet, and created today’s Washakie Basin and 

surrounding uplifts. The structural trends most important to the study area are the Rock Springs 

Uplift, the Rawlins Uplift and Creston Nose, the Cherokee Ridge, and the Wamsutter Arch. Each 

of these saw structural movements on the scale of a few tens to a few hundreds of feet before 

Laramide times. The style of tectonics along these major trends is one of strike-slip motion in the 
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basement, with upward-anastomosing faulting that, in places, reaches the surface (Parker and 

Bortz, 2001; Nixon Lange, 2004, pers. comm., Bader, 2008; Greg Anderson, 2011, pers. comm.). 

Thus, the faults seen in “swarms” on the Wamsutter Arch and Cherokee Ridge are thought to 

extend from the basement to the surface, although with complex, anastomosing geometries. 

 
 
 
4.2.1 Rock Springs Uplift 

 

The Rock Springs Uplift is 50 miles (80 km) west-to-east and 75 miles (120 km) north-to-

south. The uplift forms the western margin of the Washakie Basin (Fig. 1.1). The Rock Springs 

Uplift is a west-verging basement-block uplift overlying an east-plunging blind reverse fault on its 

western flank (Montgomery, 1993). Structural relief of the basement is about 15,500 ft. (4,600 m) 

across the uplift.  

The Rock Springs Uplift is typical of many Rocky Mountain structures of Laramide age 

(approximately 75 to 50 Ma; Merewether and Cobban, 1983; Tikoff and Maxson, 2001; Mederos 

et al., 2005). Episodic uplift occurred throughout geologic time, but especially during the 

Laramide. Uplift caused erosion of the Rock Springs Formation prior to and during deposition of 

the Ericson Formation (Miller, 1977; Martinsen et al., 1999; Nicholson, 2010). Regional and/or 

local uplift promoted episodic erosion of the Ericson through Lance section prior to deposition of 

the Paleocene Fort Union and Eocene Wasatch formations (Roehler, 1961, 1993; Kirschbaum 

and Nelson, 1988). Paleocene uplift of the Rock Springs Uplift caused thinning of the Fort Union 

Formation by at least 600 ft. (200 m), and thinning of the early Eocene through early middle 

Eocene Wasatch and Green River formations by at least 800 ft. (240 m) (Johnson and Anderson, 

2009). The early Tertiary hiatus on the western margin of the Rock Springs Uplift spans 

palynomorph zones from the Cretaceous A2 through the early Paleocene P3; however, 

topographic relief on the structure remained low during Paleocene times (Kirschbaum and 

Nelson, ibid). 

 
 
 
4.2.2 Rawlins Uplift and Creston Nose 

 

The Rawlins Uplift defines the eastern margin of the Washakie Basin (Fig. 1.1), and is a 

basement-block uplift with two east-dipping reverse faults on its western flank. The Precambrian 

basement displays about 35,000 ft. (11,000 m) of vertical relief across the deeper “master” 

reverse fault (Otteman and Snoke, 2005). This uplift is of Laramide age, post-dating deposition of 

the Almond Formation and the lower part of the Lewis Formation. The Creston Nose plunges 

westward from the flank of the Rawlins Uplift, and probably shares structural timing with the uplift. 
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Weimer (1960), McGookey et al. (1972), and Reynolds (1976) interpreted episodic uplift 

in the Lost Soldier area (on the northwest margin of the Rawlins Uplift) during earliest and late 

Cenomanian, Maastrichtian, middle and late Paleocene, early Eocene, and Oligocene times. 

Uplift caused erosion of the lower part of the Lewis shale and the Mesaverde Group (Reynolds, 

ibid). Uplift alternated with subsidence at rates that increased during Maastrichtian and early 

Eocene times. Movements in the Lost Soldier area might reasonably be expected to have been 

accompanied by movements elsewhere along the Sweetwater and Rawlins uplifts (Fig. 1.1). 

 
 
 
4.2.3 Cherokee Ridge 

 

The Cherokee Ridge (Fig. 1.1) forms the southern margin of the Washakie Basin. The 

Cherokee Ridge displays seismic characteristics of strike-slip movement of late Cretaceous 

though early Tertiary age, and also movements after the Miocene (Parker and Bortz, 2001; 

Bader, 2008). Seismic data indicate that the Cherokee Ridge is underlain by multiple upward-

anastomosing near-vertical normal and reverse faults (Parker and Bortz, ibid).  

Estimates of the ages of latest fault movements on the Cherokee Ridge are hampered by 

the fact that the “main body” of the Wasatch is the youngest formation that crops out over most of 

the Cherokee Ridge. Still, Almond strandline maps provide some evidence of a proto-Cherokee 

Ridge (Roehler, 1988) during the late Cretaceous. Parker and Bortz (ibid) and Bader (ibid) 

reviewed seismic and subsurface data and concluded that the Cherokee Ridge underwent left-

lateral fault movements during the Laramide, and possibly earlier. 

 
 
 
4.2.4 Wamsutter Arch 

 

The Wamsutter Arch (Fig 1.1) forms the northwestern margin of the Washakie Basin. 

Thickness trends in the combined Lewis and Fox Hills formations discussed above do not show 

evidence of the presence of a structural high in the vicinity of the modern Wamsutter Arch. 

However, thickness trends in the Fort Union Formation indicate relief between the paleo-

Wamsutter Arch and the Red Desert and Washakie Basins on the scale of 4,600 to 2,500 ft. 

(1,400 to 760 m), respectively, during deposition of the Paleocene Fort Union Formation. Modern 

structure on the Almond Formation indicates 6,000 to 8,000 ft. (1,800 to 2,400 m) of relief 

between the Wamsutter Arch and the Red Desert and Washakie basins, respectively. Beds 

younger than the Fort Union Formation are eroded from the Wamsutter Arch; it is uncertain when 

the additional structure may have developed. However, it is likely that much of the structural relief 

occurred during Eocene time. 
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4.2.5 Wind River Mountains and Sweetwater Uplift 

 

The Wind River Mountains (Fig. 1.1) were uplifted along major reverse faults during early 

Eocene time, deforming conglomerate beds in the Cathedral Bluffs Member of the Wasatch 

Formation (Steidtmann et al., 1989); presumably this accompanied uplift. These conglomerates 

are overlain by undeformed middle Eocene Green River Formation and Bridger Formation rocks 

of low-energy affinities, implying that relief on the range was much reduced by that time. 

Steidtmann et al. (ibid) present evidence that the high-level erosion surface on the Wind River 

Mountains started forming during Laramide times and was uplifted during late early Eocene.  

 
 
 
4.3 Absolute Ages 

 

In the following discussion absolute ages are assigned to specific stratigraphic intervals 

based entirely on published data. A widely accepted published source of geologic ages is 

Gradstein et al. (2004). Roberts et al. (2005) applied an absolute time scale to rocks in the Green 

River Basin, adjusted at system and series boundaries to the geologic time scale of the 

Geological Society of America of 1999. This scheme was adopted and adapted for this research 

(Table 4.1). The ages of upper Cretaceous rocks are consistent with those of Martinsen (1998). 

Geochronologic studies of the Eocene of southwestern Wyoming started early in the 20th 

century (e.g., Granger, 1909). Eocene beds in the Greater Green River Basin, including the 

Washakie and Red Desert basins, have been considered particularly promising for establishing 

Eocene geochronology due to the extensive outcrops of Eocene rocks and to the ash-fall tuffs 

and fossil mammals that they contain. Accordingly, numerous workers have correlated faunal and 

magnetostratigraphic zonations with K-Ar and 40Ar/39Ar dating of biotite in tuff beds (e.g., Mauger, 

1977; Roehler, 1992b; McCarroll et al., 1996a; Smith et al., 2003, 2004, 2006, 2008). 

 Despite all this work, sampling of Eocene beds is sparse in the context of the great extent 

of the Greater Green River Basin and the large changes in thickness and facies within the 

Eocene formations (Clyde et al., 2004). For instance, Robinson et al. (2004) report only nine 

important Wasatchian through Duchesnean mammal localities in their interpretation of the 

eastern Greater Green River Basin. The published sampling is even sparser when one considers 

subsurface data. 

The Eocene and younger ash-fall tuffs probably originated in the Absaroka volcanic field, 

which was active from Eocene through early Oligocene (Chadwick, 1980). The presence of these 

widespread tuffs, and of the Absaroka-derived volcanic clasts in the Bridger Formation in the 

southern Wind River Range, may indicate long-term southerly flow of air currents, and little or no 

relief on the Wind River Range, at least during Bridger time (Groll and Steidtmann, 1987). 
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Table 4.1 Ages of geologic units in the study area. Generalized from Roehler (1991a, 1992a,b); 
Martinsen (1998); Johnson, Finn, and Roberts (2005); and Roberts et al. (2005), and generally 
rounded to the nearest Ma. 

Stratigraphic unit or event Geologic Age Ages (Ma) 

post-Eocene formations and hiatuses Oligocene through Quaternary 42-0 

Wasatch, Green River, Bridger, and 

Bishop Formations 

start of Eocene through early late Eocene 56-42 

post-Fort Union hiatus late Paleocene through Paleocene 57-56 

Fort Union Formation middle Paleocene 66-57 

post-Lance hiatus early Paleocene 65.5-66 

Lance Formation late Maastrichtian 68-65.5 

Fox Hills/Lewis Formations latest Campanian through middle 

Maastrichtian 

71-68 

Almond Formation middle late Campanian 73-71 

Ericson Formation early late Campanian 74-73 

 
 
4.4 Source Rocks and Kerogens 

 

Almond source rocks are inferred in the literature to be coals and carbonaceous shales 

found mainly in the lower Almond interval (MacGowan et al., 1992, 1993; García-González and 

Surdam, 1992, 1995; García-González et al., 1993, 1997). Shales within the Lewis Formation that 

lie within a few hundred feet of the top of the Almond also are effective source rocks (Pyles, 2000; 

Pasternack, 2007). Pasternack (ibid) also reported methods of identifying shale source rocks in 

the Lewis Formation from well-log data.  

Source rocks in the Mesaverde Group are reported to contain mainly Type III kerogen 

and lesser amounts of Type II kerogen (Roberts et al., 2005). This is consistent with Mesaverde 

Group reservoirs containing oil at the Arch Unit, but gas in most of the other Mesaverde Group 

hydrocarbon pools. Tobin et al. (2010) suggest that Almond source rocks for Patrick Draw Field 

contain predominantly Type III kerogens, with admixtures of Types I and II kerogens (cf. 

Meissner, 1984; Johnson et al., 2005). 

In studies of the Washakie Basin, García-González et al., (1993) and García-González 

and Surdam (1995) report data of Almond vitrinite reflectance (Ro); anhydrous (Espitalié et al., 

1977) and hydrous pyrolysis; and nuclear magnetic resonance. They concluded that Almond 

carbonaceous shales had much less potential for generating hydrocarbons than did the Almond 

coals, based on the inherently lower TOC values in the shales. The same workers also estimated 

that burial depths greater than 9,000 ft. (3,000 m; Ro>0.90%) were necessary to allow; 1) 

maturation of Type III kerogens and 2) expulsion of hydrocarbons from the coaly source beds due 

to the tendency of coals to adsorb hydrocarbons. 
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4.5 Burial History and Thermal Maturation 

 

The increase in source-rock temperatures attendant with burial is the most significant 

factor in most analyses of petroleum generation (Welte, 1965; Tissot and Welte, 1978). Roberts 

et al. (2005) developed burial histories for seven widely spaced areas in the Greater Green River 

Basin, including one near the bottom of the Washakie Basin, the “Adobe Town” area (Figs. 1.3 

and 4.16). Roberts et al. (ibid) did not build burial curves for the study areas included in this work. 

 

 
Figure 4.16 Burial and thermal maturation diagram for the Adobe Town area (from Roberts et al., 
2005). 
 

Roberts et al. (ibid) used subsurface data composited from two wells the Adobe Town 

area: the Koch Exploration Company #1 Adobe Town Unit (Sec. 20, T15N, R97W) and the 

Amoco #1 Bitter Creek II Unit (Sec. 22, T16N, R99W). Their analysis indicated that subsidence 

was relatively steady from Triassic through late Cretaceous times (253 to 89 Ma), as the 

Wyoming area evolved from a passive-margin shelf into a foreland basin. The Baxter Shale 

evidences an increase in subsidence that continued through deposition of the Eocene Wasatch 

and Green River formations (89 to 41 Ma). Regional uplift and non-deposition were interpreted in 

late Eocene (41 to 34 Ma). Maximum burial of the Mesaverde Group to 21,553 ft. (6,560 m) was 

interpreted at about 5 Ma, when temperatures reached 430oF (220oC). Subsequent uplift and 

erosion from 5 Ma to present has removed 3,200 ft. (980 m) of section (Tables 4.2, 4.3, and 4.4). 

A significant hiatuses is the unconformity at the top of the Eocene section. Based on 

restored thickness maps, Roberts et al. (ibid) estimated a maximum of 1,300 ft. (396 m) of eroded 

Eocene section. They estimate that 2,000 to 2,500 ft. (610 to 760 m) of post-Eocene sediments 

were deposited in the Washakie from 34 to 5 Ma.  
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Roberts et al. (ibid) interpret the Mesaverde Group source rocks as reaching Ro values of 

0.60 to 0.80%, i.e., approximately the beginning of maturity for oil source rocks, during deposition 

of the Fort Union Formation (57 to 53 Ma); peak oil generation in middle Eocene time (50 to 41 

Ma); and Ro values of 1.10 to 1.35% (peak gas generation) during earliest Oligocene (33 Ma). 

 

Table 4.2 Data used by Roberts et al. (2005) to model burial history of post-Rock Springs/Allen 
Ridge Formation rocks in the Adobe Town area, near the Polar Bar Unit. Fm = Formation; rx = 
rocks; Ss = sandstone; Slt = siltstone; Sh = shale; C = coal; Ls = limestone.  

Age, unit, or event 

Present 

Thickness (ft.) 

Age 

(Ma) 

Deposited & 

eroded (ft.) 

Erosion 

(ft.) 

Erosion  5-0  3,200 

Post-Eocene 0 34-5 2,400  

Hiatus 0 41–34   

Eocene rx 9,650 57-41 800  

Ft Union Fm 3,615 66-57   

Lance Fm 1,653 68-66   

Lewis Fm 1,921 71-68   

Upper Mesaverde 1,540 74-71   

 

Table 4.3 Interpreted timing of maturation events in the upper part of the Mesaverde Group, 
Adobe Town area, assuming Type III (gas-prone) kerogen (from Roberts et al., 2005). 

Ro Age (Ma) Paleo-depth (ft.) Paleo-temp (
o
F) Modern Depth (ft.) 

0.5% - start 60 7,520 198 4,350 

0.8% - peak 52 12,280 282 9,110 

2.0% - end 42 18,710 396 15,500 

 

Table 4.4 Interpreted timing of maturation events in the Mesaverde Group, assuming Type II (oil-
prone) kerogen, based on transformation ratios of 0.01, 0.50, and 0.90 (from Roberts et al., 
2005). 

Event Age (Ma) Ro Paleo-depth (ft.) Modern Depth (ft.) 

Oil start 54 0.69% 10,000 6,820 

Peak oil 50 0.92% 12,100 8,930 

End peak oil 48 1.15% 14,200 11,000 

Oil cracking start 43 1.73% 15,100 11,900 

Oil cracking peak 33 2.44% 15,300 12,100 

Oil cracking end 8 2.88% 20,000 16,800 
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Johnson et al. (2005) summarized the extant data on thermal maturation of Almond 

source rocks and noted that maximum observed maturities in the Almond Formation are “greater 

than 2.2 percent Ro in the deepest part of the Washakie Basin and greater than 1.6 percent Ro in 

the deepest part of the Great Divide [Red Desert] Basin”. The minimum observed Ro values were 

about 0.5 to 0.6% on the basin margins. By comparison of their Ro mapping to maps of burial 

depths to the Almond prepared for this study (Chapter 8), patterns in Almond Ro values and 

thermal maturities are evident (Fig. 4.17). 

 
 
 
4.6 Regional Pressure Gradients 

 

 Published studies (McPeek, 1981; Law and Dickenson, 1985; Heasler and Surdam, 

1992) indicate that gradients of reservoir-fluid pressures in the Mesaverde Group range from less 

than 0.433 psi/ft. of burial depth (9.79 Kpa/m) to greater than 0.513 psi/ft. (11.6 Kpa/m). These 

two values represent the minimum expected pressure gradient for formations filled with fresh 

water, and the maximum pressure gradient expected for formations filled with saturated salt brine, 

respectively. Over-pressures, i.e., greater than 0.513 psi/ft. are seen in some areas of the 

Washakie Basin at burial depths greater than about 6,000 ft. (1,829 m) (Heasler and Surdam, 

ibid). In the absence of hydrodynamic flow and buoyancy effects, the likely cause of abnormal 

pressures in these formations is generation and emplacement of natural gas into tight reservoirs, 

heating of fluids in tightly sealed rocks during burial, and/or cooling of fluids in tightly sealed rocks 

during unroofing (Bradley, 1975; Hunt, 1990; Burrus, 1998; Law and Spencer, 1998; Swarbrick 

and Osborne, 1998; Miller et al., 2002; Swarbrick et al., 2002). Thus, considered on a regional 

basis, current reservoir-fluid pressures in this basin may reflect the history of burial and uplift. 

Previous pressure studies “lumped” pressure data from different formations within the 

Mesaverde Group. It was considered possibly fruitful in this study to investigate regional pressure 

data restricted to one stratigraphic interval, i.e., the lower part of the Almond Formation. This 

interval was chosen because it is the most coal-rich, and probably source-rock rich, part of the 

Mesaverde Group and because the sandstone reservoirs in this interval are considered to be of 

limited lateral extent. These characteristics were thought to make this an interval in which 

pressures might reveal patterns in source-rock burial maturation. 

A primary source of data for mapping formation-fluid pressures in the subsurface is drill-

stem tests (DSTs). The digital database of I.H.S. Energy Group (Denver, Colorado) provides the 

most useable digital DST data, including shut-in pressures (SIPs). In their database there were 

597 wells with DST test intervals that were at depths 50 to 500 ft. (15.2 to 152 m) below the top of 

the Mesaverde Group (approximately the lower Almond interval). The majority of reported SIPs 

are expected to be lower than true formation-fluid pressures due to too-tight formations, formation 
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damage, pressure depletion by nearby production, and/or too-short shut-in times. Identification of 

more-or-less representative SIPs was accomplished by limiting the DSTs to those that: 1) were 

run before 1993 to reduce the possible effect of pressure drawdown by production; 2) reported 

SIPs yielding pressure gradients greater than 0.345 psi/ft. (7.80 Kpa/m) on the a priori 

assumption that such low pressure gradients are rare in the Mesaverde Group in the Rocky 

Mountain region; and 3) the DST SIP that yielded the highest pressure gradient in a zone. 

 

 
Figure 4.17 Thermal maturity of vitrinite in the Almond Formation, Washakie Basin. Map is based 
on vitrinite reflectance data (Johnson et al., 2005) and on thickness maps (Figs. 8-10 and 8.15). 
Areas A = 0 to 4,500 ft. (0 to 1,370 m); Ro < 0.6%. Area B = 4,500 to 11,500 ft. (1,370 to 3,500 
m); Ro = 0.6 to 1.1%. Areas C = 11,500 to 15,000+ ft. (3,500 to 4,570+ m); Ro = 1.1 to 2.2%. 
Area D = > 15,000 ft. (4,570 m); Ro > 2.2%. Red areas are Almond oil and gas fields. Green 
areas are Almond and Mesaverde outcrops. Abbreviations explained in Fig. 4.5. The net effects 
of these levels of thermal stress are different for Type II and Type III kerogens; Type II requires 
more thermal stress to generate and expel hydrocarbons. 
 

In several cases the Wyoming Oil and Gas Conservation Commission web site yielded 

detailed DST reports. This allowed comparison of SIPs to static reservoir pressures (P*) 

estimated by Horner analysis (Horner, 1951; Matthews, 1961; Slider, 1976). In every case the 
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SIPs were lower than P*, as expected. However pressure gradients calculated from SIPs were 

within 0.1 psi/ft. (0.69 Kpa/m), and generally within 0.05 psi/ft. (0.35 Kpa/m) (Table 4.5).  

After culling non-representative data there were 154 unique data points in the map area. 

The mapping (Fig. 4.18) is considered to be of a reconnaissance nature, i.e., useful in comparing 

pressures between areas, but only accurate within about +0.05 psi/ft. (0.34 Kpa/m) at best. The 

resulting map data (Fig. 4.18) indicate that pressures are elevated in the Washakie Basin, where 

the Almond has been buried deepest and in the Red Desert Basin. Pressures are somewhat 

elevated on the Creston Nose in the Echo Springs/Standard Draw (ESSD) area. Pressures are 

low on the Wamsutter Arch coincident with normal faulting, suggesting fault leakage. 

The pressure patterns resemble the Fort Union Formation isopach map (Fig. 4.10), and 

even more closely resemble the post-Fort Union (approximate Eocene formations) isopach map 

(Fig. 4.15). This suggests that processes primarily driven by burial were responsible for 

generating overpressuring during Fort Union and Eocene (i.e., Laramide) deposition. Subsequent 

uplift, especially surrounding the Rock Springs Uplift, may have decreased fluid pressures by 

decreasing reservoir temperatures, leakage to the surface, and/or other processes discussed by 

Bradley (1975), Hunt (1990), Law and Spencer (1998), and Shanley and Cluff (2005). 

 

Table 4.5 Comparisons of pressure gradients (gradP) derived from final SIPs (FSIP) and Horner-

extrapolated P* values. 

Well API Location DST Interval (ft.) 

FSIP/gradP 

(psi / psi/ft.) 

P*/gradP 

(psi / psi/ft.) 

49037213650000 Sec. 18, T20N, R92W 10,426-10,746 5984 / 0.573 6072 / 0.581 

49037207460000 Sec. 7, T23N, R99W 6622-6648 2430 / 0.366 2911 / 0.439 

49007202540000 Sec. 21, T19N, R91W 8248-8283 3670 / 0.444 3763 / 0.456 

49007201220000 Sec. 27, T15N, R92W 8340-8400 4445 / 0.531 4667 / 0.561 

49007203960000 Sec. 26, T19N, R93W 8852-8901 5063 / 0.570 5172 / 0.584 

49037213260000 Sec. 36, T20N, R93W 9632-9698 4970 / 0.492 5246 / 0.519 

49037204500000 Sec. 22, T18N, R94W 9651-9740 4464 / 0.460 9663 / 0.557 
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Figure 4.18 Pressure gradients estimated from DST shut-in pressures (SIPs), Washakie Basin 
(c.i.=0.05 psi/ft., 1.13 kPa/m). Only DSTed intervals that lay 50 to 500 ft. (15 to 152 m) below the 
top of the Mesaverde Group are included, i.e., approximately the lower Almond stratigraphic 
interval. Surface faults (brown lines) and Almond outcrop on the Rock Springs Uplift (RSU, light 
green) and the Mesaverde Group on the Rawlins Uplift (RU; light green) are from Love and 
Christiansen (1985). Other abbreviations are explained in Fig.4.5. 
 
 
 
4.7 Discussion 

 

 This is mainly a study of the effects of hydrocarbon emplacement on reservoir 

quality. Taken together, the regional lithostratigraphic correlations, new isopach and pressure 

mapping, and the published thermal history data, and pressure mapping suggest that: 

1) The upper Almond Formation sandstone reservoirs that were researched for this 

study occur in three different shale-bound stratigraphic intervals that are correlative 

throughout the Washakie Basin. In other words, these reservoir sandstones are not 

stratigraphically equivalent. 

2) These correlative intervals display a repetitive sequence of basal marine shales and 

coals overlain by sandy and silty beds. They are understood to be transgressive 
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(back-stepping)-regressive (progradational) cycles laid down in response to regional 

base-level changes. 

3) The depositional environments within these cycles are similar throughout the area, 

representing a fairly narrow range of paralic and shoreline environments. 

4) Reservoir rocks in the upper Almond Formation are of micro-tidal and wave-affected 

origins. 

5) Source rocks are in the Almond and Lewis formations. Kerogens in Almond and 

Lewis source rocks appear to be mainly Type III (gas-prone), although Type II 

kerogens (oil-prone) also are in evidence. 

6) Thermal maturation of these kerogen types are strongly affected by reaction kinetics, 

leading to later maturation of Type III kerogens, at deeper depths of burial, compared 

to Type II kerogens. This fact must be kept in mind when interpreting thermal 

maturation indices such as vitrinite reflectance (Ro), which indicate only thermal 

stresses, not actual reaction rates or products.  

7) During Almond deposition, local structures on the scale of the Arch Unit, Echo 

Springs/Standard Draw, and Polar Bar Unit areas likely would not have created more 

than a few tens of feet of changes in topography or bathymetry. In some cases, this 

could have had a dramatic effect on sandstone deposition and preservation because 

this is similar to the thicknesses of Almond sandstone units. On the larger scale, the 

Wamsutter Arch and Creston Nose may have had enough structural relief to affect 

thickness and facies of Almond deposits (Section 4.1.1). 

8) Paleocene and Eocene paleostructural history would be likely to affect Almond 

diagenesis because that was the time during which peak maturation of source rocks 

and secondary migration of hydrocarbons probably occurred. 

9) Movement on the uplifts that surround the Washakie Basin was episodic and varied 

between uplifts. Movement on local structures that might affect Almond hydrocarbon 

trapping and diagenesis could be similarly variable in timing; detailed isopach 

mapping would be necessary to recognize and understand the timing of local 

paleostructures. 
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CHAPTER 5 

ARCH UNIT OF PATRICK DRAW FIELD 

 

Patrick Draw Field is in Sweetwater County, Wyoming, on the west side of the study area 

and the east flank of the Rock Springs Uplift (Figs. 1.1 and 5.1). The Patrick Draw Field produces 

oil and gas from marine sandstone reservoirs in the upper 100 ft. (30 m) of the Almond 

Formation. Reservoir burial depths range from about 4,500 to 6,500 ft. (1,400 to 2,000 m). The 

field measures about nine miles (4.8 km) north-to-south and is about three miles (five km) wide. 

 

 
Figure 5.1 Location of Arch Unit study area (red polygon) on the east flank of the Rock Springs 
Uplift. Structure contoured on the top of the Mesaverde Group is shown in black (c.i.= 500 ft., 152 
m); contours are dashed where uncertain. Almond outcrop (light blue) and faults (brown and dark 
blue lines) are from Love and Christiansen (1985) and Chang et al. (1993). Anticline to the east of 
the study area is Table Rock anticline and oil and gas field. RSU = Rock Springs Uplift, WA = 
Wamsutter Arch, WB = Washakie Basin. Black west-east line is U.S. highway I-80. 
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This field was chosen for study because there are a great many cores available, because 

the Almond reservoir has great areal extent, and because the field displays an updip sweet spot. 

The Arch Unit is the northern part of the Patrick Draw Field, which was discovered in 1959 by El 

Paso Natural Gas Company (Burton, 1961; Weimer, 1966; Street, 1979). Since then the field has 

produced about 62,400,000 barrels (9.9x106 m3) of oil and 226 billion cubic ft. (6.4x109 m3) of gas 

(I.H.S. Energy Group database, Denver, Colorado, 2011). The ratio of gas to oil (GOR) varies 

from 542 to over 4,000 CFG/BO (Burton, 1961; Lawson and Crowson, 1961). The main Almond 

(Fig. 1.2) hydrocarbon pool has a gas cap (Fig. 5.2). Oil is 40 to 44o API gravity (Lawson and 

Crowson, 1961), sweet, and paraffinic. Original oil-in-place is estimated as about 250 million 

barrels (40x106 m3; Anderson and Ryder, 1978). There have been 234 producing wells in this 

field. The current operators are Crown Operating, Anadarko, and Devon.  

 

 
Figure 5.2 The Patrick Draw oil pool (green) and gas cap (red) in the primary Almond sandstone 
reservoir. Also shown are the outlines of the Arch Unit and several nearby U.S. federal units. The 
area of most-focused study is outlined in red. 
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There are two U.S. Federal units that encompass most of Patrick Draw Field: the Monell 

Unit to the south and the Arch Unit to the north (Fig. 5.2). The first productive well drilled in the 

Arch Unit (Arch #1-9-G, Sec. 9, T19N, R98W) was completed by Forest Oil in 1959 (Lawson and 

Crowson, 1961). The focus of this study was the Arch Unit.  

Patrick Draw Field is in a region of the Washakie Basin where Almond fluid pressures are 

hydrostatic or less (McPeek, 1981; Heasler and Surdam, 1992; also Fig. 4.18). At Patrick Draw 

original reservoir pressure was 1,790 psi at +2,000 ft. (12,342 Kpa at +610 m) (Burton, 1961). 

This is equivalent to a pressure gradient of 0.37 psi/ft. of burial depth (0.78 Kpa/m). This sub-

hydrostatic (underpressured) pressure gradient is typical of the shallow western flank of the 

Washakie Basin based drill-stem test (DST) pressures (Fig. 4.18). Pressure-maintenance 

operations were initiated in the Patrick Draw Field very early, primarily because the natural drive 

is limited solution-gas and gas-cap expansion (Chang et al., 1993). Gas injection was started in 

1962; water flooding began in 1966, but took several years to be fully implemented. There have 

been as many as 143 injection wells at times (Arp, 1992; Jackson et al., 1993). Injection 

operations largely have been abandoned.  

Fluid injection may have resulted in upward migration of fluids to the surface, where 

stunting and killing of sagebrush has been noted (Arp, 1992). Alternatively, this “sage anomaly” 

has been attributed to natural hydrocarbon seepage (Richers et al., 1982, 1986), or else to 

unique soil chemistry and increased precipitation during the years when the anomaly first 

appeared on aerial images (Scott et al., 1989). In any case, pathways for vertical fluid movements 

probably exist, possibly related to faulting. Additional evidence in favor of vertical leakage along 

faults is: 1) gas has been found in the Fox Hills sandstone overlying one of the faults; 2) 

hydrocarbon shows are reported in the Wasatch and Lance formations (cf. Lawson and Crowson, 

1961); and 3) Almond vitrinite reflectance (Ro) values increase from 0.48% near Patrick Draw 

Field, to 0.68% within the field area, suggesting higher heat flow related to vertical migration of 

warm waters (Law, 2009). 

Like Almond reservoirs elsewhere in the Washakie Basin, the Almond reservoir in the 

Patrick Draw Field consists of very fine to medium grained, lithic quartz sandstones (Pryor, 1961) 

of marginal marine origin. Weimer and Tillman (1982) describe the upper Almond interval in the 

Patrick Draw area as containing coals and dark and gray to brown shales with carbonaceous 

plant material and brackish water pelecypods (Corbula undifera and Modiolus sp., and the 

pelecypod Durcella insculpta). Middle and lower Arch reservoir sandstones are described as 

being quartzose (64% quartz), gray, very fine- to medium grained, calcareous, and cross 

stratified; and as containing abundant (32%-45%) dark gray to black chert grains and other rock 

fragments, with highly variable amounts of K-feldspar, plagioclase, biotite, muscovite, chlorite, 

and zircon (Burton, 1961; Weimer et al., 1982; Weimer and Tillman, 1982; Chang et al., 1993). 

Cements are described silica, calcite, dolomite, and clay (kaolinite)  (Weimer and Tillman, 1982). 
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The upper Almond sandstone in the Arch Unit is not a “tight gas” reservoir. It contains oil, 

is underpressured, and is the most porous and permeable reservoir among those studied (Burton, 

1961). Arch Unit reservoir rocks contain intergranular macroporosity and microporosity between 

clay particles and dissolved feldspars and rock fragments (Thomas, 1978; Keighin et al., 1989). 

Heavy carbonate cementation is common in sandstones directly underlying coquina deposits. 

According to Chang et al. (1993), rock volumes of diagenetic minerals that affect porosity and 

permeability average about 18%, and consist of dolomite-ankerite cement (11.1%), clay (6.7%), 

opaques and iron oxides (1.5%), calcite cement (1.1%), quartz overgrowths (0.9%), and siderite 

(0.03%). About 16% of feldspars have been altered or subjected to dissolution. 

The most productive Almond sandstones in Patrick Draw Field have been designated the 

UA-5 and UA-6 sandstones (Lawson and Crowson, 1961; Weimer, 1966; McCubbin and Brady, 

1969; Schatzinger et al., 1992; Rawn-Schatzinger and Schatzinger, 1995). In this work the UA-4, 

UA-5, and UA-6 intervals are collectively termed the “Arch interval”. The primary reservoir is the 

UA-5 sandstone, here called the middle Arch sandstone for clarity (Fig. 5.3). There is another 

sandstone above the middle Arch sandstone, the UA-4 sandstone, here called the upper Arch 

sandstone, that produces oil from wells lying immediately west of the Arch Unit. The UA-6 and 

UA-7 sandstones are here included collectively in the “lower Arch” interval.  

 

 
Figure 5.3 Typical modern resistivity log from an Arch Unit well, showing tops picked for this 
study. Union Pacific Railroad, Arch Unit #121 (Sec. 11, T19N, R99W). Gray shading indicates 
clay-rich shales of the lower Lewis Formation. Yellow shading indicates Almond Formation. 
Brown colors indicate sub-divisions of the Asquith beds. The L-5 marker is the same unit as the 
“Weimer marker” of Pasternack (2007). The L-5 and Arch markers are regionally correlative.  
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The Mesaverde Group in the Arch Unit dips monoclinally eastward. The middle Arch pool 

has an updip (westerly) gas cap and a downdip (easterly) aquifer. This conclusion is based on my 

mapping of “shows and flows”, or the distributions and types of reservoir fluids, based on data 

from logs, cores, cuttings, drill-stem tests (DSTs), and production tests (Fig. 5.4). 

 

 
Figure 5.4 Distributions of gas and oil in the middle Arch interval, Arch Unit area. Green 
circles=oil show, red=gas, blue=water, brown=tight, white=no data. Only wells drilled before 
1969, when injection programs were started, are shown. Structure is contoured on the top of the 
Mesaverde Group (c.i.=100 ft., 30.5 m). Faults (blue lines) are from Chang et al. (1993), who did 
not publish the senses of movements on the faults. An apparent oil/water contact (or a transition 
zone) occurs at about +1,625 ft. (495 m) elevation. A gas/oil contact occurs at about +2,490 ft. 
(760 m). Well symbols for key study wells are posted larger. Arrow shows Arch Unit #1-9-G well. 

 

The Arch Unit #1-9-G well (Sec. 9, T19N, R98W) is located structurally below the 

interpreted oil/water contact, but oil shows are reported in this well (Lawson and Crowson, 1961), 

Explanations would include redistribution of the oil phase during structural changes, residual oil 

shows due to secondary migration through the area, or the presence of a transition zone. 

Produced oil volumes in the Arch Unit are larger in structurally higher wells, i.e., higher in 

the oil column. This is shown by the per-well oil recoveries experienced during the first 24 months 

of production from wells completed before the water flood was initiated (Fig. 5.5). 
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Figure 5.5 Per-well oil production during the first 24 months of production, Arch Unit, Almond 
sandstone shown by color fill (modified from Schatzinger et al., 1992). Contour interval is 100,000 
barrels of oil (KBO), with a “helper” contour (dashed line) of 50 KBO. Structure on top of the 
Mesaverde Group (Almond Formation) is contoured at an  interval of 500 ft. (150 m). Blue lines 
are faults from Chang et al. (1993) who did not publish senses of fault movement. The five cored 
wells studied are posted larger; the #1-9-G well was not cored. Structurally higher wells produced 
up to 10 times more oil than structurally lower wells (maximum of 300,000-500,000 BO versus 
minimum of 30,000-50,000 BO). 
 

Better per-well initial producing rates (IPs) also indicate better production from structurally 

higher wells. IPs were mapped only for wells completed prior to 1969, i.e., before full 

implementation of the water flood. Only IPs for oil were mapped; gas and water volumes on IP 

were ignored because of inherent inaccuracies in their reporting. There is a correlation between 

early oil production and IPs; areas with the largest volumes of early oil production also generally 

are the areas with the highest oil IPs (Fig. 5.6). 
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Figure 5.6 Oil initial producing rates for wells drilled in the first seven years of development, Arch 
Unit, Almond sandstone, shown with color fill. These are the wells that were completed prior to 
water flooding. Study wells are posted larger. Structure contoured on top of the Mesaverde Group 
is shown with black contours (c.i.=500 ft., 150 m). Structurally high wells display initial rates 10 to 
40 times greater than structurally lower wells. 
 
 
 
5.1 Well-log Rock Types and Gross Stratigraphy 

 

Well-log based rock types were needed in order to make lithostratigraphic correlations. 

Rock types were determined primarily from inspection of spontaneous potential (SP), resistivity 

(R), and gamma ray (GR) curves from 272 of the wells in the study area (Table 5.1, Fig. 5.7). 

Greater confidence in lithotyping was possible when porosity logs were available, i.e., acoustic 

travel time (t), bulk density (B), or neutron porosity (N) curves. These logs enabled identifying 

coals and carbonaceous shales.  
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Table 5.1 Almond and lower Lewis Formation rock types inferred from well logs and confirmed by 
macroscopic examination of 19 cores, Arch Unit area. Rock types marked with an asterisk are 
difficult to recognize without acoustic travel time, density, or neutron porosity curves. Queried 
rock types were not seen in cores. Log readings relative to overall averages in Almond are: V = 
very, mod = moderate, hi = high. SP = spontaneous potential. GR = gamma ray, Por = log 
porosity, R = resistivity from logs,  = ohm-m. Similar color shading is used to denote these rock 
types on well logs and cross sections. Reservoir sandstones can be further differentiated on the 
basis of core characteristics (Section 5.2). 

Interval 
Log-based Rock 

types 

Log Signatures 

SP 
GR (API 

units) 
Porosity R 

Lower 

Lewis 

Clay shale None >100 Hi 
Low to v low 

(<15 ) 

Organic-rich shale? None >130 Mod to hi Mod 

Bentonite-rich shale 

and bentonite 
None >100 Hi V low 

Upper 

Almond 

Hard, carbonate-rich 

sandstone and coquina 
None <25 

V low ( t < 70 

ms/ft) 
V hi 

Reservoir sandstone 

(shaly or clean) 
Mod to hi <85 Low to hi Low to mod 

Non-reservoir shaly 

sandstone and siltstone 
None to low 85-100 Low to hi Low 

Clay-rich shale None >100 >15% V low (<10 ) 

Carbonaceous shale* None to low >65 >20% >50 

Coal* None to mod <30 >30% >50 

 

These log-determined lithofacies were substantiated and expanded by examination of 19 

cores (Table 5.2, Fig. 5.7). These wells and another six nearby wells also were subjected to log 

analyses. Representative samples from five of the cored wells were selected for petrographic 

analyses (Section 5.5). 

The upper part of the Almond Formation in every well in the study area was categorized 

as to these rock types (Fig. 5.8). The cumulative thicknesses of each rock type in each well were 

tabulated for mapping. Based on core examinations and lithologic determinations made from the 

well logs, the upper Almond interval consists almost entirely of interbedded sandstone, oyster 

coquina, shale, and coal. Sandstones a few ft. to 40 ft. thick (less than a meter to 12 m) provide 

reservoir rocks.  

Lithostratigraphic correlations of well logs were made in 272 wells using these rock types. 

Within the upper Almond Formation certain clay-rich shales were found to be thick and easily 

correlatable over the study area (Fig. 5.9). Coals and carbonaceous shales were found to be the 
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next most apparently continuous beds. The correlative clay shales were assumed to result from 

regional base-level rises. 

 

Table 5.2 Wells in the Arch Unit area with rock samples that were studied. Core Desc = 
macroscopic core description; Core An = analyses of core porosity, permeability, and grain 
density done for this study; Loc = location; Sec. = section, Tsp. = township, Rge. = range. All 
wells are in Sweetwater County, Wyoming. 

Well 
Core 
Desc 

Core 
An 

Loc (Sec.-
Tsp.-Rge.) API # 

Arch #18-23-2 X  23-19n-99w 49037055620000 
UPRR-Arch Unit #81-3-1 X  03-19n-99w 49037056810000 
Arch Unit #50-18-6 X  18-19n-98w 49037056400000 
Arch Unit #6-13-1 X  13-19n-99w 49037055850000 
Arch Unit #47-14-4 X  14-19n-99w 49037055890000 
Arch Unit #11-12-1 X  12-19n-99w 49037056240000 
Arch Unit #48-7-6 X  07-19n-98w 49037056670000 
Arch Unit #76-6-1 X  06-19n-98w 49037056770000 
UPRR-Arch Unit #81-3-1 X  03-19n-99w 49037056810000 
Arch Unit #70-1-8 X  01-19n-99w 49037056890000 
Arch Unit #96-19-5 X  19-19n-98w 49037064130000 
Arch Unit #3-19-2 X  19-19n-98w 49037064330000 
Arch Unit #102-7-10 X  07-19n-98w 49037200330000 
Mesa Playa Unit #1-30 X  30-20n-98w 49037206250000 
Arch Unit #16-7-1 X X 07-19n-98w 49037056360000 
Arch Unit #20-23-4 X X 23-19n-99w 49037055780000 
Arch Unit #58-22-1 X X 22-19n-99w 49037055800000 
Arch Unit #9-18-2 X X 18-19n-98w 49037056170000 
Arch Unit #68-7-8 X X 07-19n-98w 49037056420000 
Arch Unit #102-7-10 X 

 
07-19n-98w 49037200330000 

 

Each Almond correlative interval has coal and clay-rich shale at the base that grades 

upward into carbonaceous shales and/or coals, which are overlain in turn by shaly siltstone and 

non-reservoir sandstone. These non-reservoir rocks are overlain by reservoir sandstones, which 

may be capped by carbonate-cemented sandstones or coquinas and then shaly, bioturbated 

sandstone. These cyclic rock intervals are interpreted as recording westward transgressions of 

quiet marine conditions, followed by eastward progradation of lagoonal (cf. Roehler, 1997) and 

marginal marine clastic deposition. 

Some of the more visually striking rocks in the area are oyster-shell coquina beds. 

Distributed more abundantly in the central part of the study area, coquinas are thinner than 10 ft. 

(3.1 m), although some of the apparent thicknesses of coquina beds determined from logs may 

include tightly carbonate-cemented sandstones subjacent to coquinas (Fig. 5.10). 

Middle Arch sandstones become thinner (Fig. 5.11), more laminated, and less porous to 

the west. In the center of the study area, middle Arch sandstone isolith thicks are oriented west-

east or northeast-southwest. The overall middle Arch sandstone trend is oriented northeast- 
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Figure 5.7 Wells with logs or cores analyzed for study of the Arch Unit area of the Patrick Draw 
Field. Locations of the cores that were examined for this study are shown with red dots. Key wells 
for which log and core analyses were performed are posted larger. Every well falling within the 
red outline was correlated and included in the mapping. Blue line shows location of cross section 
in Figure 5.9. 

 

 
Figure 5.8 Example of rock typing from well logs. Union Pacific Railroad, Arch Unit #121 (Sec. 11, 
T19N, R99W), Patrick Draw Field. Color shading indicates log-based rock types as shown in the 
legend and explained in Table 5.1. Rock typing from logs is less detailed than from cores. 
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Figure 5.10 Thickness of carbonate-rich, oyster-bearing rocks (including coquinas) in the Arch 
Unit area as interpreted from well logs and cores. Key study wells are plotted larger. C.I. = 1 ft. 
(0.3 m). 

 

southwest, representing the average strike of a paleoshoreline. Leckie and Krystinik (1989) 

mapped a sub-parallel, younger Almond shoreline in outcrops immediately west of the Arch Unit. 

In the southeastern part of the Arch Unit area, a trend of thick middle Arch sandstone is oriented 

north-south. In the central part of the area, trends are oriented northwest-southeast. 

Above the upper Almond Formation, in the lower part of the Lewis Formation, shaly rock 

types are seen to be correlative throughout the study area. For example, the Arch marker is a 

thin, low-resistivity bed in the Lewis Formation lying immediately above the top of the Almond 

Formation. Above that is found the Asquith marker which is regionally correlative and apparently 

physically continuous throughout the Washakie Basin (e.g., Pasternack, 2007). The L-5 marker of 

Barlow (1961) in this area appears to be a bentonitic bed based on its being thin but persistent 

and of lower resistivity than the surrounding shales. 
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Figure 5.11 Sandstone isolith map, middle Arch interval, Arch Unit area. Magenta line indicates 
cross section X-X’ (Fig. 5.9). Examined cores shown with red dots. Key cored and logged wells 
are posted with larger symbols and labeled with well numbers. There are at least 10 ft. (3 m) of 
sandstone present nearly everywhere in the study area. Blue lines indicate axial traces of 
sandstone “thick” trends. Blue lines are faults from Chang et al. (1993), which were published 
without senses of movement. 
 
 
 
5.2 Rock Types in Cores 

 

The characteristics used to differentiate rock types in cores were: 1) relative dominance 

of sandstone versus mudstone and shale; 2) ichnospecies and degree of burrowing; 3) style of 

lamination, with weight put on bidirectional bed forms; 4) presence of graded laminae, flasers, 

starved ripples, anastomosing shale drapes, load casts, and flame structures; and 5) presence of 

oyster fragments, carbonaceous material, and nodules of brown aphanitic carbonate cement 

(probably siderite or ferroan dolomite) (Table 5.3). No characteristic is unique to a given 

depositional environment, so determinations of rock types were made on combinations of 
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characteristics. These and other features of the cores are presented graphically in the appendix. 

 
 
 
5.2.1 Type A: Carbonaceous Mudstone and Coal (CM/C) 

 

Mudstones that are dense, black, and carbonaceous are associated with black and sooty 

to vitreous coals in beds less than two ft. (0.6 m) thick (Fig. 5.12). Coals as thick as six ft. (1.8 m) 

are recognizable on well logs (Table 5.1), but this thickness of coal was not seen in core. Coals 

and carbonaceous mudstones are structureless or horizontally laminated. Disseminated pyrite 

crystals are present in minor amounts, as are crusts of yellow sulfur on slabbed core surfaces. 

The mudstones rarely display soft sediment deformation. Some of the mudstones contain thin  

burrowed laminae of siltstone and very fine grained sandstone. Plant fragments are rare, but 

present. The coals are strongly cleated, but the mudstones typically are not fractured. Some of 

these rocks probably are rich enough in total organic carbon (TOC) to be potential source rocks, 

based on their dark color and the presence of plant material.  

 
 
 
5.2.2 Type B: Rippled and Burrowed Mudstone (RBM) 

 

Light gray to black Type B shales and mudstones are common in beds one to more than 

ten ft. thick (0.3 to 3 m). Where they are not bioturbated, they are horizontally laminated to wavy 

bedded, generally low in carbonaceous material, variably laminated with silt or very fine grained 

sand, rippled where they are sandy or silty, and contain generally sparse oyster fragments (Fig. 

5.13A,B). In some cores these rocks contain brownish, aphanitic, carbonate (sideritic?) 

concretions or mud clasts. Type B mudstones commonly contain thin laminations of siltstone or 

very fine to fine grained sandstone. Laminations normally are discontinuous due to soft-sediment 

deformation and to extensive burrowing. Where they are bioturbated, these rocks appear to be 

structureless. The rocks are tight, but may be potential source rocks. 

 
 
 
5.2.3 Type C: Carbonaceous Sandstone with Mudstone (CS/M) 

 

Some medium to dark gray, very fine to fine grained sandstones are found interlaminated 

with thin mudstones, and display laminations that are horizontal to low-angle inclined. These 

sandstones are carbonaceous, contain transported oyster valves and carbonate cement, and 

tend to be moderately to strongly burrowed (Fig. 5.14). Thin and discontinuous clay drapes and 

occasional shale-fragment lithoclasts are seen in some laminae. Rarely, bidirectional low angle 
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Figure 5.12 Example of Type A coal (top 2 cm) and carbonaceous mudstone. Arch Unit #18-23-2. 
Core depths 4492 to 4494 ft. (1369 to 1370 m).  
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Figure 5.13A Type B rippled and burrowed, sandy and silty mudrock. Arch Unit #68-7-8, core 
depth 5146 ft. (1569 m). 
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Figure 5.13B Examples of two differing Type B rocks, Arch Unit #48-7-6. UPPER: Bioturbated, 
slightly silty mudstone, core depth 5171 ft. (1576) m. LOWER: Very shaly, ripple laminated 
siltstone with vertical, sand-filled burrows and large vertical escape burrow on lower left corner of 
sample, core depth 5172 ft. (1576 m). 
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cross laminations, foreset ripples, graded beds and unidirectional low-angle laminations are 

observed, as are load casts and flame structures. These are poor reservoir rocks. 

 
 
 
5.2.4 Type D1: Burrowed Sandstone with Thick Mudstone Laminae (BSLM) 

 

Type D1 sandstones are medium to dark gray, thick (one cm) mudstone laminations, 

wavy horizontal bedding, and contains large burrowers, including Ophiomorpha and 

Thallasinoides (Fig. 5.15). Rarely do they display low-angle inclined parallel laminations. They are 

very fine to fine grained. These beds normally are found superjacent to Type B mudrocks. 

 
 
 
5.2.5 Type D2: Variably Laminated Sandstone (VLS) 

 

Closely associated with Type D1 rocks are very common Type D2 light to medium gray, 

clean sandstones that are very fine to fine grained and display a variety of lamination styles, 

including horizontal, low- and high-angle inclined (cross?) lamination, and trough cross lamination 

(Fig. 5.16). Type D2 also includes clean, apparently structureless sandstones (possibly due to 

crypto-burrowing by Macharonichnus; M. Kirschbaum, personal communication, 2010) and faintly 

horizontally laminated sandstones. Foreset ripples are rare. These beds are up to 12 feet (3.6 m) 

thick. Also present are sandstones that are clay-poor, hummocky or swaley, and have minor to no 

burrowing. 

 
 
 
5.2.6 Type E: High-angle Cross-laminated Sandstone (HACS) 

 

Other sandstones are light gray and display low-to-high angle, bidirectional cross 

laminations (trough and parallel), and rare oyster-shell lags (Fig. 5.17). Grain sizes can be 

bimodal (very fine to fine grained versus fine to medium grained). Vertical burrows are rare. 

These are less than a few ft. (one m) thick and are interbedded with Type F and G sandstones.  

 
 
 
5.2.7 Type F: Horizontally Laminated Clean Sandstone (HLCS) 

 

Some middle Arch sandstones are light gray, horizontally laminated (locally with low-

angle parallel laminations), have reactivation surfaces, are very fine to fine grained, are “clean” 

(especially clay-poor) (Fig. 5.17 upper right), and are in beds up to six feet (1.8 m) thick. Burrows 
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are rare to absent. These are intimately associated with Type E and Type G sandstones. 

 
 
 
5.2.8 Type G: Low-angle Cross-laminated Sandstone (LACS) 

 

Very common in the area are medium gray to brownish gray, shaly sandstones that are 

as coarse as medium grained, have low angle bidirectional cross laminations, bimodal grain 

sizes, shale drapes, flasers, anastomosing discontinuous shale laminae, “coffee grounds” texture 

(sandstone interlaminated with thin laminae containing grains of concentrated carbonaceous 

material), pinstripe laminations, and sparse burrows (Fig. 5.18). Graded beds are sparse. These 

beds range up to 11 ft. (3.3 m) thick. Type G rocks are associated with Type E sandstones.  

 
 
 
5.2.9 Type H: Oyster Coquinas (OC) 

 

A prominent rock type in the upper Almond is oyster-shell coquina. Coquinas and 

subjacent carbonate-cemented sandstones occur at or near the tops of major sandstone intervals 

in the central part of the area, and are interbedded with thin mudstones and sandstones in the 

western part of the area. Oyster valves are transported and variably blackened by submarine 

processes (Fig. 5.19). The oyster fragments occur either in light gray sandy matrices or in 

matrices of dark gray to black mud. Oyster valves usually are disarticulated but not fragmented, 

and are in hydraulically stable (concave upward) or in apparently random orientations. 

 
 
 
5.2.10 Type I: Bioturbated Shaly Sandstone (BSS) 

 

Thin beds of dark gray, bioturbated sandstone are seen at the top of the middle Arch and 

lower Arch parasequences, lying immediately below clay-rich mudstones and shales (Fig. 5.20). 

Burrowers include Ophiomorpha and other unidentified forms. The sandstones are shaly and very 

fine to fine grained. 

 
 
 
5.2.11 Occurrences of Rock Types 

 

Although the middle Arch interval is only about 5 to 40 feet thick (1.5 to 12 m), each core 

contains intervals of at least three of these rock types, and usually more (Table 5.3). In other 

words, the cores are made up of multiple beds of rock types generally one to ten feet (0.3 to 3 m). 
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Figure 5.14 Type C sandstone. UPPER LEFT: Middle Arch isolith map, Arch Unit area (Fig. 5.11). 
UPPER RIGHT: Core sample, core depth 4214 ft. (1284 m). LOWER: Gamma ray (left), resistivity 
(middle), and acoustic travel-time (right) logs are from the same well. Sample and well locations 
are indicated by white stars. This sample was taken from immediately above a thin coal bed, 
recognizable from the gamma ray and acoustic-travel-time logs. Well-log color codes are 
explained in Fig. 5.8. 
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Figure 5.15 Type D1 sandstones. LEFT: Arch Unit #68-7-8, core depth 5116 ft. (1559 m). 
Complex burrowing, including Ophiomorpha.  RIGHT: Arch Unit #70-1-8, core depth 4800 ft. 
(1463 m). Horizontal burrows and oyster-shell fragments.  
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Figure 5.16 Type D2 sandstones. LEFT: Arch Unit #58-22-1, core depths 4226 to 4228 ft. (1288 
to 1289 m). Hummocky and swaley cross laminations. RIGHT: Type D2 sandstone, core depth 
4505 ft. (1373 m. Complex ripple laminations, unidirectional. 
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Figure 5.17 Type E and F sandstones. UPPER LEFT: Middle Arch sandstone isolith map (Fig. 
5.11). LOWER LEFT: Gamma ray, resistivity, and microresistivity logs. Sample and well locations 
indicated by white stars. UPPER RIGHT: Core sample from 4218 ft. (1286 m); rock is Type F. 
LOWER RIGHT: Sample from 4223 ft. (1287 m); rock is Type E. Well-log color codes are 
explained in Fig. 5.8. 
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Figure 5.18 Type G sandstone. UPPER LEFT: Middle Arch isolith map, Arch Unit area (Fig. 5.11). 
UPPER RIGHT: Core sample, core depth 4799 ft. (1463 m). LOWER: Gamma ray, resistivity, and 
acoustic travel-time logs from the same well. Sample and well locations are indicated by white 
stars. Well-log color codes are explained in Fig. 5.8. 
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Figure 5.19 Type H oyster-shell coquina. UPPER LEFT: middle Arch sandstone isolith map (Fig. 
5.11). UPPER RIGHT: Core sample from 4869 ft. (1484 m) is interpreted as tidal flat or estuarine 
sandstone. BOTTOM CENTER: Gamma ray (left), resistivity (middle), and microresistivity (right) 
logs. Well-log color codes are explained in Fig. 5.8. 
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Figure 5.20 Type I sandstone. UPPER LEFT: Middle Arch isolith map (Fig. 5.11). UPPER RIGHT: 
Core samples, core depth 4210 ft. (1283 m). LOWER: Gamma ray, resistivity, and microresistivity 
logs. Sample and well locations are shown by white stars. Well-log color codes are explained in 
Fig. 5.8 above. 
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Shale and mudstone are present in the lower part of the Lewis Formation immediately 

overlying the Almond Formation. These clay-rocks are dark gray to black, horizontally laminated 

to apparently structureless, and slightly pyritic. They lack visible burrowing and silt or sand. 

 

Table 5.4 Occurrences of rock types in cores of the middle and lower Arch intervals, Arch Unit 
area. Locations and API numbers of these wells are found in Table 5.2. 

 
A B C D1 D2 E F G H I 

Arch #18-23-2 X X X X X X X    
UPRR-Arch Unit #81-3-1 X  X X X      
Arch Unit #50-18-6  X   X   X  X 
Arch Unit #6-13-1  X X   X   X X 
Arch Unit #47-14-4  X    X X X  X 
Arch Unit #11-12-1  X X     X X  
Arch Unit #48-7-6  X   X   X   
Arch Unit #76-6-1  X  X X   X   
Arch Unit #70-1-8 X X  X X X  X X X 
Arch Unit #96-19-5      X  X X  
Arch Unit #3-19-2  X     X X X  
Arch Unit #102-7-10  X  X  X   X  
Mesa Playa Unit #1-30  X  X X    X X 
Arch Unit #16-7-1  X X  X   X  

 Arch Unit #20-23-4 X X  X X X  X  
 Arch Unit #58-22-1 X X  X X X X X  X 

Arch Unit #9-18-2  X    X  
 

X X 
Arch Unit #68-7-8  

 
  X   X  X 

 
 
 
 
5.2.12. Patterns in Vertical Variations of Rock Types  

 

There were few repetitive patterns seen in vertical successions of rock types, but 

frequent associations between interlaminated rock types. Type I (bioturbated) sandstones always 

occur beneath shales and mudstones of the lowermost Lewis Formation. Type D1 and D2 rocks 

tend to overlie interbedded Type A and B rocks, the latter of which are ubiquitous. Type C rocks 

tend to be interbedded with Type B rocks. Type F rocks were found interbedded with type D1, D2, 

and G rocks, i.e., the sandiest, cleanest rock types. Probably this latter association is due to the 

fact that the primary characteristic of Type F rocks, horizontal laminations, is common to all of the 

sandy rock types; rocks were only classified as Type F where horizontal laminations seemed to 

dominate more than a few feet of core, or where low-angle reactivation surfaces were identified. 

One clear vertical succession of sandy rock types was observed (Fig. 5.21). Type E 

sandstone is found at or near the base of these intervals. Overlying these generally are Type G 

and Type F sandstones. These intervals may be overlain by Type I (bioturbated) sandstone 

beneath lower Lewis shales and mudstones. 
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Figure 5.21 Core segments representing vertical succession of rock types, 1) Type E sandstone 2 
ft. (0.6 m) thick, with high angle laminations and bimodal grain sizes. 2) Type G sandstone 8.7 ft. 
(2.6 m) thick with bidirectional cross lamination, flasers, bimodal grain sizes, and pin-stripe and 
“coffee-grounds” laminations. 3) Type F sandstone 11.3 ft. (5.2 m) thick with mainly horizontal 
and low angle parallel laminations (thin intervals of Type G sandstone are evident). 4) Type I 
sandstone, 1.2 ft. (0.36 m) thick, bioturbated with a burrow-mixed top contact. 5) At least 4 ft. (1.2 
m) of Type B1 mudstone with oysters. 
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5.3 Interpretations of Depositional Environments 

 

Almond depositional environments in this area have been studied by Weimer (1966), 

McCubbin and Brady (1968), Van Horn (1979), Weimer et al. (1982), Chang et al. (1993), and Al-

Siyabi and Slatt (1995). Based on outcrop and subsurface work, Van Horn (ibid) described the 

Almond in this area as deposits of tidal flats in shoreline and coastal plain settings. Weimer et al. 

(1982) and Weimer and Tillman (1982) described middle and upper Arch (UA-5 and UA-4) 

sandstones as fine- to medium-grained shoreline sandstones of higher energy than lower Arch 

(UA-6) sandstones. Weimer (1966), McCubbin and Brady (1969), Weimer (1982), McCubbin 

(1982), and Chang et al. (1993) interpreted middle Arch sandstone reservoirs as tidal channel 

and barrier island deposits. Hendricks (1994) saw fining upward Almond sandstones in the area 

with basal oyster lags and interpreted them as tidal channel deposits laid down during 

transgressive erosion. Al-Siyabi and Slatt (1995) interpreted the middle Arch (UA-5) sandstone in 

the Arch Unit as tidal inlet deposits. 

Besides sandstone, the middle Arch interval also contains common interbeds of coal and 

mud rocks with abundant foraminifera and oyster fragments. Weimer and Tillman (1982) 

identified oysters in the area as Ostrea glabra. They interpreted the coals as fresh water marsh 

deposits, and the mud-rocks as salt marsh deposits. 

Thus, the published interpretations of depositional environments can be summarized as 

ranging from tide-dominated to mixed wave-tide shorelines (Boggs, 2001, p. 345). Depositional 

environments as interpreted in this study are similar to previous studies (Fig. 5.22, Table 5.5). 

Distinctions were made on the basis of widely accepted characteristics of siliciclastic rocks as 

explained in Rigby and Hamblin (1972), Harms et al. (1975), Reading (1978), Walker, 1979; Blatt 

et al. (1980), Selly (1980), Ruby et al. (1981), DeVries Klein (1982), Scholle and Spearing (1982), 

Reading (2000), and Boggs (2001). 

In this dissertation there are fine distinctions made between depositional environments 

that should be taken as tentative. One limitation is that the cores in the Arch Unit, while unusually 

numerous, are incompletely preserved, with 50% or less of each foot of core being present. Also, 

it is likely that sampling would be biased toward preservation of the sandier and more porous and 

permeable rocks; comparison of cores to well logs suggests that intervals of sandstone are 

preferentially preserved. As a result, details of stratigraphic successions and bed boundaries are 

impossible to ascertain from these cores. 
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5.3.1 Type A: Carbonaceous Mudstone and Coal (CM/C): Marsh Deposits 

 

Middle Arch carbonaceous mudstones and coals are interpreted to have been deposited 

under low energy subaqueous conditions with limited oxygenation, allowing the accumulation and 

preservation of abundant woody organic material, suggesting lush vegetal growth. The lack of 

siliciclastic material suggests low input of terrestrial sediments. Together these characteristics 

suggest deposition under marsh conditions (Blatt et al., 1980). Their position near the bottoms of 

parasequences suggests that they were early deposits resulting from base-level rises. 

 
 
 
5.3.2 Type B: Rippled, Burrowed Mudstone (RBM): Lagoonal Deposits 

 

Type B rippled, burrowed silty and sandy mudstones are interpreted as having been 

deposited under subaqueous conditions with low input of woody detritus and variable input of 

siliciclastic sediment. The horizontal laminations, wavy bedding, and low-amplitude ripples 

suggest low energy conditions. Oyster fragments suggest proximity to brackish waters. The 

brownish carbonate (sideritic?) concretions or mud clasts suggest input of Fe-rich water.  

Extensive burrowing suggests an abundant fauna, but the burrow forms appear to be of 

limited variety. Along with the oyster fragments, conditions of stress due to brackish salinities are 

inferred. Quiet lagoonal conditions distal from major sand input are inferred (Boggs, 2001); these 

are here called “distal”, or B1 type rocks. 

Some Type B rocks are sandier or siltier, and are considered proximal to areas of sand 

deposition (“proximal”, or B1 type). Wavy and horizontal laminations, carbonate-mud nodules, 

and moderate burrowing to bioturbation suggest long term, subaqueous, low energy conditions. 

However, short-term conditions of somewhat higher hydraulic energy are implied by rare flame 

structures, foreset ripples, and graded beds. Lagoonal settings proximal to higher-energy sources 

of sandy sediments such as beaches and tidal flats are inferred. 

Note that the distinction is made here between lagoonal deposition under conditions of more 

restricted water circulation versus open marine deposition in which water circulation would be 

less restricted. This is not an easy determination to make. The recognition of more restricted 

lagoonal circulation is made on the basis of: 1) the presence of carbonaceous material, 2) a 

common dearth of burrowing or limited ichnofauna, and 3) the presence of tan siderite(?) 

nodules, which are interpreted as primary cements or mud. Also, the interpretation of mud rocks 

as lagoonal deposits rather than offshore marine deposits is made because the regional 

paleogeographic setting is that of an embayment (Chapter 4). 

Where rocks similar to these are found in the Lewis Formation directly above the Almond 

Formation, they are interpreted somewhat differently. Due to the great thicknesses and lateral 
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extent of such muddy rocks, they are interpreted as subtidal marine deposits. 

 
 
5.3.3 Type C: Carbonaceous Sandstone with Mudstone (CS/M): Washover Deposits  

 

Type C carbonaceous, burrowed sandstones with mudstone laminae resemble silty and 

sandy Type B lagoonal deposits, but are sandier still and display more evidence of prevalent 

higher energy conditions (low-angle inclined laminations, transported oyster valves and carbonate 

cement, load casts, flame structures). Energy conditions appear also to have been variable 

because the rocks are moderately to strongly burrowed and display clay drapes. Rare 

bidirectional, low angle cross laminations suggest tidal influence. If these characteristics imply 

sandy sediment was dumped episodically and rapidly into quiet lagoonal waters, then they could 

be washover deposits (Scholle and Spearing 1982; Boggs, 2001). 

 

 
Figure 5.22 Environments of deposition interpreted for the Arch Unit area. UPPER: Conceptual 
profile (modified from Boggs, 2001). LOWER: Conceptual block diagram (modified from Walker 
and James, 1981). Deposits of depositional environments labeled in parentheses were not 
observed. 
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5.3.4 Type D1: Burrowed Sandstone with Thick Mudstone Laminae (BSLM): Lower 

Shoreface Deposits 

 

Type D1 sandstones display many of the characteristics of lower shoreface deposits 

(Boggs, 2001; James and Dalrymple, 2010), including sandstone/mudstone interlaminations, 

wavy to horizontal bedding, and moderate burrowing. They also lie superjacent to Type B rocks 

interpreted as quiet water, lagoonal deposits. 

 
5.3.5 Type D2: Variably Laminated Sandstone (VLS): Upper Shoreface Deposits 

 

Type D2 sandstones are the most variable rocks in terms of their horizontal, inclined 

(cross?), and trough cross laminations, as well as horizontally laminated and apparently 

structureless, possibly bioturbated beds. Hummocky and swaley laminations are widely thought 

to relate to storm-generated currents in the shoreface (Boggs, 2001). Depositional energy 

appears to have been higher than the Type A, B, and C deposits because burrowing is limited, 

and laminations can display slopes greater than 10o, a higher angle than laminations seen in 

those rock types. Type D2 rocks contain fewer shaly interbeds than Type D1 lower shoreface 

beds, are less burrowed, are burrowed by more forms (e.g., Rossellia, Ophiomorpha, Planolites, 

Skolithos), and can be apparently massive due to crypto-bioturbation by Macaronichnus. 

As these rocks are found superjacent to Type D1 rocks interpreted as lower foreshore 

deposits, and because the above characteristics are similar to those ascribed to upper foreshore 

deposits elsewhere (Scholle and Spearing 1982; Boggs, 2001; James and Dalrymple, 2010), 

Type D2 (VLS) rocks are here also interpreted as upper shoreface deposits. 

 

5.3.6 Type E: High-angle Cross-laminated Sandstone (HACS): Tidal Channel Deposits 

 

Type E sandstones give evidence of having been deposited under the highest energy 

conditions of any these rock types, due particularly to the high-angle cross-laminations, coarser 

sand grains (up to medium grained), and oyster-shell lags. They show tidal influence in 

bidirectional cross laminations, bimodal grain sizes, and very sparse burrowing. These are 

characteristics of tidal channel deposits (Boggs, 2001; James and Dalrymple, 2010). 

 
 
 
5.3.7 Type F: Horizontally Laminated Clean Sandstone (HLS): Foreshore Deposits 

 

Placement of mainly horizontally laminated sandstones into the proper depositional 

setting is difficult due to the wide occurrence of such beds in varying depositional environments 

(James and Dalrymple, 2010). Where these rocks display low angle reactivation surfaces, they 
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are more likely to be foreshore deposits, as such reactivation surfaces are characteristic of 

foreshore sandstones (Reading, 2000; James and Dalrymple, 2010). Their association with tidal 

sandstones (Type E and G) supports their interpretation as foreshore (beach) deposits. 

 

5.3.8 Type G: Low-angle Cross-laminated Sandstone (LACS): Tidal Flat Deposits 

 

 Type G sandstones are interpreted as tidal flat sandstones. Most diagnostic are their 

bidirectional cross-laminations; bimodal grain sizes; shale drapes, flasers, and anastomosing 

laminae; and sparse burrows (Boggs, 2001; James and Dalrymple, 2010). The close association 

of this rock type with Type E tidal channel sandstones supports this interpretation.  

 
 
 
5.3.9 Type H: Oyster Coquinas (OC): Estuarine Deposits 

 

Modern oysters are found living in greatest abundance in brackish waters that are well 

circulated but not wave dominated, and in intertidal settings. Oyster habitat during the upper 

Cretaceous in what is now Wyoming appears to have been unusually favorable (M. Kirschbaum, 

2010, personal communication). The close association of Type H (OC) rocks with lagoonal and 

tidal flat middle Arch rocks supports the interpretation of these rocks as estuarine (Scholle and 

Spearing, 1982; Boggs, 2001), by which is understood the brackish intertidal settings lying 

landward of a barrier and associated with input of fresh water from creeks or rivers. 

 

5.3.10 Type I: Bioturbated Shaly Sandstone (BSS): Transgressive Reworked Deposits 

 

Type I bioturbated sandstones contain a rich ichnofauna that suggests burrowing under 

normal subtidal marine waters. The common stratigraphic occurrences of Type I sandstones 

immediately below subtidal marine mudrocks in the lower Lewis Formation indicates that they 

probably were derived from sediments reworked by burrowing organisms during base-level rises, 

and under stable subtidal conditions. 

 
 
 
5.3.11 Summary of Depositional Environments 

 

Middle Arch lithofacies in the western part of the study area are dominantly lagoonal 

deposits that are shaly, carbonaceous, and variably sandy due to redistribution of shoreline 

sands. Lying east of this tract are sandy proximal lagoonal deposits containing redeposited oyster 

valves and tidal sand. Still farther east are tidal flat and tidal channel sandstones, with intervals of 
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foreshore and shoreface sandstones probably being present within the “tidal” tract. Although not 

seen in cores, the character of well logs and the north-south orientation of the sandstone body 

suggest that the most easterly, north-south trending sandstone seen on the isolith map (Fig. 5.11) 

is a marine barrier bar deposit. Overall, the depositional characteristics suggest a tide-dominated 

barred coast undergoing progradation followed by retrogradation (cf. Lewis and McConchie, 

1994, p.43-44). 

A word of caution is needed here. A large percentage of cores examined here have only 

features that are not unique to any particular depositional environment. A prime example is the 

subhorizontal to horizontal parallel laminations that are ubiquitous both in strandline depositional 

environments and in these rocks. In fact, the interpretation of depositional environments from 

these cores is likely to be inaccurate in detail, but probably is reliable in placing these deposits 

within a tidally influenced, marine shoreline setting. 

 
 
 
5.4 Structure and Paleostructure 

 

Modern-day structural dips at the level of the upper Cretaceous Mesaverde Group are 

eastward at less than 5o. Post-Cretaceous sedimentary compensation causes Tertiary beds to dip 

at less than 3o. A swarm of northeast-southwest oriented normal faults is seen in outcrops to the 

west of the Arch Unit area on the Rock Springs Uplift, and is interpreted to continue through the 

study area (Burton, 1961; Chang et al., 1993), with offsets in the range of 10-30 ft. (3-10 m). 

These faults are visible on 2D seismic lines (Chang et al., 1993; J. Suydam, 2011, personal 

communication). Jackson et al. (1993) inferred the presence of faulting from combined seismic 

and subsurface data, primarily interpreted variations in dip rates between wells.  

No convincing evidence of missing or repeated section was seen in this study from well-

log correlations, isopach maps, or core examinations, as was noted also by Lawson and Crowson 

(1961, p. 282). However, this would not be unusual for vertical wells drilled in an area of near-

vertical faulting. 

On the basis of a seismic line and from subsurface correlations, Ryder et al. (1989) 

interpreted two Tertiary-age unconformities in the Monell Unit (south of the study area). The 

unconformities lie: 1) within the Paleocene Fort Union formation and 2) at the base of the Fort 

Union formation. These unconformities merge westward into the Fort Union/Lance outcrops, 

implying movement on the Rock Springs Uplift in this area during late Cretaceous and Paleocene 

times. 

Barlow (1961) proposed a north-south oriented paleo-high called the “Carlisle high” 

covering nine townships on the east flank of the Rock Springs Uplift, based on thinning in the 

lower part of the Lewis Formation. Patrick Draw Field is on the western edge of the Carlile high. 
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Weimer (1966) suggested that the prolific oil production at Patrick Draw relates to early formation 

of Almond stratigraphic traps on a pre-Lance paleo-high located south of the present productive 

area. According to this model, Eocene uplift of the Wamsutter Arch would have caused 

southward tilting and northward migration of the accumulation into the present Patrick Draw pool. 

Paleostructure was investigated by isopaching stratigraphic intervals above the Almond 

Formation. There are problems with this approach. Even though there are correlations to be 

made between wells (Fig. 5.23), assignment of formation names and inferences of geologic ages 

are questionable, e.g., the top of the Lance formation is nearly equivalent to the intra-Fort Union 

unconformity as defined by the U.S. Geological Survey (Bucerl-White, 1983; Tyler, 1979b, 

1980a,b) and by Ryder et al. (ibid). Yet the lines of correlation are sub-parallel on cross sections, 

implying that faulting and unconformities do not have major effect on rock thicknesses, and that 

isopach patterns are reasonably accurate even if formation names and inferred ages may not be 

accurate. 

Another correlation challenge is that the surface formation in most of the Arch Unit is the 

Wasatch Formation (Fig. 5.24). Therefore the Paleocene Fort Union Formation is the youngest 

entirely preserved formation. This obviates isopach mapping of Eocene formations, i.e., those 

deposited during peak generation of hydrocarbons (Sections 4.4 and 5.10). 

In addition to the above issues, the top of the Fort Union is often obscure, leaving the 

lower Fort Union interval as the youngest recognizable bed. Despite all this, some key 

correlations are recognizable and result in map patterns that seem fairly clear (Figs. 5.25 through 

5.29). The maps suggest that regional paleo-slopes were generally southerly and easterly from 

Lewis to lower Fort Union time. There is some evidence of a growing paleo-Wamsutter Arch in 

the lower Fort Union isopach map (Fig. 5.29). 

These maps indicate generally easterly paleoslopes prior to lower Fort Union time, but 

not paleostructure local to the Arch Unit. Observations by Barlow (1961) and Weimer (1966) 

regarding probable paleostructure in this area are supported by regional mapping (Figs. 4.8 to 

4.10). These paleoslopes and the presence of a paleo-Wamsutter Arch would have maintained a 

trapping configuration for the middle Arch sandstone almost from the time of deposition. 

Point-count data were collated and analyzed in Excel® spreadsheets (Tables 5.7 and 

5.8). The above sandstone types were useful in analyses of point-count and other data. 

 
 
 
5.5 Petrography 

 

Eighteen thin sections from five wells (Table 5.6) were examined as described in Chapter 

3. Inspection of the cores and initial inspection of the thin sections suggested that there would be 

significant differences in petrography between cleaner and shalier sandstones. Many Almond 
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sands were clay-rich at deposition, judging from the abundant muddy laminations, matrix, and 

intraclasts. These rocks tend to be of lower porosity and permeability and were not sampled as 

thoroughly as “clean” sandstones (few or no shaly laminations in cores and containing less than 

10 vol% matrix and less than 6 vol% clay cement). Sandstones containing 10 vol% or more 

matrix or 6 vol% or more clay cement were deemed “shaly”. Two samples have unusually 

abundant dolomite cement (>15 vol %), and were dubbed “carbonate-cemented” sandstones. 

Point-count data were collated and analyzed in Excel® spreadsheets (Tables 5.7 and 5.8). The 

above sandstone types were useful in analyses of point-count and other data. 

In thin sections Almond sandstones are seen to be sublitharenites and litharenites (Fig. 

5.30; cf. Pryor, 1961). Sand grains are very-fine to medium grained, subangular to subrounded, 

and poorly to well sorted. Clasts consist of monocrystalline and polycrystalline quartz, dolomite 

fragments(?), and rock fragments, with small amounts of K-feldspar and plagioclase feldspar (0-8 

vol %), and very minor muscovite, carbonaceous material, amorphous organic material, and 

heavy minerals. Clay-rich matrix is highly variable (0-22%). 

There is no systematic difference in grain compositions between shaly sandstones and 

clean sandstones. However, carbonate-cemented sandstones have the highest percentage of 

rock fragments. The pervasive carbonate cement appears to have formed prior to significant 

compaction, and to have filled all the pores. This would be expected to halt further diagenesis and 

compaction. Thus, either: 1) the carbonate-rich sandstones originally contained more rock 

fragments than the other rock types, for unknown reasons; or 2) the other rock types have been 

depleted in rock fragments, possibly by transformation of rock fragments into pseudomatrix. 

In all Almond thin sections, rock fragments are both abundant and diverse. They 

constitute 11-25% % of rock volume, and consist mainly of: 1) dark colored, very fine crystalline, 

mafic-rich metamorphic rock fragments; 2) chert; 3) quartzite; 4) granitic fragments composed of 

K-feldspar and quartz crystallites; 5) clay-rich (mudstone and shale) rock fragments; and f.) other 

less identifiable rock fragments. Chert, shale/mudstone, and volcanic rock fragments commonly 

contain equant crystals of pyrite.  

Rock fragments are preserved in their most pristine state in two samples that are heavily 

cemented by mostly pre-compaction carbonate cement. These samples allowed the recognition 

of several different types of rock fragments because they were not compressed into pseudomatrix 

or subjected to dissolution (Fig. 5.31).  

Shale/mudstone clasts in several wells display macroscopic haloes of hematite cement 

(Arch Unit #58-22-1, 4224 to 4225 ft.; Arch Unit #16-7-1, 4829-4849 ft.; Arch Unit #18-23-2, 4451 

ft.; Arch Unit #50-18-6, 5119 to 5120; Arch Unit #81-3-1, 4206 to 4215). In thin section, a few rock 

fragments display leaching of hematite around their perimeters (Fig. 5.32). Both phenomena 

evidence mobilization and redeposition of iron. 
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Figure 5.23 Stratigraphic cross section Y-Y’ across the Arch Unit area, illustrating the correlations 
of beds above the Almond Formation. Datum is the L-5 bentonite (Weimer marker).  

 

 



 

 105 

 
Figure 5.24 Surface geology of the Arch Unit area (modified from Love and Christiansen, 1985). 
The blue lines are normal faults with +30 ft. (10 m) of throw, but sense of movement is not 
published (Chang et al., 1993; Jackson et al., 1993). Location of cross section Y-Y’ (Fig. 5.23) 
indicated with black line. 
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Figure 5.25 Thickness of the interval from the Arch marker in the Lewis Formation to the Lewis L-
5 marker (c.i.=5 ft., 1.5 m). The L-5 marker is equivalent to the Weimer marker of Pasternack 
(2007). Control wells are shown with cyan dots. The isopach interval is marked with a black arrow 
on the well log to the right, which is from the Arch Unit #33-8-12-4 well (NW/4 SE/4 Sec. 12, 
T19N, R99W). This interval thickens to the northwest, reflecting sediment input from that direction 
and unfilled accommodation space of this condensed interval. Smaller stratigraphic intervals 
between the two marker beds show similar thickness patterns. There is no apparent evidence of 
local paleostructural development in the area of the Arch Unit, but east-southeasterly paleo-slope 
is suggested on the assumption that not all of the available accommodation was filled by 
sediments during deposition of this condensed section. The lack of thickness changes associated 
with the faults of Chang et al. (1993) indicates that they were not active during deposition of this 
interval. 
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Figure 5.26 Thickness of the interval from the Lewis L-5 marker to the Lewis L “X” marker in the 
Lewis Formation (c.i. = 20 ft., 6 m). Interval thickens to the northeast, interpreted to reflect 
sediment input from that direction, subsidence of the Red Desert Basin, and complete filling of the 
available accommodation. Smaller stratigraphic intervals between the two marker beds show 
similar thickness patterns. There is little apparent evidence of local paleostructural development 
in the area of the Arch Unit. The minor anomalous thinning immediately northeast of the corner of 
the Arch Unit may indicate differential compaction over the thickened sandstones in the upper 
Almond Formation.  
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Figure 5.27 Thickness of the interval from a local marker bed in the Lewis Formation (“X” marker) 
to the top of the Lewis Formation (c.i. = 25 ft., 7.6 m). Smaller stratigraphic intervals between the 
two marker beds show similar thickness patterns. There is little apparent evidence for local 
paleostructural development in the area of the Arch Unit. Paleo-slope is interpreted from this map 
to be to the south-southeast on the assumption that all accommodation was filled by sediments. 
This is supported by the greater proportion of sand and/or silt indicated by the elevated 
resistivities in this interval. 
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Figure 5.28 Thickness of the interval from the top of the Lewis Formation to the approximate top 
of the Lance Formation (c.i. = 50 ft., 15 m). The general thickening to the east reflects deposition 
under conditions of filled accommodation and basin subsidence. Smaller stratigraphic intervals 
between the two marker beds show similar thickness patterns. There is no evidence on this map 
of local paleostructural development in the area of the Arch Unit. Easterly paleo-slope is inferred. 
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Figure 5.29 Thickness of the lower part of the Fort Union formation (c.i. = 25 ft., 7.6 m). The 
general east and northeast thickening reflects deposition under conditions of basin subsidence 
and filled accommodation space. Northeasterly regional paleo-slope is suggested by this map. 
There is a northeasterly oriented thin area at the northeast corner of the Arch Unit that may 
indicate Paleocene development of the Wamsutter Arch, the modern axis of which is located 
immediately north of the Arch Unit. This thin also is reflected in the regional thickness map of the 
Fort Union Formation (Fig. 4.10). 
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Table 5.6 Thin sections from the Arch Unit. USGS CRC # is the U.S. Geological Survey Core 
Research Center library number. Shy=shaly (green), lam=laminated clay, disp = dispersed clay, 
burr = burrowed, carb = heavily carbonate cemented (blue). 4223 CG refers to coarser-grained 
laminae in that sample, FG to finer grained laminae. Yellow shading = clean sandstones. 

Arch Unit 

Well # 

Core 

Depth (ft.) 

Elevation 

(ft.) API # 

USGS 

CRC # 

Sandstone 

Type 

58-22-1 4210 2,716 49037055800000 E757 shy-lam 

58-22-1 4213 2,713 49037055800000 E757 shy-disp 

58-22-1 4220 2,706 49037055800000 E757 clean 

58-22-1 4223 CG 2,703 49037055800000 E757 shy-disp 

58-22-1 4223 FG 2,703 49037055800000 E757 shy-disp 

20-23-4 4497 2,331 49037055780000 A395 shy-disp 

20-23-4 4505 2,323 49037055780000 A395 shy-lam 

20-23-4 4518 2,310 49037055780000 A395 clean 

16-7-1 4834 1,943 49037056360000 F005 clean 

16-7-1 4851 1,926 49037056360000 F005 shy-lam/burr 

9-18-2 4881 1,877 49037056170000 A394 carb 

9-18-2 4891 1,867 49037056170000 A394 shy-lam 

9-18-2 4902 1,856 49037056170000 A394 clean 

68-7-8 5116 1,690 49037056420000 D783 carb 

68-7-8 5134 1,672 49037056420000 D783 clean 

68-7-8 5139 1,667 49037056420000 D783 clean 
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Figure 5.30 QFL diagram for Arch Unit thin section samples. Core-sample depths are indicated 
by numeric labels. Most samples are shaly, defined as matrix greater than or equal to 10 vol% 
and clay cement greater than 6% (green dots). A few samples are relatively “clean”, with matrix 
comprising less than 10 vol% and clay cement 6 vol% or less (yellow dots). Two samples are 
heavily cemented by early, pre-compaction carbonates (blue dots).  

 

  
Figure 5.31 Some of the most common types of rock fragments recognized in Almond 
sandstones. Rock sample was heavily cemented by early carbonate cement, preserving the rock 
fragments from compression and dissolution. Arch Unit #68-7-8 (sample 5116 ft.). Plane-
polarized light on the left; cross-polarized light on the right. Cht = chert fragment; low 
birefringence crystallites. Blue material between grains is ferroan dolomite cement (FeD). Q = 
quartz grain. RF1 = clay-rich rock fragment; opaque under crossed polarizers. RF2 = possible 
volcanic rock fragment; tiny high-birefringence crystallites under crossed polarizers.  
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Rock fragments vary in their physical toughness and resistance to solution and 

compression. Chert fragments generally are the hardest and most resistant rock fragments, and 

are second only to quartz grains (Fig. 5.33). 

By contrast many of the rock fragments that are rich in dark-colored, high-birefringence 

(ferromagnesian?) crystallites display dissolution and compression (Fig. 5.34, left). Dissolution of 

K-feldspar is common (Fig. 5.34, right). 

 

  
Figure 5.32 Fe-leached rock fragments, Arch Unit area. LEFT: Sample 4213 ft., Arch Unit #58-22-
1. Arrow=leached rim. RIGHT: Sample 4834 ft., Arch Unit #16-7-1. Yellow grains are K-feldspar 
grains stained with potassium ferricyanide. Sky blue material is epoxy resin that fills pores. 
Arrow=leached rim. 

 

  
Figure 5.33 Hard chert fragment penetrated by a sharp corner on a harder quartz grain, Arch Unit 
area. Arch Unit #58-22-1, sample 4223 ft. Cht = chert grain, Q = quartz grain, P = pore, RF = rock 
fragment. 
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Figure 5.34 Dissolution textures, Arch Unit area. LEFT: Compressed and partially dissolved rock 
fragment, sample 4223 ft., Arch Unit #58-22-1. RIGHT: A = fractured and partially dissolved K-
feldspar grain (stained yellow). B = dissolved K-feldspar. Sample 4902 ft., Arch Unit #9-18-2. 
 

Coquina beds as thick as about 15 ft. (5 m) are common in the area. Abundant oyster 

valves occur in sandy (Fig. 5.35) and muddy matrices. Also common in many Almond sandstones 

in the area are non-descript, apparently clastic carbonate grains. The carbonate grains may be 

comminuted oyster fragments, or they may be rock fragments, or both. 

 

 
Figure 5.35 Oyster valve in porous sandstone, Arch Unit area. Sample 4902 ft., Arch Unit #9-18-
2. Plane light. 
  

Porosity by point count in 16 samples is 0-15%, but this includes only the porosity visible 

under 10 to 40x magnification. Porosity from core analysis of nine samples is 19-23%, but the 

point count porosity from the same samples is 9-15%; the difference is microporosity. Cements 
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and clay-rich matrix material fill over 77% of the rest of the intergranular volume (IGV, defined as 

the sum of porosity, cements, and matrix; Houseknecht, 1987; Ehrenberg, 1995) in roughly equal 

proportions (Fig. 5.36). 

 

 
Figure 5.36 Ternary diagram showing the composition of intergranular volume, as identified from 
point counts of 16 thin-section samples from five Arch Unit wells. The numbers posted are the 
core depth of each sample and the point-count macroporosity. Color codes are explained in 
Figure 5.29. Note weak correlation between IGV composition and macroporosity except at the 
extremes (4210-5%, 4881-0%, and 5116-0%). 

 

Cements are mainly carbonates, quartz, and clays. Clays coat grains and fill pores (Fig. 

5.37). Grain-coating clays appear as thin dark rims around grains, and are very finely crystalline. 

Pore-filling clays are more coarsely crystalline, dominantly light-colored, and of low birefringence 

(probably kaolinite) or moderate birefringence (probably illite). 

Most middle Arch sandstones contain at least a small amount of carbonate cement, but 

some are heavily cemented. Calcite grains are rare and always almost entirely replaced by 

dolomite. Dolomite is replaced by ferroan dolomite (Fig. 5.38), and displays subsequent solution. 

Very fine crystals of ferroan dolomite partially replace many chert, quartz, and feldspar grains. 

Carbonate cements may derive from oyster fragments, at least subjacent to coquina beds. 

Quartz overgrowths are ubiquitous, but are only a small percentage of rock volume. 

Overgrowths often are difficult to quantify because the quartz grains generally lack dust rims. 

They were identified from sharp crystal faces and from the occasional dust rim (Fig. 5.39). 
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Figure 5.37 Pore-filling (A) and grain-coating (B) clay cements, Arch Unit area. Sample 4834 ft., 
Arch Unit #16-7-1. LEFT: Plane light. RIGHT: Cross-polarized light. 
 

  
Figure 5.38 Dolomite cement, Arch Unit area. LEFT: Pore-filling ferroan dolomite cement (royal 
blue). Lighter sky-blue is epoxy resin in pores. Sample 4497 ft. from Arch Unit #20-23-4. RIGHT: 
Dolomite grain (or cement) with rim replaced by ferroan dolomite. Sample 4220 ft., Arch Unit #58-
22-1. 
 
 
 
 5.6 Reservoir Composition and Petrophysics vs. Burial Depth and Elevation 

 

Wells and samples were chosen for investigation on the basis of their occurrence: 1) in 

the gas cap, oil leg or water leg; and 2) from areas with a representative range in early production 

rates and volumes. The middle Arch interval contains good quality sandstone reservoir rocks 

having porosities greater than 15%, permeabilities measured in the tens of millidarcies, and 

dominant pore-throat radii of 2-5 microns (Fig. 5.40). This reservoir quality is consistent with the 

observed cementation, which is pore-filling kaolinite, thin grain-coats of clay, thin grain-coating 

quartz overgrowths, and sparse (locally dense) pore-filling carbonates. 
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Figure 5.39 Quartz overgrowths in the Arch Unit #16-7-1 well. LEFT: Sharp crystal faces on 
quartz grain (arrow), sample 4834 ft. Blue is epoxy in pores. Yellow is stained K-feldspar. RIGHT: 
Quartz overgrowth with weakly developed dust rim. Sample 4851 ft. These are unusually thick 
and obvious overgrowths for the area. 

 

These data are consistent with new data from this study indicating slightly decreased 

porosity and permeability at greater burial depths, coincident with a slight decrease in pore-throat 

sizes, or R35, estimated by the method of Winland (1976; see Chapter 3.5) (Fig. 5.41). These 

differences are small, i.e., a reduction in pore-throat size of about 0.9 microns with 1,000 ft. (305 

m) of increased burial depth. This is much less than the differences in pore geometry attributable 

to differences in rock types. This is a reduction in pore-throat size of 26%. 

It might be expected that analysis of the sizes of pores seen in the thin sections could 

reveal differences in pore-throat sizes. However, ImageJ ® analyses (Section 3.4) done on thin 

sections from the Arch Unit area are inconclusive. In all cases the visible pores are larger than 

the effective pore-throat sizes (R35) estimated from core data, and approximate the very fine to 

fine grain sizes of these sandstones, as would be expected for dissolution macropores (Fig. 

5.42). Even though macropore sizes are much smaller in carbonate-cemented and very shaly, 

burrowed, and/or laminated sandstones samples, macropore sizes differ very little in the rest of 

the cleaner samples. 

When clean sandstones are compared they show no relationship between macropore 

sizes and burial depth. They do display a very weak correlation with grain sizes (Fig. 5.43). 

Similarly, the sizes of macropores in shaly sandstones show no obvious correlation to 

burial depth (Fig. 5.44). Again, the fine grained shaly sandstones have slightly larger 

macroporosity than the very fine grained sandstones. 

One can compare macroporosity in the single sample from each well that has the best 

core-measured porosity and permeability (Fig. 5.45). There is no apparent relationship to depth. 
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Figure 5.40 Porosity and permeability from core analyses of Almond sandstones in the Arch Unit. 
Legacy data (solid symbols) are from the public domain (Wyoming Oil and Gas Conservation 
Commission online database, www.wogcc.org). Average elevation of the Almond sandstone 
reservoir in each well is shown in the legend, along with the unique well API in parentheses 
(22512 = 49037225120000). No cores were available for examination in order to compare legacy 
core analyses to rock characteristics (e.g., shaly versus clean). Magenta circles are new data 
generated for this study; numeric labels next to data points are sample elevations in feet above 
sea level. Inset map shows initial producing rates (Fig.5.6). These data suggest that the highest 
porosities and permeabilities are seen in the wells at the highest elevations (e.g., red diamond 
symbols), although differences are small. R35 values are pore-throat sizes estimated by the 
method of Winland (1976; see Section 3.5). 
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Figure 5.41 Pore-throat sizes (R35) estimated by the method of Winland (1976; see Section 3.5) 
compared to structural elevation, Almond sandstone, Arch Unit area. There is a weak 
correspondence between lower elevations and greater burial depths (R2 = 0.57) and decreased 
R35, although the effect is small at best. The oil/water contact (or transition zone) is at +1,625 ft. 
(459 m) (green dashed line). The gas/oil contact is at +2,490 ft. (759 m) (red dashed line). 
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Figure 5.42 Macropore sizes estimated from thin section images (Section 3.4), Arch Unit wells. 
Clean sandstones are shown with red lines, shaly sandstones with green lines. Black lines 
indicate very shaly and laminated and/or burrowed sandstones. Blue lines are heavily carbonate-
cemented sandstones. Sand size grade ranges are shown, which approximate the size of 
macropores in most of these samples. Legend shows sample depths and percentages of 
macroporosity estimated from ImageJ® analyses. 
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Figure 5.43 Macropore sizes in clean sandstones and carbonate-cemented sandstones, Arch 
Unit wells. Grain sizes were estimated with a comparator: VFG=very fine grained, UVFG=upper 
very fine grained, LFG=lower fine grained, FG=fine grained, UFG=upper fine grained. Size 
ranges for sand grains are shown, which approximate the size of macropores in most of these 
samples. Legend reports sample depths and grain sizes from thin section analyses. There is a 
weak tendency for fine grained sandstones to display slightly larger macropores compared to 
very fine grained sandstones.  
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Figure 5.44 Macropore sizes in shaly sandstones, Arch Unit wells. Grain sizes were estimated 
with a comparator: VFG=very fine grained, LFG=lower fine grained, FG=fine grained, UFG=upper 
fine grained. Size ranges for sand grains are shown, which approximate the size of macropores in 
most of these samples. Legend reports sample depths, macroporosities from ImageJ® analyses 
of thin sections, and grain sizes. There may be a weak tendency for fine grained sandstones to 
display slightly larger macropores compared to very fine grained sandstones. 
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Figure 5.45 Macropore sizes as estimated from image analyses for the sandstones from each of 
the key cored wells with highest porosity and permeability. Core-sample depths, rock types, 
image-analysis and core porosities, permeabilities, and estimated R35 values also shown. Note 
that the sample with the largest pore throats (4518 ft.) also has the largest percentage of 
macropores; the sample with the smallest pore throats also has the smallest macropores.  
 

There is a trend of decreased percentages of rock fragments at higher structural 

elevations (Fig. 5.46). However, there is wide variability in the data at any given elevation. 

Assuming that the carbonate-cemented sandstones reflect typical percentages of rock fragments 

in Almond sandy sediments (22 to 24%), then the samples from all depths that have lower 

percentages of rock fragments may have undergone selective dissolution of rock fragments. If 

that is the case, then it appears that dissolution of rock fragments is greater in some of the 

structurally higher sandstones. But the variability in the data also allows the interpretation that 

there were variations in the percentages of rock fragments in the original sediments, or that 

solution processes did not affect the entire reservoir equally at any given elevation.  
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Figure 5.46 Percentage of rock volume made up of rock fragments, determined by point-count 
analyses of Arch Unit core samples. Black dashed lines are visually determined trends of 
samples with the maximum and minimum contents of rock fragments, probably reflecting original 
depositional differences. Blue dots are carbonate-cemented sandstones; yellow dots are clean 
sandstones; green dots are shaly sandstones as explained in Section 5.5. Percentages of rock 
fragments in carbonate-cemented rocks probably represent typical depositional values (vertical 
blue dashed lines). Lower percentages at higher elevations may represent loss of rock fragments 
to dissolution. Error bars are estimated by the method of Howarth (1998). Numbers next to dots 
are core-sample depths in feet. There are wide ranges of rock-fragment contents at all elevations, 
probably resulting from variations in the original sediments. However, the samples with the 
smallest percentages of rock fragments are also found at the higher elevations.  
 

Greater percentages of rock fragments display dissolution textures at higher elevations 

than at lower elevations (Fig. 5.47). This also suggests that the lower percentages of rock 

fragments in some of the high-elevation samples may result from dissolution of rock fragments. 

This effect is more prominent in clean sandstones than in shaly sandstones, and is absent in 

carbonate-cemented sandstones. 

Similar to rock fragments, K-feldspar grains are less abundant in some samples from 

higher elevations (Fig. 5.48). The range in K-feldspar content of the carbonate-cemented samples 

(6 to 10%) may reflect contents at deposition. While reduced K-feldspar percentages in high-

elevation samples may reflect original depositional differences, the trends in both minimum and 

maximum K-feldspar contents (black dashed lines) are toward greater K-feldspar contents at 

lower elevations, suggesting a more global process at work than depositional variations. 
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Figure 5.47 Percentage of rock fragments displaying solution textures, determined by point-count 
analyses of Arch Unit core samples. Blue dots are heavily carbonate-cemented sandstones; 
yellow dots are clean sandstones; green dots are shaly sandstones (as explained in Section 5.0). 
Clean and shaly sandstones show more evidence of dissolution of rock fragments at higher 
elevations. Rock fragments in clean sandstones display more dissolution at any given elevation 
than do shaly sandstones, possibly due to the greater capability of cleaner sandstones to support 
fluid flow.  
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Figure 5.48 Percentage of rock made up of K-feldspar grains, determined by point-count analyses 
of Arch Unit core samples. Visually determined trends for rocks with minimum and maximum K-
feldspar contents are shown with black dashed lines. Blue dots are heavily carbonate-cemented 
sandstones that are interpreted to retain original depositional percentages of K-feldspar. Yellow 
dots are clean sandstones; green dots are shaly sandstones (as explained in Section 5.0). Error 
bars are estimated by the method of Howarth (1998). These data are interpreted to indicate that 
K-feldspar has been reduced at higher elevations by dissolution. 

 

Unlike rock fragments, K-feldspar grains displaying solution textures show no apparent 

relationship to elevation (Fig. 5.49). This may be due to the small numbers of K-feldspar grains 

found in these samples, especially the higher-elevation samples, i.e., it may be due to sampling 

error. The variation also may relate to variable volumes of fluid flow through these rocks during 

diagenesis. 

There is only a small percentage of plagioclase feldspar (<3%) in the samples from the 

Arch Unit. Solution textures were almost never seen.  

In contrast to the trends seen in dissolution, only very weak or no such trends appear in 

cementation. Quartz cementation is minor (0 to 2%) in all samples. Carbonates and clays in 

general are more abundant than quartz cement, but show little or no apparent difference in 

abundance at different elevations (Fig. 5.50). 
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Figure 5.49 Percentages of K-feldspar grains displaying solution textures, determined by point-
count analyses of Arch Unit thin sections. Blue dots are heavily carbonate-cemented sandstones 
that are interpreted to retain original depositional percentages of K-feldspar; yellow dots are clean 
sandstones; green dots are shaly sandstones (as explained in Section 5.0). Data show no clear 
relationship between partially dissolved K-feldspar grains and elevation. Red dashed line = 
gas/oil contact. Green dashed line = oil/water contact (or transition zone). 
 

Up to this point it has been shown that there are weak or no trends in cement 

compositions or abundances that might explain the slightly greater porosity, permeability, and 

pore-throat sizes in samples from structurally higher wells. There are indications of greater 

dissolution of framework grains in samples from structurally higher wells, but the data indicate a 

wide spread in the sedimentary composition of grains that obscures the relationships, Finally, 

macropores (as opposed to pore throats) do not show much difference at differing elevations or 

burial depths. 
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Figure 5.50 Cements versus structural elevations, Arch Unit area. UPPER LEFT: Clay cement as 
a percentage of rock volume. There appears to be no clear trend of clay content with elevation. 
UPPER RIGHT: Carbonate cement as a percentage of rock volume versus elevation. Note lack of 
apparent trends. BOTTOM: Total cement (clay+carbonate+quartz). There is little or no correlation 
between cementation and elevation. 
 

The small increase in pore-throat sizes at higher elevations (shallower depths) might be 

an effect of increased dissolution of rock fragments and feldspar grains. That interpretation is 

counter-indicated by the observations that dissolution macropores: 1) should be, and are, of sizes 

similar to the dissolved sand grains, i.e., much larger than the effective pore-throat sizes implied 

by core data (2-3 microns); and 2) are visually isolated from each other by smaller intergranular 

pores, and appear incapable of adding to permeability. 

There is a noticeable increase in the tightness of the contacts around quartz and feldspar 

grains at lower elevations (Fig. 5.51). This implies a decrease in pore-throat connections at lower 

elevations (or increased depth of burial), probably due to compaction. This relationship actually is 

the most consistent one shown by the point-count data. Even though the correlation coefficient is 

low, the trend is clear.  

A second evaluation of the possible effects of compaction is offered by comparing IGV 

against elevation and burial depth. IGV is the total of porosity, matrix, and cements. There is a 
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weak tendency among these samples for lower IGV values at greater burial depths (Fig. 5.52); 

samples shallower than 4,600 ft. (1,403 m) have an average IGV of 35%; samples deeper than 

4,600 ft. have an IGV of 25%. 

Using the method of Houseknecht (1987), it is possible to make an estimate of the 

relative contributions to the loss of IGV made by cementation versus compaction (Fig. 5.53). The 

assumptions are made that depositional IGVs were the same for all of the sampled rocks, 

assumed to be 42% in this case, and no IGV is created by dissolution, which is wrong in this 

case.  

Under those assumptions, more than 50% of the loss of IGV for almost all of these 

samples is due to cementation, but some is due to compaction. Compaction has increased 

relative effect, and cementation has decreased relative effect, with increased burial depth (lower 

elevations) in only a few samples. Below 4,600 ft. (1,402 m) burial depth, compaction contributes 

an average of 41% of the IGV loss, versus 18% at shallower depths. These averages exclude the 

heavily carbonate-cemented samples because they appear to have been cemented prior to 

compaction.  

A flaw in this analysis is violation of the assumption that IGV is not increased after 

sediment deposition. Dissolution of rock fragments and feldspar is indicated in these samples. 

Correcting for this effect would require quantitative estimate from point counts of dissolution 

porosity created and destroyed by cementation and compaction. 

 
 
 
5.7 Well-Log Estimates of Porosity and Water Saturation 

 

This study required estimates of the porosity and water saturation (Sw) of the Almond 

sandstone reservoir rocks at different elevations in the accumulation in order to discern 

relationships, if any existed, between pore geometry and elevation within the hydrocarbon 

column. The Arch Unit area of the Patrick Draw field was put under water flood early in its history 

(1969), so Sw calculations necessarily were made on 1960s-vintage logs. Some of these wells 

had induction resistivity and acoustic travel-time logs. Micro-resistivity logs were available from 

many of the wells, but were inadequate for quantitative analyses. None of the key cored wells had 

a porosity log, requiring Sw calculations to be made from shallow-reading resistivity logs. 
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Figure 5.51 Tightness of grain contacts versus elevation, determined by point-count analyses of 
Arch Unit thin sections. Blue dots are heavily carbonate-cemented sandstones; yellow dots are 
clean sandstones; green dots are shaly sandstones (as explained in Section 5.0). Grain contacts 
in carbonate-cemented rocks represent undercompacted values; all other samples have tighter 
contacts. Numbers next to data points are core-sample depth and R35 values (Winland, 1976). 
Low R2 value indicates only a weak correlation between elevation and Ct, at best.  
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Figure 5.52 Reduction in IGV at lower elevations, Arch Unit wells. Dashed black lines are visually 
estimated trends of minimum and maximum IGV. Numeric labels are core-sample depths in feet 
and porosities measured on core plugs. Samples from lower elevations (deeper) have less than 
20% porosity as measured on core samples (Table 5.8). Red dashed line = gas/oil contact. 
Green dashed line = oil/water contact (or transition zone). Blue dots are heavily carbonate-
cemented sandstones; yellow dots are clean sandstones; green dots are shaly sandstones (as 
explained in Section 5.0).  
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Figure 5.53 Reduction in IGV due to cementation as function of structural elevation, Arch Unit 
wells using the method of Houseknecht (1987). Blue dots are sandstones that were heavily 
carbonate-cemented before compaction; yellow dots are clean sandstones; green dots are shaly 
sandstones (as explained in Table 5.4). Numeric labels are core-sample depths in feet. Data 
indicate that compaction is relatively more effective in reducing porosity with increased burial 
depth, as compared to cementation, but that cementation apparently has the greatest effect on all 
samples except sample 4902 ft. This method suffers when dissolution porosity adds to 
depositional IGV, which is the case here. 

 

These challenges were addressed in the following steps (Table 5.9): 

1) Establishing normalization standards in the Asquith marker and lower Lewis shales 

from density and acoustic travel-time logs from 12 modern wells (Patchett and 

Coalson, 1979); 

2) Normalizing density and acoustic travel-time logs in fifteen wells with modern log 

suites. Normalizations were minor, averaging 0.01 g/cm3 for density logs and 2.4 

ms/ft. for acoustic travel-time logs;  

3) Calibration of density logs to legacy core porosities in three wells; 

4) Calibration of travel-time logs to core porosities and density porosities in eight wells; 

5) Calibration of porosity calculated from shallow-reading resistivity logs to porosity from 

density and acoustic travel-time logs in four wells located as near as possible to the 
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key cored wells; 

6) Calculation of porosity in five key cored wells from shallow-reading resistivity logs; 

7) Estimation of water saturation in the five key cored wells using the methods of Archie 

(1942) and Pickett (1973) as explained in Chapter 3. 

 

Four equations commonly used for porosity calculations from travel-time were tested: 1) 

Raymer-Hunt-Gardner (RHG) (Raymer et al., 1980); 2) Wyllie time-average (Wyllie et al., 1956); 

3) Wyllie equation with a compaction correction, and 4) linear regression of acoustic travel time to 

core porosity. Standard errors with respect to core porosity were similar (Table 5.10; Fig. 5.54). 

As a second way of calibrating acoustic travel-time logs, acoustic travel time (t) was 

compared to core-calibrated density-log porosity. First, three wells were found with core analyses 

that included grain-density values. The reported porosity and grain density values were used to 

calculate bulk density, which was then plotted against core porosity (Patchett and Coalson, 

1982). This yielded an unbiased estimate of the relationship of bulk density to porosity. This 

relationship reflects increased grain densities in sandstones of lower porosity. This probably is a 

result of greater carbonate content in the less porous rocks (Fig. 5.55). 

This relationship was used to calculate density porosity in fifteen wells that had both 

density and acoustic travel-time logs. None of the wells were located in the gas cap. Then 

porosity as estimated from the density log was compared to acoustic travel time (Fig. 5.56, Table 

5.11). 

This analysis suggested that RHG porosities compare favorably with porosity from 

density logs as well as from cores. RHG porosity was the primary porosity tool used to analyze 

wells in this study. 

All sandstone log rock types are included in these analyses because there is no apparent 

difference in the porosity/travel time relationship between log rock types (Fig. 5.57). Note that the 

porosity transform fails at porosities less than about 5%, which are seen in this area only in 

heavily carbonate-cemented sandstones, i.e., non-reservoir sandstones. 

The next step was the more challenging estimation of porosity from shallow-reading 

resistivity tools, e.g., Schlumberger short normal tool. (micro-resistivity logs were not used). Four 

wells in the Arch Unit had both conventional porosity logs and shallow resistivity logs. The Arch 

Unit #102-7-10 well (Sec. 7, T19N, R98W) was logged with Schlumberger induction resistivity 

and density logs. Porosity calculated from the density log was compared to porosity calculated 

from the short normal log using the Archie equation (Archie, 1942) and an assumption, based on 

oil saturations reported in cores, of residual hydrocarbons in the invaded zone averaging 30%, 

equivalent to assuming water saturation in the flushed zone (Sxo) is 70%.  

Rw and the Archie parameter “m was estimated from a Pickett plot (Pickett, 1973), with m 

approximating 1.90 and formation-water resistivity (Rw) of 0.30 ohm-m at formation temperatures 



 

 136 

(Fig. 5.58). This value of Rw is consistent with regional data provided by Billingsley and Henry 

(2005) and Billingsley (2005). 

 

Table 5.9 Well logs studied in the Arch Unit area. X=logs used; A=acoustic log; D=density log; (X) 
partially useful (no Rxo curve); Por Log Nrm=used for porosity log normalization, Cali to Core = 
travel-time log calibrated to core; Cali to PHID= travel-time log calibrated to density porosity; Key 
Cored Wells=wells with cores used for petrography and core analysis, but with non-modern logs; 
Key Logged Wells=wells with modern logs used to calibrate key cored wells; Sec.=section, 
Tsp.=township, Rge.=range. API # = unique well number (20659 = 49037206590000). 

Well 

Por 
Log 
Nrm 

Cali 
to 

Core 

Cali 
to 

PHID 

Key 
Cored 
Wells 

Key 
Logged 
Wells 

Location 
(Sec.-Tsp.-

Rge.) API # 

Fallen Arch #1-32 X  X   32-20N-98W 20659 
Arch Unit UPRR #12B-19 X  X   19-19N-98W 21938 
Federal #23-26 X  X   26-19N-98W 21962 
UPRR 44-23 #1 X  X   23-19N-98W 22004 
UPRR 44-27 #1 X  X   27-19N-98W 22010 
UPRR WDW 33-27 #1 X  X   27-19N-98W 22066 
DSU #9A-R X  X   34-20N-98W 22134 
Arch Unit #114 X  X   24-19N-99W 22243 
Arch Unit #116 X  X   13-19N-99W 22501 
Sage Flat Unit #4 X  X   29-20N-98W 23785 
Arch Unit #105-12-14 X  X   12-19N-99W 20047 
CPC 13-19 #1   X   19-19N-98W 22052 
Arch Unit #111   X   13-19N-99W 22037 
Arch Unit #110   X   24-19N-99W 21971 
Federal #1-6 (core)  A    06-19N-98W 20535 
Champlin #3-29 (core)  A    29-20N-98W 20640 
Champlin #6-31 (core)  A    31-20N-98W 20579 
Champlin #4-31 (core)  A    31-20N-98W 20555 
Champlin #5-31 (core)  A    31-20N-98W 20554 
Arch Unit #120 (core) X D,A X   24-19N-99W 22506 
Arch Unit #121 (core)  D,A    11-19N-99W 22502 
Arch Unit #123 (core)  D,A    15-19N-99W 22512 
Arch Unit #16-7-1    X  07-19N-98W 05636 
Arch Unit #20-23-4    X  23-19N-99W 05578 
Arch Unit #58-22-1    X  22-19N-99W 05580 
Arch Unit #9-18-2    X  18-19N-98W 05617 
Arch Unit #68-7-8    X  07-19N-98W 05642 
Arch Unit #102-7-10    

 
X 07-19N-98W 20033 

Arch Unit #123    
 

X 15-19N-99W 22512 
Arch Unit #68-7-8    

 
(X) 07-19N-98W 05642 

Arch Unit #92-13-10    
 

(X) 13-19N-99W 06406 
Gov't-Arch #84-4-1    

 
X 04-19N-98W 05684 

Monell Unit #41-26    
 

X 26-19N-99W 25611 
U.P.R.R. Unit #1-9-G    

 
X-cuttings 09-19N-98W 05650 
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Table 5.10 Calculation parameters and error analysis of acoustic travel-time porosity calculations 
as compared to core porosities, eight Arch Unit wells. tm = matrix travel time, tf = formation-fluid 
travel time, c = an RHG constant, tsh = travel time in adjacent shale beds, Cp = compaction 
correction for Wyllie time-acreage equation. Constants m and b are standard constants for any 
linear regression equation. “Std. Err.” = standard deviation of the error of the estimate; “n/a” = not 
applicable. 

Method 

tm 

(ms/ft) 

tf 

(ms/ft) c 

tsh 

(ms/ft) Cp m b 

Std Err 

(p.u.) 

Raymer-Hunt-

Gardner 
60 n/a 0.594 n/a n/a n/a n/a +2.2 

Wyllie Time- 

Average 
65.0 189 n/a n/a n/a n/a n/a +2.5 

Compaction-

corrected Wyllie 
55.5 159 n/a 85.0 1.65 n/a n/a +2.2 

Linear regression n/a n/a n/a n/a n/a 0.0054 -0.2931 +2.2 

 

 

 
Figure 5.54 Porosity estimated from the RHG equation compared to core porosity from eight wells 
in the Arch Unit area. Dashed lines indicate the range in standard errors. Well names are 
abbreviated: “Fed”=Federal, “Champ”=Champlin, “Arch”=Arch Unit. Numbers in parentheses are 
“unique well” parts of API numbers, e.g., “20535” = 49037205350000.  
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Figure 5.55 Relationship between core bulk density and core porosity for three wells in the Arch 
Unit. Bulk density at zero porosity is the same as grain density, which is greater than 2.70 g/cm3 
for this data set, i.e., greater than the 2.65 g/cm3 value that is commonly used for quartz 
sandstones, probably because of increased carbonate cement in lower porosity rocks. 



 

 139 

Table 5.11 Analysis of errors in acoustic travel-time porosity calculations as compared to density-
log data, Arch Unit area. tm = matrix travel time, tf = formation-fluid travel time, c = an RHG 
constant, tsh = travel time in adjacent shale beds, Cp = compaction correction for Wyllie time-
average equation. Constants m and b are standard constants for any linear regression equation. 
“Std. Err.”=standard deviation of the error of the estimate with respect to density-log porosity; 
“n/a” = not applicable. 

Method 

tm 

(ms/ft) 

tf 

(ms/ft) c 

tsh 

(ms/ft) Cp M b 

Std Err 

(p.u.) 

Raymer-Hunt-

Gardner 
60.0 n/a 0.594 n/a n/a n/a n/a +2.0 

Wyllie Time 

Average 
65.0 189 n/a n/a n/a n/a n/a +2.8 

Compaction-

corrected Wyllie 
55.5 159 n/a 85.0 

1.6

5 
n/a n/a +2.1 

Linear regression n/a n/a n/a n/a n/a 0.0054 -0.2931 +2.1 

 

 

 
Figure 5.56 Porosity estimated from the RHG equation compared to density porosity, fifteen wells 
in the Arch Unit. Dashed lines indicate standard errors. The R2 value of this correlation is higher 
than that of the correlation of RHG porosity to core porosity. This may result from more-similar 
bed averaging between density and acoustic well logs as compared to core samples. 
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Figure 5.57 Acoustic travel-time compared to porosity from density calculations, fifteen wells in 
the Arch Unit area. Only two rock types from well logs are differentiated: heavily carbonate-
cemented beds (probably mostly coquinas and subjacent sandstones), and everything else. 
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Figure 5.58 Pickett plot for four structurally low, apparently wet, Arch Unit wells for which porosity 
logs were available. 
 

There are several ways that calculating porosity from shallow-reading resistivity log can 

err, including: 

1) Archie parameters that change vertically through the logged interval due to changing 

contents of clay, carbonate cement, carbonaceous material or residual hydrocarbons; 

2) The inability of short normal logs to read very high resistivities in well bores filled with 

relatively conductive mud; 

3) Archie parameters that vary with water salinity or Sw; m and n may be higher when 

the formation water is fresher, or when Sw is very low; 

4) Resistivity of the mud filtrate may differ from that reported on the log header; and 

5) Residual oil saturation may not be at a relatively constant level. 

 

Despite these caveats, the porosities calculated from the short normal log, and the water 

saturations calculated from them, were similar to those obtained from the more modern logs in 

the first well for which it was tried (Fig. 5.59). This encouraged further experimentation. 
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Figure 5.59 Estimation of porosity from a short normal log, Arch Unit #102-7-10 well. PORXO = 
porosity from shallow-reading resistivity tool. PORT = density porosity. SWA_PORXO = water 
saturation calculated from PORXO. SWA = water saturation calculated from PORT. ASN=short 
normal curve. ILD=deep induction curve. GRD = gamma ray. 

 

Similar results were obtained in the Arch Unit #121 (Fig. 5.60). The same character of 

mismatches between density porosity and resistivity porosity were noted, and the same overall 

acceptable similarity of the bulk of the porosity and water saturation readings. Although not of 

primary interest to these studies, the water saturations calculated for these wells probably reflect 

flushing of the formation by flood waters. 

By contrast, a third test well did not yield as good results (Arch Unit #123). One of the key 

parameters, Sxo, had to be adjusted down to 0.30 for the Rxo curve to yield porosities similar to 

density and core porosities (Fig. 5.61). This well is located in the gas cap. The density and 

neutron porosity curves indicated gas cross-over, which implies significant residual gas saturation 

that would be consistent with lower Sxo values. 

Similar results were obtained from the other two Sw-calibration wells (Fig. 5.62). The 

effects of varying residual oil saturation, changing clay content, and inaccuracy of the short 

normal at high resistivities are apparent, but the porosity and water saturation values appear to 

be accurate enough to allow comparison of these parameters between wells (Fig. 5.63). 
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Figure 5.60 Estimation of porosity from a Schlumberger Spherically Focused Log® (SFL), Arch 
Unit #121. PORXO = porosity from shallow-reading resistivity tool. PORT = density porosity. 
SWA_PORXO = water saturation calculated from PORXO. SWA = water saturation calculated 
from PORT. SFL=spherically focused log. GRD = gamma ray. 

 

There may be some controversy about appropriate Rw values for this reservoir. Jackson 

et al. (1993) and Szpakiewicz (1993) reported variation in the Rw values of Almond produced 

waters in Patrick Draw Field that varied from 20,000 mg/l from structurally low wells, to 70,000 

mg/l in structurally higher wells. This degree of variation in Rw would be very important to log 

analyses. It also is not an expected pattern, considering that the nearest known source of fresh 

water in the Almond Formation is the outcrop that lies west of Patrick Draw. 

However, the data of Jackson et al., (ibid.) are for water samples that are from non-

correlative sandstones ranging from the stratigraphically shallowest middle Arch (UA-5) to the 

deepest Almond sandstone (UA-8). They cite only one water analysis from the middle Arch 

sandstone, which should be inadequate for any but the most imaginative mapping. In general, the 

data of Jackson et al. (ibid.) show decreased water salinities (and increased Rw values) in 

stratigraphically lower sandstones. Upper Almond depositional environments were marine, 

whereas lower Almond environments were paludal to non-marine. This suggests that the waters 

tested represent original connate water, probably altered by subsequent invasion of basinal 

brines and changes in solutes during diagenesis. 
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Figure 5.61 Estimation of porosity from a Schlumberger SFL log in a gas-cap well, Arch Unit 
#123. PORXO = porosity from shallow-reading resistivity tool. PHC = porosity from core. PORT = 
density porosity. SWA_PORXO = water saturation calculated from PORXO. SWA = water 
saturation calculated from PORT. 
 

 The data generated from log and legacy core analyses suggest that the 

maximum porosity observed in the middle Arch sandstone is less in structurally lower wells (Fig. 

5.64). The effect is small, but is greater than seen in the core samples obtained for this study. 

This suggests that the well logs are “sampling” more clay-rich, less porous sandstones than those 

that were sampled from the cores. Or there may be errors in log analysis and legacy core 

sampling. But either way decreased porosity at lower elevations and greater burial depths seems 

clear. 

 
 
 
5.8 Saturation Profile 

 

Of primary importance to this study is the distribution and history of hydrocarbon and water 

phases in this reservoir, and how that might relate to pore geometry and diagenesis. Water 

saturations were calculated for five key cored wells and one well in the downdip water leg (Fig. 

5.63). Comparison of log-calculated water saturations to elevations (Fig. 5.65) indicates that 

water saturations in the key wells bear a strong relationship to elevation. This is evidence that the 
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Figure 5.64 Maximum porosity seen in well logs and cores, Arch Unit area. Log porosities are 
shown in blue with no note. Core porosities are labeled “core” next to the data point. The 
locations of the preceding two cross sections are shown with a blue line (section Z-Z’) and a 
magenta line (section AA-AA’). Porosity in the area below the oil/water contact is much less than 
porosity in the gas cap, and may reflect an otherwise unrecognized effect of hydrocarbon 
emplacement. 

 

hydrocarbon column is physically continuous and in equilibrium with the forces of buoyancy 

(Arps, 1964; Schowalter, 1976). The spread in water saturation values within single wells 

probably results both from errors in log calculations and from variations in pore and pore-throat 

sizes. 

The existence of this saturation profile is significant. It implies that there is sufficient water 

present in the reservoir to allow buoyancy to work, and that a free water level is present. 
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Figure 5.65 Log-calculated water saturation versus elevation, six key wells in the Arch Unit area. 
Regression fit is excellent, but likely misses the presence of a transition zone; blue line is a 
conceptual saturation-versus-elevation relationship. 
 
 
 
5.9 Net Sandstone and Flow Units 

 

Some authors (e.g., McCubbin, 1982) imply that Almond systems tracts are relatively 

complete, continuous, and mappable, which implies accommodation sufficient to allow 

preservation of genetic units. However, Chang et al. (1993) infer significant reservoir 

compartmentalization from variations in water saturations, formation-water resistivities, water-

flood sweep efficiency, and water-flood injection pressure/volume relationships. They noted that 

some wells produced formation water prior to water flood due to higher Sw’s. Lawson and 

Crowson (1961) argue that faulting separates the hydrocarbon column between the Arch Unit and 

the Monell Unit. Faults and sandstone pinchouts typically were cited (Chang et al., ibid). 

By contrast, that the interlamination of sandstones of varying depositional environment 

implies a low ratio of accommodation to sedimentation (A/S) that would result in redistribution and 

amalgamation of sand during deposition. The consistency of gas and oil distributions, and the 

close relationship between Sw and elevation also argue for continuity of the reservoir over the 
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time required for emplacement and equilibration of oil and gas saturations, presumably millions of 

years.  

Due to this uncertainty about the continuity of flow units, several approaches to 

recognizing flow units were applied. The first was correlation of stratigraphic units using open-

hole well logs. The result was a map of “gross sandstone” distribution (Fig. 5.11). That map 

implies at least limited continuity of middle Arch sandstone throughout the study area, but with 

significant local variations in sandstone thicknesses and “choke points” for fluid flow. 

It is recognized that physical continuity does not imply continuity of fluid flow. In order to 

identify areas with sandstone present but not porous enough to support fluid flow, net sandstone 

was mapped. Where no better logs were available, micro-resistivity logs were used to identify 

porous and permeable sandstones. Classifications were “good” (low resistivities and obvious 

separation between shallowest and less shallow resistivity curves), “poor” (lesser curve 

separation and higher resistivities), and “no porosity” (high resistivities and no separation 

between curves). These categories are obvious to the naked eye. 

Where possible, net sandstone was estimated from porosity logs. Establishing “cutoffs” 

(minimum acceptable values of porosity) usually involves picking porosity that corresponds to 

some minimum permeability value. However, while the data for the Almond showed a relationship 

between porosity and permeability (Fig. 5.40), cutoffs were based on a parameter more 

fundamental to petrophysics, namely pore-throat size. 

As estimated from the equation of Winland (1976; Section 3.5), middle Arch sandstones 

display three broadly similar groups of pore-throat sizes: 1) smaller than 0.1, 2) between 0.1 and 

5, and 3) greater than 5, although only one data point exceeds 5. Consequently, porosity-

log cutoffs were estimated for porosity ranges representing these ranges of pore-throat size 

(Table 5.12). 

 

Table 5.12 Cutoff values of acoustic travel time (t) and their physical significance. Porosity 
values were chosen that correlate with pore-throat sizes as indicated on Figure 5.40.  

t Porosity (%) Range in Pore-Throat Size (Fig. 5.40) 

>70 >7.5% <0.1  

>80 >15% 0.1 - 1.5  

>90 >20  1.5 – 5.0  
 

 

RHG acoustic travel-time porosity was used primarily; few wells had more desirable 

density logs. Many wells had only a micro-resistivity log for porosity estimation. Unfortunately, 

there were no wells with both micro-resistivity and porosity logs, so there is no correlation 

between the porosity classifications from micro-resistivity logs and those from porosity logs. 

The map of net sandstone with 15% or more porosity or “good” micro-resistivity 
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separation (Fig. 5.66) indicates reservoir-quality sandstones occur continuously throughout the 

Arch Unit. There are thin areas that may create complex flow pathways. There is little correlation 

between the thickness of reservoir-quality sandstone and superior production (Figs. 5.5 and 5.6). 

 

 
Figure 5.66 Net sandstone distribution, middle Arch sandstone, Arch Unit area. Cutoff porosity is 
15%, which includes reservoir sandstone of the best quality. However, porous and permeable 
sandstones exist throughout this area with 5 to 15% porosity. Compare to Figure 5.11. 
 
 
 
 
5.10 Source Rocks 

 

Source rocks for the oil and gas in the Almond Formation in this area are uncertain. In 

considering the amounts and kinds of source-rock derived fluids that may have passed into or 

through the reservoir rocks in the Arch Unit, there are three central issues: 1) the types and 

percentages of kerogen present, 2) their thermal maturity, and 3) pathways for secondary 

migration.  
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As for kerogen-rich rocks, Richers (1990), Garcia-Gonzalez and Surdam (1992), and 

MacGowan et al. (1992) conclude that significant volumes of interbeds in the upper part of the 

Almond Formation, and perhaps in the lower Lewis Formation, in the eastern Green River Basin 

contain sufficient organic material to provide source rocks for oil and gas. In particular, high-TOC 

shales and coals within the upper Almond interval are candidates for source rocks for gas and oil. 

Garcia-Gonzalez and Surdam (ibid) and Tobin et al. (2010) suggest that Almond source rocks for 

the Patrick Draw Field are coal beds that contain predominantly Type III (humic) kerogens of 

relatively high-H content, with some admixture of Types I and II kerogens. 

As for thermal maturity, Johnson et al. (2005) mapped vitrinite reflectance (Ro) values in 

the uppermost Mesaverde Group throughout the Greater Green River Basin. They estimate that 

Ro in the area of the Arch Unit currently is about 0.6 to 0.7%. This level of thermal maturity is 

sufficient to initiate oil generation from some organic matter (Engel and Macko, 1993). However, 

Lewan (1998) has shown that this requires sulfur-rich kerogens, which are not described in the 

Almond Formation. Ro values of 0.9 to 1.1% may have been needed to bring Almond coal beds 

to primary migration (Garcia-Gonzalez and Surdam, ibid; Levine, 1993). 

As for the pathways for secondary migration of source-rock related fluids, correlations of 

the middle Arch sandstone to the east of the Arch Unit (not illustrated) indicate that there is 

sufficient reservoir continuity to allow migration of source-rock derived fluids from more easterly 

sources in the deeper-buried parts of the Washakie Basin.  

Rock-Eval® data generated for this study indicate that the shales at the base of the Lewis 

Formation and the base of the middle Arch interval are rich enough in TOC (up to 28.5%) that 

they could be source rocks (Table 5.13). However, Tmax values indicate immaturity for oil 

generation, and, of course, gas (Peters, 1986). This interpretation is consistent with the 

interpretation of Johnson et al. (2005). 

The most important parameters in evaluating maturation are kerogen types and the 

history of formation temperatures (Tissot et al., 1987), a parameter usually estimated from burial 

depth. Depths of burial of the Almond Formation in the Arch Unit area range from 4,000 ft. (1,219 

m) to 5,150 ft. (1,570 m). The Almond Formation lies at greater burial depths east of the Arch Unit 

and is shallower to the west. Drill-stem test (DST) temperatures indicate a modern temperature 

gradient of 0.014 oF/ft. (0.026oC/m), assuming a mean annual surface temperature (MAST) of 

46oF (7.8oC) (Fig. 5.67). This equates to formation temperatures in the Almond Formation of 

about 102 to 118oF (39 to 48oC). The average burial depth is about 4,575 ft. (1,390 m). The 

average temperature is about 110oF (43oC). These modern-day temperatures generally are not 

considered high enough to initiate oil generation and expulsion from any kerogen except type II-S 

kerogen. 

There is variability in temperature gradients throughout the area. Part of this is due to the 

inherent inaccuracy of DST temperatures. There may be some evidence of higher temperature 
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gradients near subsurface faults (Fig. 5.68), perhaps due to convection of hot water from greater 

depths along faults. But even assuming a temperature gradient of 0.0175 oF/ft. (0.032oC/m), 

formation temperature at the current average burial depth would not exceed 126oF (52oC). 

 
 
 
5.11 Burial History 

 

It is likely that the area was buried deeper during the Eocene than it is today, and also 

that surface temperatures were higher. Might subsurface temperatures have been high enough to 

initiate generation and migration of hydrocarbons, i.e., about 212-239oF (100-115oC) (Tissot and 

Welte, 1978, p. 168, 195; Hunt, 1979, p.112; Engel and Macko, 1993, p. 386-387ff; Welte et al., 

1997, p. 249)? Assuming a modern MAST of 46oF and temperature gradient of 0.014oF/ft., an 

additional 7,280 ft. (2,220 m) of overburden would be required to raise the average formation 

temperature to 212oF (100oC), and 9,210 ft. (2,810 m) of added overburden to reach 239oF 

(115oC). Assuming a maximum temperature gradient of 0.0175 oF/ft. (0.032oC/m) and a MAST of 

72oF (22oC; Sluijs et al., 2006), the additional overburden required would be 3,430 ft. (1,040 m) to 

4,970 ft. (1,510 m). 

Estimating the thickness of overburden deposited and then removed by post-Laramide 

erosion is difficult; nearly all of the rocks lying above the Fort Union Formation are missing by 

erosion and non-deposition (Fig. 5.69). Still, an approximation of the missing section was 

attempted by calculation of the rate of thinning of the Fort Union Formation from east to west, 

from the northwestern Washakie Basin across the Arch Unit area, and then applying that rate of 

thinning to the total thickness of post-Fort Union rocks found in the northwestern Washakie Basin. 

U.S. Geological Survey data (referenced in Chapter 4) augmented by operator and my 

picks, indicate a rate of thinning in the Fort Union Formation of about 143 ft. per mile (27 m/km) 

(Fig. 5.70). Amoco Production Company drilled the Amoco Champlin A-1 well very near the 

outcrop of the top of the Green River Formation (Sec. 3, T17N, R96W) and encountered 4,896 ft. 

(1,490 m) of Green River and Wasatch formations. This represents a minimum thickness of post-

Fort Union beds, excluding any post-Green River (e.g., Washakie Formation) deposits that may 

or may not have been deposited. These values yield an estimate of deposited and eroded post-

Fort Union rocks (and inferred burial depths) of 2,030 ft. (620 m) on the west side of the Arch 

Unit, and 3,000 ft. (910 m) on the east side. 

Another estimate of the rate of post-Fort Union thinning is offered by the thinning of that 

interval between the Government #1-24 and Amoco Champlin A-1 wells. This thinning rate is 

about 288 ft. per mile. This rate of thinning probably is too high because it reflects erosion of the 

tops of the Wasatch and Green River formations. This rate of thinning yields a maximum possible 

thickness of deposited and eroded section of 1,080 ft. (330 m) on the east side of the Arch Unit 
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study area, and non-deposition and/or erosion of an additional 880 ft. (268 m) of Wasatch and 

Green River section. Thus, there is no evidence for the 3,430 ft. (1,040 m) to 4,970 ft. (1,510 m)  

of additional overburden required to raise Almond Formation temperatures to 212oF (100oC), the 

requisite temperature for source-rock maturation, even assuming an optimistic temperature 

gradient of 0.0175 oF/ft. (0.032oC/m) and a MAST of 72oF (22oC). 

These reconstructions are consistent with inferred thermal immaturity of the lower Lewis 

and Almond source rocks in the Arch Unit. Temperature gradients might have been higher in the 

geologic past. A temperature gradient of 0.025 oF/ft., occurring over a long period of time, would 

have been needed to bring the area to the required level of thermal maturity, given the range in 

possible burial depths estimated above.  

However, both the Lewis and Almond formations are buried deep enough east of the 

Arch Unit to have reached maturation temperatures (Fig. 4.17). Source beds stratigraphically 

below the Almond also have reached temperatures sufficient for generation and expulsion of 

hydrocarbons (Roberts et al., 2005). 

 
 
 
5.12 Discussion 

  

This study presents local geologic mapping in more detail than previously published. It is 

concluded from maps of net pay and fluid contents, and from examination of cores, that the 

middle Arch reservoir consists of amalgamated sand-rich littoral deposits (tidal flat, tidal channel, 

shoreface, etc.) that act as a continuous reservoir in equilibrium with buoyancy pressure, at least 

on a geological time scale of millions of years.  

Petrographic data suggest that all the reservoir rocks evolved under continual 

compaction and substantially the same diagenetic processes (Figure 5.71): 

1) Limited homogenization of sediments by burrowing and concentration of minor 

amounts of clay in burrows; 

2) Mechanical compaction, starting immediately after deposition and continuing 

throughout geologic time, with greatest effect on rock fragments and feldspar grains; 

3) Formation of minor quartz overgrowths on quartz grains; 

4) Limited early formation of grain-coating diagenetic clays;  

5) Formation of minor amounts of early calcite, then dolomite cements (calcite is almost 

entirely replaced by dolomite), as pore-filling rhombs and fine crystalline grain 

coatings; 

6) Oil emplacement, with timing based on only one sample (#58-22-1 Arch Unit well, 

sample 4,220 ft.); 

7) Dissolution of rock fragments and K-feldspar grains (more K-feldspar dissolution in 
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samples from structurally higher wells), probably liberating Fe from lithoclasts and 

grains; 

8) Limited formation of pore-filling clay; 

9) Locally pervasive formation of pore-filling dolomite cement; 

10) Formation of pore-filling ferroan dolomite cement and alteration of preexisting 

dolomite cement to ferroan dolomite, locally abundant enough to halt diagenesis and 

retard burial compaction. 

 

Clearly, oil saturation and production are better in structurally higher wells than in 

structurally lower wells, as is normally the case. Also not surprising is the observation of a 

correspondence between better reservoir quality and lesser amounts of depositional clay. 

However, new data reported here indicate that: 

1) The trap in the middle Arch reservoir has existed since deposition. Cretaceous 

through Eocene tectonics modified overall eastward dip, as has been noted before 

(Weimer, 1961). No more-local paleostructure was present except, perhaps, local 

faulting. 

2) This work confirms the presence of dolomite grains and ferroan dolomite cements as 

rims and pore- filling crystals. Ferroan dolomite cement also replaces K-feldspar 

grains. These occurrences of ferroan dolomite have been noted previously in upper 

Cretaceous sandstones in the Green River Basin and throughout the Rocky Mountain 

region (Hickling, 1990; Milliken, 2002; Machent et al., 2007; Pasternack, 2007; Tobin 

et al., 2010). Thus, it is likely that the processes that created ferroan dolomite are 

regional, such as sea-level changes and burial diagenesis of organic matter and clay-

rich rocks (Boles and Franks, 1979; Machent et al., ibid). 

3) Reservoir quality in clean sandstones as measured by porosity, permeability, and 

pore-throat sizes is slightly better in structurally higher wells. This has not been 

reported previously. 

4) There is little evidence in the study area of highly variable formation-water chemistry. 

This may be at odds with conclusions of Schatzinger et al. (1992). In any case, 

uniformity of formation water argues for long-term fluid continuity in the middle Arch 

reservoir. 

5) New data indicate that processes of diagenesis affecting reservoir quality do not 

differ dramatically with elevation or burial depth. The major difference, not previously 

reported, is the more advanced dissolution of rock fragments and feldspar grains in 

structurally higher areas. 

6) The resulting dissolution pores, while large as pores go, are poorly connected and 

retain abundant residual mineral “scraps” that divide the dissolution pores into 
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microporosity. The dissolution pores are not capable of adding much to permeability 

or pore-throat sizes.  

7) Dissolution appears to have started early, possibly with deposition, and to have 

continued throughout burial. 

8) The increase in dissolution pores in samples from structurally higher wells is 

enigmatic. In this stratigraphic trap it is assumed that fluids moved updip in response 

to burial compaction and heating of pore fluids. Variable dissolution could relate to 

hydrous fluids migrating updip that slowed at the terminus of the reservoir, increasing 

their residence time. It could relate to fluids increasing in corrosiveness as they 

migrated updip and were warmer than ambient formation temperatures. The increase 

also could reflect progressive pooling of hydrocarbons and corrosion by organic acids 

associated with the oil.  

9) Verbeek and Grout (1997) describe six fracture sets in upper Cretaceous outcrops on 

the Rock Springs Uplift. Chang et al. (1993) report a swarm of NE-oriented faults in 

this area. Yet there is little direct evidence in the cores for open fractures in these 

rocks. While fractures may affect production, there is no evidence of that from the 

work done here. 

10)  Compaction was effective in reducing pore-throat sizes in structurally lower (deeper) 

locations, which observation is new. This may be surprising considering the small 

difference in burial depth and elevation in this reservoir. The trend of increased 

tightness of grain contacts at lower elevations and deeper burial, recognized from the 

new method described above, shows perhaps the clearest relationship to pore-throat 

size (Fig. 5.41) of any of the factors analyzed excepting depositional clay content and 

water saturation. 

11)  IGV calculations reported here are consistent with this interpretation. This work may 

be uncommon in the application of the method of Houseknecht (1987) to lithic 

sandstones, as opposed to the rigid grain sandstones that have been the subject of 

more published studies of compaction and cementation than have lithic sandstones. 

12)  There might be a reduction in permeability and pore-throat sizes with burial depth 

due to increased temperature. However, empirical and model data from Civan (2008, 

his Fig. 1) suggest that the maximum likely temperature difference between structural 

elevations in this area (about 12 Fo, 6.5 Co) is unlikely to appreciably reduce 

permeability or pore-throat sizes. 

13)  It is here confirmed that source rocks in the Lewis and Almond formations in the 

Arch Unit study area are not thermally mature enough for generation of 

hydrocarbons. Source rocks are deep enough east of the area. Also, there are 

potential source rocks in formations below the Almond, i.e., the Rock Springs, Baxter, 
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Blair, and Hilliard formations. Lateral and/or vertical migration of a considerable 

volume of hydrocarbons is indicated. 

14)  Based on Sw calculations first reported here, this reservoir appears to have been in 

equilibrium with buoyancy pressure before commencement of production and water 

injection. This has not been demonstrated previously, probably because one would 

normally assume that to be the case. However, pool-wide equilibrium with buoyancy 

pressures may be inconsistent with a reservoir that has been interpreted as being 

strongly compartmentalized by faulting and stratigraphy (Szpakiewicz et al., 1993). 

 

It seems likely that the primary factors behind the differences in production in the Arch 

Unit wells are compaction that closed pore-throats and reduced permeability, and buoyancy 

pressure that reduces Sw in structurally higher wells. The possible effect of Sw can be estimated 

from relative permeability data (Fig. 5.72). An increase in Sw from 36% to 59% leads to a 

reduction in relative permeability to oil from 100% to 10%. Thus, reservoir rock capable of 

producing 1000 BOPD from a structurally higher location might be capable of producing only 100 

BOPD from a structurally low position. These numbers are representative of the differences in 

per-well initial production in the Arch Unit (Fig. 5.6). 

The magnitude of the possible effect of porosity and Sw variations on recoverable oil 

(ROIP) can be estimated from well-log data (Table 5.13). Varying only drainage area (A) based 

on actual well spacing, porosity (), and Sw (other factors being equal), structurally higher wells 

might produce five times more oil than structurally lower wells, which ratio is in a similar range to 

the early production from Arch Unit wells (Fig. 5.5). 

Map and well-log data were used in making these estimates. Representative values of 

porosity were estimated from the map in Figure 5.64. Sw was estimated from average values 

shown in Figure 5.63. Drainage area was estimated from actual well spacings. Pay thickness was 

estimated from net thickness values shown in Figure 5.66. Bo was estimated from the API gravity 

and gas:oil ration (GOR)  of the oil and from reservoir temperatures. Recovery factor was 

arbitrarily assumed to be 25%. The results indicate that the differences in ROIP are similar in 

magnitude to the observed differences in early production (Fig. 5.5). Well-to-well evaluations for 

all producing wells were considered to be beyond the scope of this research. However, it appears 

that the large increase in Sw in downdip locations and the small decrease in reservoir quality are 

sufficient to explain the differences in production, at least in a general sense. 
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Figure 5.67 DST temperatures versus burial depth, Arch Unit area. Two interpretations of 
possible temperature gradients are shown: a lower gradient based on the most numerous data 
points, and a higher gradient based on the assumption that the tendency of DST temperatures is 
to be too low.  
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Figure 5.68 Temperature gradients in the Mesaverde Group, based on DST data. Temperature 
gradients are in oF/ ft. 
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Figure 5.69 Surface geology, northwestern Washakie Basin (Love and Christiansen, 1985). Arch 
Unit area in red outline. Wasatch and Green River are intertongued in this area. Blue lines are 
seismic faults (Chang et al., 1993). Black lines = structure contours on top of the Mesaverde 
Group. Magenta line = cross section in Fig.5-70. 
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Figure 5.70 Structural cross section from the Arch Unit area (on the left) to the northwestern 
Washakie Basin (on the right). Green indicates combined Green River and Wasatch (i.e., post-
Fort Union) formations. 
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Figure 5.71 Interpreted paragenesis for Almond sandstones in the Arch Unit area.  
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Figure 5.72 Oil-water relative permeability data, Arch Unit area (modified from Schatzinger et al., 
1992). Drainage and imbibition are shown. Data are from the Champlin Petroleum #12B-19 (19-
98) PCP well (Sec. 19, T19N, R98W). The data should be considered illustrative only because 
core depth is unknown, and the well was drilled post- water flooding; no indication is given of the 
core being restored to original wetting state. The drainage data are similar to those of Baptist et 
al. (1964) for a well located south of the study area in the Monell Unit. 
 

Table 5.14 Comparison of ROIP in structurally higher versus lower wells, Arch Unit. H = pay 
thickness. Bo = oil compressibility. RF = recovery factor. BO = barrels of oil. ST = stock tank. 

Wells 

 

(v/v) 

Sw 

(v/v) 

A 

(ac) 

H 

(ft.) 

Bo         

(STBO/RBO) 

RF 

(v/v) 

Representative  ROIP 

(STBO) 

higher 0.25 0.27 213 20 1.10 0.25 1,400,000 

lower 0.19 0.50 40 20 1.10 0.25 134,000 
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CHAPTER 6 

ECHO SPRINGS/STANDARD DRAW AREA 

 

The Echo Springs/Standard Draw (ESSD) field area is in eastern Sweetwater and 

western Carbon counties, Wyoming (Fig. 1.1). The field overlies the Creston Nose, and is part of 

a gas-productive complex producing from sandstones the upper Almond interval (Fig. 6.1). 

 

 
Figure 6.1 Location of Echo Springs/Standard Draw (ESSD) study area. PBU=Polar Bar Unit 
area. Arch=Arch Unit area. CN=Creston Nose, RDB=Red Desert (Great Divide) Basin. 
RU=Rawlins Uplift. WA=Wamsutter Arch. WB=Washakie Basin. Grey rectangles are U.S. federal 
townships. Green shading=Mesaverde outcrop (Love and Christiansen, 1985). Green line=U.S. 
Interstate Highway 80. Blue lines=subsurface faults (interpreted by the author; dashed where 
inferred). 
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Echo Springs Field was discovered by Amoco Production Company in 1974, although 

expeditious operations allowed Marathon Oil to complete the first well that produced from the 

upper Almond (Fig. 1.2) reservoir in the contiguous Standard Draw Field prior to the Echo Springs 

upper Almond completion. According to the Wyoming Oil and Gas Conservation Commission 

(WOGCC) more than 2,000 wells have been drilled in the ESSD area, almost all of which (>90%) 

have produced gas from sandstones in the Almond Formation. Cumulative production from the 

ESSD area is 1.3 TCFG and 21 MMBC. There were 832 wells producing from the ESSD area in 

February, 2011 (Table 6.1). There are no oil wells in the upper Almond in this field, but most wells 

produce economically significant volumes of condensate. 

 

Table 6.1 Production from fields in the ESSD study area. BCF = billions of cubic feet. MMB = 
millions of barrels. From the web site of the WOGCC (2011). 

Field Gas (BCF) Oil (MMB) Wells 

Echo Springs 669 11.3 465 

Standard Draw 600 9.9 367 

 

Initial development wells were drilled on 640 acre spacing and were designed to exploit a 

“sweet spot” discovered in the upper Almond sandstone reservoir. A sweet spot is part of a large 

productive area that has higher porosity and permeability than average (Surdam, 1995), and 

consequently has better than average production. Producing rates and projected reserves in the 

early-drilled sweet spot wells were considered surprisingly good for tight gas wells. Typically, 

wells were designed to exploit the upper Almond sweet spot reservoir, but also were completed in 

lower Almond sandstones. Wells were hydraulically fracture-stimulated with volumes of fluids and 

proppant then considered large. This sweet spot was a major reason for the choice of ESSD as a 

study area. 

Subsequently there has been much infill drilling, since about 1985 mainly designed to 

exploit lower Almond gas reservoirs (Wanner et al., 1979; Tobin et al., 2010). Current operators 

continue infill drilling to this day, including Anadarko E&P Company LP, BP America Production 

Company, Cabot Oil & Gas, Coleman O&G Inc., ConocoPhillips Company, Devon Energy 

Production Company, Kerr-McGee Oil & Gas Onshore LP, Mak-J Energy, Marathon Oil 

Company, Petrogulf Corporation, QEP Energy Company, Samson Resources Company, and 

Wexpro Company. Rates and reserves from lower Almond reservoirs are much less than those 

from ESSD sweet spot wells that produce from the upper Almond sandstone (Tobin et al., ibid). 
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Figure 6.2 Gas production in the Echo Springs/Standard Draw (ESSD) area (red shading). 
Sinuous lines indicate the western and eastern limits of the trend of thickest upper Almond 
sandstone (Fig. 6.7). Red dots are wells in which upper Almond tops were correlated for this 
study. Key stratigraphic cross sections (A-A’ and B-B’; Figs. 6.6 and 6.8) are shown with the black 
and blue lines. Mesaverde structure is shown with black contours (c.i. = 500 ft., 152 m). 
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Almond sandstone reservoirs in the ESSD area display several features characteristic of 

TFG reservoirs: 

1) Burial depths are 8,500 to 11,500 ft. (2,600 to 3,500 m); 

2) Permeabilities are less than 10 md, and mostly less than 1 md; 

3) Fluid pressures exceed hydrostatic pressure, and are in the range of 0.52 to 0.58 

psi/ft. (12.4 to 13.2 kPa/m) (McPeek, 1981; Meshri and Walker, 1990; Heasler 

and Surdam, 1992);  

4) Little water is produced from the upper Almond reservoir, although lower Almond 

reservoirs produce enough associated water to create operational problems; and 

5) There is no known gas/water contact for this field, at least within the upper 

Almond sandstone reservoir. 

 

In order to compare well-to-well production it is necessary limit consideration only to wells 

completed in the upper Almond sandstone, or else those with relatively little thickness of reservoir 

completed in the lower Almond.  This was done by inspection of completed intervals on well logs. 

Also, only wells completed before 1985, i.e., within ten years of discovery of the field, were 

considered because: 1) later-drilled wells may have suffered from drawdown of reservoir 

pressure; 2) use of later-drilled wells would require extrapolation of production to estimated 

ultimate production (EUR), a task considered outside the scope of this study; and 3) the majority 

of post-1985 wells were only completed in lower Almond reservoirs.  

Based on mapping of cumulative gas production from pre-1986 upper Almond wells (Fig. 

6.3), the upper Almond sweet spot forms a distinct north-south trend. There is variability in 

production between wells in the sweet spot that can be overlooked because of the high density of 

wells. However, the wells producing the largest volumes of gas were drilled within the main 

sandstone trend at structurally high locations, i.e., above -2,600 ft. (-794 m). Structurally high 

wells (n=58) average 11.0 BCFG per well. The four best producing wells (>20 BCFG) lie 

structurally higher than -2,233 ft. (-681 m). Conversely, the average production from 33 wells at 

elevations of -2,613 ft. (-796 m) and -3,550 ft. (1,082 m) is 3.0 BCFG. Wells producing from the 

lowest parts of the reservoir, below -3,550 ft. (1,082 m) produce less than 0.6 BCFG. The 

average gas production from wells above -2,600 ft. (794 m) is about four times greater than 

production from wells at elevations between -2,600 ft. (794 m) and -3,550 ft. (1,082 m), a factor of 

about four.  

Average initial producing rates (IPs, not illustrated) are about two times greater in 

structurally higher versus structurally lower wells (2,778 MCFGPD per day versus 1,712 

MCFGPD). The maximum IP for a structurally high well was 26,000 MCFGPD, versus a 

maximum of 5,222 MCFGPD from the best structurally lower well. 
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Figure 6.3 Per-well cumulative gas production, ESSD area. Only wells completed in the upper 
Almond sandstone before 1986 are included, i.e., when the upper Almond sandstone was the 
primary drilling objective, and after only 10 years of pressure drawdown. Large black dots are 
cored wells used in this study. Sinuous black lines include the main producing trend (Fig 6.7). 
Mesaverde structure is shown with black contours (c.i. = 500 ft., 152 m). Gas recoveries from 
structurally higher wells are as much as 100 times more than in structurally lower wells. 



 

 170 

Legacy core analyses allow characterization of reservoir quality. Porosity, permeability, 

and R35 (35th percentile pore-throat sizes estimated by the method of Winland, 1976; Section 3.4) 

vary with structural elevation, suggesting that reservoir quality is related to hydrocarbon 

emplacement. Fracturing is suggested by a few data points with low porosities and high 

permeabilities (Fig. 6.4). Considered with the production data (Fig. 6.3), one might infer that there 

may be structural influence on reservoir quality. This was a major motivation behind this study. 

 
 
 
6.1 Well-log Lithology, Stratigraphy, and Reservoir Continuity 

 

The major reservoir at ESSD is an upper Almond sandstone. Field-scale evaluation of 

stratigraphy and sandstone distribution was based on logs from 926 wells, which were either 

porosity and resistivity suites or else through-casing thermal neutron logs (Fig. 6.5). 

Rock types in the Almond Formation in the ESSD area that are easily discernible from 

well logs alone are few, i.e., sandstone, shale, and coal. Using these lithotypes and well-log 

correlations, the Almond Formation can be subdivided into four intervals (Martinsen et al., 1995), 

including a topmost upper Almond marine interval. Each of these intervals is a “relatively 

conformable, upward shallowing cyclic succession…of rock types bounded by transgressive 

marine shales”, i.e., parasequences as defined by Van Wagoner et al. (1990). The upper Almond 

interval (or parasequence) is the focus of this study (Fig. 6.6).  

The lower three Almond zones of Martinsen et al. (1995) produce gas and contain almost 

all of the coal beds, but the sweet spot production comes from the upper Almond interval. The 

upper Almond sandstone bed in the thickest upper Almond sandstone trend is 20 to 50 ft. (7.62 to 

15.2 m) in thickness (Fig. 6.7), and contains one or two sporadic beds less than two ft. (0.6 m) 

thick of shalier or lower porosity sandstone. West of the main trend the Echo Springs interval 

becomes thinner and contains numerous shaly interbeds. East of the main trend the upper 

Almond sandstone thins to a single thin sandstone less than 3 ft. (1 m) (Fig. 6.7). The upper 

Almond sandstone thins from north to south roughly coincident with the Creston Nose (Fig. 6.8), 

suggesting Almond-age paleostructural uplift. 

It would be possible to subdivide this unit into multiple prograding sandstone units. 

However, the upper Almond sandstone is here treated as a single continuous stratigraphic unit. 

This approach is supported by admittedly minimal pressure data from drill-stem tests (DSTs). 

Two wells with useable DST pressures in the upper Almond Formation (Fig. 6.9) were: 1) tested 

early in the life of the field (pre-1990), 2) were tested in the ESSD interval exclusively, 3) had 

detailed DST records available from the WOGCC to allow pressure build-up analyses, and 4) 

were not damaged or too tight to build pressure during shut-in periods. These data were 

subjected to Horner (1951) type analyses to determine static reservoir pressures (P*; Table 6.2). 
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Figure 6.5 Type logs, ESSD area. Logs are from the BP America 261 Champlin #C-12D (Sec. 3, 
T18N, R93W). The Asquith marker (“Asquith mkr”) is divided into upper (brown) and lower 
(orange) units. The ESSD interval (“ES int”) can be subdivided into upper and lower units (green 
and yellow), but was treated as one hydraulic unit in this study. Gamma ray curve is on left. 
Resistivity curves are in the middle. Density and neutron porosity curves are on the right. “mkr” = 
marker. 
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Figure 6.7 Thickness of the upper Almond sandstone, ESSD area. Mapping is similar to Horn and 
Schrooten (2001). Black dots indicate wells with studied cores. Blue line is the location of the 
stratigraphic cross section in Figure 6.8. Mesaverde structure is shown with black contours (c.i. = 
500 ft., 152 m). Sinuous black lines are limits of the thickest upper Almond sandstone, which is 
the main gas reservoir. 
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Figure 6.9 Reservoir pressure gradients estimated from Horner-type analyses of DST shut-in 
pressures in the upper Almond sandstone, ESSD area. Mesaverde structure is shown with black 
contours (c.i. = 500 ft., 152 m). Brown lines are surface faults (Love and Christiansen, 1985). 
Sinuous black lines show limits of main ESSD reservoir sandstone. Red rectangle shows limits of 
the ESSD study area.  
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Table 6.2 Horner analyses of DST pressures, two upper Almond wells in ESSD. P* = static 
reservoir pressure as estimated from Horner analysis. 

Well 

API 

Number 

(First 10   

digits) 

Location 

(Sec.-

Tsp.-

Rge.) 

DST 

Interval 

(ft.) 

Gauge 

P* 

(psi) 

Pressure 

Gradient 

(psi/ft.) 

Depth 

(ft.) 

Elev. 

(ft.) 

P.T.S., #3-

36X State 
4903721326 

36-20N-

93W 

9632-

96381 
10,107 -3,085 5,243 0.519 

C.I.G., #1-26-

19-93 
4900720396 

26-19N-

93W 

8852-

8901 
8,857 -1,973 5,172 0.584 

1 Interval misreported on DST report when compared to well-log depths. 

 

There is an anomalous increase in pressure gradient in the structurally higher well. This 

pressure differential can be used to investigate possible pressure continuity between these two 

wells. If P* were simply a function of depth of burial, then the shallower well would have a P* 

about 543 psi (3,744 kPa) less than the deeper well, assuming: 1) formation water with 23,000 

ppm total dissolved solids (TDS), an average estimated from data of Meshri and Walker (1990) 

and Smith and Surdam (1996); 2) formation-water density (w) of 1.004 g/cm3 at reservoir 

conditions (0.433 x w; Schowalter, 1976); 3) a resultant water-phase pressure gradient (gradP) 

of 0.435 psi/ft. (9.83 kPa/m) (0.433 x w, Schowalter, ibid); 4) an observed difference in burial 

depth (D) of 1,250 ft. (381 m); 5) average reservoir temperature of 181oF (82.8oC) from logs on 

the C.I.G., #1-26-19-93 well; 6) reservoir pressure equal to the average of the P* values above, 

i.e., 5207.5 psi (35,904 kPa); and 7) the equation: P = gradP x D. 

Instead, the shallower well has reservoir pressure only 71 psi (490 kPa) less than the 

deeper well. This represents an excess of 472 psi (3,254 kPa) in the shallower well. What might 

explain the higher-than-expected pressure?  

The excess pressure may be explained as the result of buoyancy pressure in a gas 

column in the upper Almond sandstone. There is a difference between the DST-gauge elevations 

in these two wells of 1,112 ft. (338.9 m). If the reservoir rock between these two wells is filled with 

gas in pressure continuity, then the resultant buoyancy pressure (Pb) would be about 362 psi 

(2,496 kPa). This estimate assumes in situ gas density of 0.269 g/cm3 (discussed below), and 

was calculated according to the relationship of Schowalter (ibid): Pb = H x 0.433 x (w - g), 

where H = difference in elevation (ft.), w = density of water (g/cm3), here taken as 1.004 g/cm3; 

and g = density of gas (g/cm3), here taken as 0.269 g/cm3. 

This type of analysis is prone to errors in the estimates of water and gas densities 

(Hashem et al., 2011), so care must be taken in choosing these parameters. The water density 

was estimated as explained above. Gas density was estimated from the reported gas specific 
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gravity of 0.76 (Oil and Gas Field Symposium Committee, 1992, p. 367), which is similar to that 

reported at nearby Baldy Butte Field-Almond Field (0.671, Townships 17-18N, Range 92W) 

(Cramer and Stallings, 1998). According to Craft and Hawkins (1991), a reasonable value for gas 

compressibility would be 1.05 (based on Tpc = 392oR, Ppc = 655 psia, Tpr = 1.63, Ppr = 7.95). 

According to Schowalter (ibid), gas of this specific gravity, temperature, pressure, and z-factor 

would have an in situ density of about 0.253 g/cm3.  

The Horner-extrapolated pressure anomaly is somewhat greater than the estimated 

buoyancy effect. Still, given the probable errors in the assumptions behind this analysis the 

anomaly supports gas buoyancy pressure. If so, then this anomaly also suggests that the 

reservoir is physically continuous and in pressure continuity at least between these two wells. 

 
 
 
6.2 Core-based Lithofacies 

 

Almond cores from eight wells were examined in order to choose candidates for more 

detailed studies (Table 6.3). There were five wells with appropriate cores in the correct 

stratigraphic interval. Each well except one (Marathon #1-2 Standard Draw Federal) also had 

open-hole well logs adequate for calculations of porosity and water saturation. The Marathon well 

had cased-hole logs that were used for porosity calculations.  

Classifications of rock types were done on the basis of: 1) distributions and thicknesses 

of well-log lithotypes; 2) core characteristics, including sedimentary structures; burrow 

abundances and types; proportions of sand, silt, clay, coal, and carbonate material; and other 

features (Table 5.3). The lithofacies so determined are very similar to those seen in the Arch area 

(Section 5.2) and were categorized with the same parameters (Table 5.2). 

 

Table 6.3 Wells with cores and core data that were utilized in this study. Desc = description, Ana 
= analysis. API # = first 10 digits of API number (last four digits are zeroes). 

Well 

Core 
Desc 

Core 
Ana Location API # 

Standard Draw Federal #1-2 X X Sec. 2, T18N, R93W 4900720366 
Champlin 226-D #1 X X Sec. 5, T17N, R93W 4900720430 
Marathon Federal #1-2 X X Sec. 2, T19N, R93W 4900720302 
Champlin 237-E #1 X X Sec. 9, T17N, R94W 4903721040 
Monument Lake Unit #2 X X Sec. 9, T21N, R92W 4903720937 
Champlin 336-B #11 X  Sec. 7, T17N, R93W 4900720370 
Champlin 242-D #11 X  Sec. 11, T17N, R93W 4900720379 
Champlin 336-A #1 X  Sec. 21, T17N, R94W 4903720855 

1. Core is from the lower Almond interval. 
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6.2.1 Type A: Carbonaceous Mudstone and Coal (CM/C) 

 

Dark gray to black, carbonaceous mudstones are seen in the upper Almond in the ESSD 

area (not illustrated). They are associated with thin beds of black, sooty to vitreous, heavily 

cleated coal. Rocks of this type are uncommon in the ESSD interval in this area, and where 

present are less than three ft. (0.9 m) thick. 

 
 
 
6.2.2 Type B: Rippled and Burrowed Mudstone (RBM) 

 

The upper Almond interval in the ESSD area commonly contains mudstones and shales 

that are black to dark gray or brown, horizontally and wavy-parallel laminated where they are not 

burrowed or bioturbated, and variably silty, sandy, calcareous, and carbonaceous (Fig. 6.10). Silt 

laminae, where they are not bioturbated, are rippled, climbing, or starved. These mudstones 

locally contain oyster fragments that generally have blackened exteriors that suggest 

penecontemporaneous alteration. Burrows include Planolites and simple vertical sand-filled 

tubes. Locally they contain coal interbeds. Some burrows and oyster fragments are partially to 

totally pyritized.  

Locally Type B rocks also contain nodules of dense, gray-brown, aphanitic siderite (?) 

cement or mud. Very locally they have vertical synaeresis cracks filled with clay, pyrite, or calcite 

(e.g., Standard Draw Federal #1-2, 8711.9 to 8712.25 ft.).  

 
 
 
6.2.3 Type C: Carbonaceous Sandstone with Mudstone (CS/M) 

 

No rocks of this type were seen in the cores in the ESSD area. This may be the result of 

having selectively sampled cores from the thickest part of the ESSD sweet spot, in which such 

shalier sandstones might be less common than in the Arch Unit area. 

 
 
 
6.2.4 Type D1: Burrowed Sandstone with Thick Mudstone Laminae (BSLM) 

 

The upper Almond in the ESSD area contains sandstones that are medium to dark gray, 

moderately to well sorted, very fine to fine grained, non-calcareous, variably laminated with 

mudstones, and generally burrowed to bioturbated. Burrowers include Ophiomorpha, 

Thallasinoides, crypto-Macaronichnus, Skolithos, Planolites, and other unidentified forms (Fig. 

6.11). Laminations are wavy and horizontal if the rocks are not bioturbated. Shale intraclasts are 
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uncommon; in a few cases, they are surrounded by haloes of apparently diagenetic hematite 

(Champlin 226-D #1, 9110.9 to 9111.2 feet). 

 

 
Figure 6.10 Type B mud rocks in the upper Almond interval, ESSD area. UPPER LEFT: Starved 
silt ripples in mudstone, #1 Champlin 226 D-1, core depth 9115.75 ft. LOWER LEFT: Slightly silty 
mudstone, same well, 9062 ft. RIGHT: Type B silty mudstones with wavy laminations and 
siderite(?) (S) nodules and calcite-filled fractures (CF), Standard Draw Federal #1-2, 8712 ft. 
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Figure 6.11 Type D1 sandstones, ESSD area. LEFT: Bioturbated shaly sandstone, Marathon 
Federal #1-2 well, core depth 9510 ft. RIGHT: Ripple-laminated sandstone interbedded with 
mudstone, Standard Draw Federal #1-2, 8724 ft. core depth. 
 

Some ESSD Type D1 sandstones are light to medium gray, very fine to fine grained, and 

moderately to well sorted. These sandstones have sparse burrowing by crypto-Macaronichnus 

and Ophiomorpha. Laminations are horizontal-parallel, low angle inclined, and low angle trough 

cross laminations (Fig. 6.12). 

 
 
 
6.2.5 Type D2: Variably Laminated Sandstone (VLS) 

 

Type D2 sandstones are clean, rarely burrowed (generally by large forms such as 

Ophiomorpha), and commonly display horizontal parallel or wavy laminations or low angle cross 

laminations. They are light to medium gray, very fine to fine grained, well sorted, and in places 

contain abundant oyster fragments or shale lithoclasts. 
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Figure 6.12 Type D2 sandstones, ESSD area. LEFT: Clean sandstone with low angle parallel 
laminations and prominent subhorizontal Ophiomorpha burrows (O), Monument Lake #2, core 
depth 11,516 ft.  RIGHT: Clean sandstone with horizontal and inclined (tabular?) cross 
lamination, Amoco Champlin 226D #1, core depth 9092 ft. 
 
 
 
6.2.6 Type E: High-angle Cross-laminated Sandstone (HACS) 

 

There were no sandstones of Type E seen in these cores. However, there were intervals 

of core with high-angle parallel laminations that might have been seen to be cross laminated if the 

cores had been wider. However, sandstones with high angle parallel laminations were 

categorized as Type D2.  
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6.2.7 Type F: Horizontally Laminated Clean Sandstones (HLCS) 

 

Sandstones with parallel horizontal to low-angle laminations were common in these cores 

(Fig. 6.13). These sandstones also displayed sparse low angle reactivation surfaces and oyster 

fragments that are pink in color, which is taken to indicate relatively unaltered fragments (Fig. 

6.13). 

 

 
Figure 6.13 Type F sandstones, ESSD area. LEFT: Horizontally laminated, clean sandstone with 
oyster valve (upper right margin of core) in hydraulically stable position, Marathon Federal #1-2, 
core depth 9492.5 ft. RIGHT: Apparently structureless sandstone, possibly crypto-bioturbated by 
Macaronichnus, Amoco Champlin 226D #1, core depth 9104.5 ft. 
 
 
 
6.2.8 Type G: Low-angle Cross-laminated Sandstone (LACS) 

 

Type G sandstones were relatively uncommon. Where present, they have thin 

carbonaceous laminations and shale-chip clasts and low angle cross laminations in opposing 

directions. Flasers and clay drapes are seen in a few cores.  
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Figure 6.14 Type G sandstones, ESSD area.  Both samples are from the Amoco Champlin 336A 
#1 well, core depths 10,142 and 10,143 ft. LEFT: Sandstone with bidirectional, low angle ripples 
laminae and carbonaceous layers with “coffee-grounds” texture (CG), oyster fragments (Oy), and 
deformed anastomosing clay drapes (A), Marathon Federal #1-2, core depth 9491 ft.  RIGHT: 
Sandstone with low angle, bidirectional ripple laminae, clay drapes and flasers (CD), Amoco 
Champlin 336A #1, 10,642 ft. core depth. 
 
 
 
6.2.9 Type H: Oyster Coquinas (OC) 

 

Oyster debris is much less common in these cores than in the cores in the Arch Unit 

area. Oyster fossils occur as isolated valve fragments and are abundant in a few cm-thick beds 
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(e.g., Standard Draw Federal #1-2 core, 8715 ft. depth; Marathon Federal #1-2 core, 9493.75 ft. 

depth). 

 
 
 
6.2.10 Type I: Bioturbated Shaly Sandstone (BSS) 

 

At the very top of some upper Almond sandstone intervals are found heavily bioturbated, 

shaly sandstones. These are medium to dark gray, very fine grained to fine grained, strongly 

burrow mottled to bioturbated (Fig. 6.15). Burrows include Thallasinoides, Rossellia(?), and 

Ophiomorpha. They are non-calcareous and lack pyrite. 

 

 
Figure 6.15 Type I sandstones, ESSD area. LEFT: Bioturbated shaly sandstone (O = 
Ophiomorpha), Amoco Champlin 226D #1, core depth 9086-9087 ft. RIGHT: Bioturbated 
sandstone, Monument Lake Unit #2, core depth 11,510 ft. 
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6.2.11 Depositional Environments 

 

Depositional environments were assigned to the rock types on the basis of criteria 

identical to those used in the Arch Unit area (Table 6.4). The interpretations were conditioned by 

literature indicating that the upper Almond was deposited in a broad concave-westward marine 

embayment (Section 4.1.2), in paludal and microtidal marine environments. 

Based on those criteria, ESSD upper Almond depositional environments were similar to 

those in the Arch Unit area, except that there are fewer indications in the ESSD area of tidal 

deposition, and almost none of oyster deposits (Table 6.5). Another difference is that rocks 

termed “lagoonal” in the Arch Unit area are here termed “bay” because of the dearth of 

associated rocks considered to be of tidal origin and of marsh deposits. 

 
 
 
6.3 Structure and Paleostructure 

 

Martinsen et al. (1995) interpreted syndepositional faulting of the Almond Formation in 

the ESSD area on the basis of subsurface correlations of the lower Almond interval. Favret and 

Clawson (1997) reported that lower Almond and Lewis Formation stratigraphic changes appear to 

coincide with faulting mapped on 3D seismic at the deeper Mississippian Madison level. This 

implies fault motion penecontemporaneous to upper Almond sandstone deposition. No faults 

were recognized in the stratigraphic work done here, but recognizing them from well-log 

correlations would not be expected because of the nature of the stratigraphy. However, uplift and 

perhaps faulting during upper Almond deposition is indicated by publications cited in Section 4.2.   

The thicknesses of multiple intervals above the Almond Formation were mapped in order 

to investigate paleostructure in the area.  The oldest mapped interval included rocks between the 

top of the Fox Hills Formation and the top of the Almond Formation (Fig. 6.16). Formation tops 

from both personal work and the I.H.S.  Energy Group (Denver, Colorado) database were used in 

constructing this map. Thickness increases regionally eastward with no indication of structural 

complications in the ESSD area, implying general eastward paleo-slope during the time 

immediately following deposition of the Almond Formation. 

Mapping the thickness of Eocene beds is necessary to evaluate paleostructure during 

hydrocarbon generation. However, the oldest formation preserved over the axis of the Creston 

Nose is the main body of the Eocene Wasatch Formation (Fig. 4.12), which precludes mapping 

the thickness of formations younger than the Paleocene Fort Union Formation.  
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Table 6.5 Occurrences of rock types in ESSD intervals in cored wells, ESSD area. Locations and 
API numbers of these wells are found in Table 6.3. 

Well A B C D1 D2 E F G H I 

Marathon Federal #1-2    5.7 26  1.4 1.5  5 
Standard Draw Federal #1-2  22  14.9       
Amoco Champlin 226D #1  6.8  0.3   22.1   3 
Amoco Champlin 336A #1 5.1 21.1      17.9   
Monument Lake #2    9.3 9.3     4.5 
Amoco Champlin 237E #1 0.5 8.3  0.3 11.0      

 
 

 
Figure 6.16 Thickness of the interval from the top of the Fox Hills Formation to the top of the 
Almond Formation. On the assumption that all the accommodation was filled during deposition, 
this map implies regional east dip across the ESSD area, with no structural complications being 
evident at this scale. Control wells shown by black dots. Surface faults (brown lines) and Lewis-
Fox Hills outcrop on the Rawlins Uplift (gray shading) are from Love and Christiansen (1985). 
Red dot is the location of the well with the type log shown (Diamond Shamrock Federal #14-4, 
Sec. 4, T17N, R93W). Mesaverde structure is shown with black contours (c.i. = 500 ft., 152 m). 
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Correlation of formations lying stratigraphically above the Fox Hills Formation was 

accomplished in more than 200 wells. Correlations were started at wells that had been analyzed 

by U.S. Geological Survey geologists (Tyler, 1978, 1979a,b; Bucerl, 1982; Tyler et al., 1982; 

Bucerl-White, 1983). They recognized two intervals not reported elsewhere in the literature: an 

unnamed Tertiary/Cretaceous interval above the Lance, and an unnamed upper Paleocene 

interval above the Fort Union. There are sandstone layers at the bases of those intervals that 

enabled correlating the Lance and Fort Union formations, which in this work includes the 

unnamed Tertiary/Cretaceous unit (Fig. 6.17). 

 

 
Figure 6.17 Stratigraphic cross section Z-Z’ of beds above the Fox Hills Formation, ESSD area. 
Location of cross section is shown in Fig. 6.18. Datum is the unconformable top of the Lance 
Formation, under an unnamed Tertiary/Cretaceous unit (treated here as part of the Fort Union 
Formation). Note that all these beds except the basal sandstone of the unnamed upper 
Paleocene unit thicken to the north; the latter thins to the north into the Creston Nose. 
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Isopach maps of the Lance, and Lance-to-Fort Union intervals (Figs. 6.18 and 6.19) 

suggest that the Rawlins Uplift and Creston Nose were not positive areas during latest 

Cretaceous and early Paleocene time. Instead, they indicate that regional dip was generally 

northerly, which would not have been a trapping configuration for the upper Almond sandstone in 

the ESSD area. 

 

 
Figure 6.18 Thickness of the Lance Formation, ESSD area (color fill; c.i.=250 ft., 76 m). Northerly 
regional paleo-slope is indicated on the assumption that accommodation was completely filled 
during Lance deposition. Blue line shows location of cross section Z-Z’ (Fig. 6.17). Two key wells 
with tops picked by U.S.G.S. personnel are shown with magenta circles. Lance outcrop and 
sparse surface faults (brown lines) are from Love and Christiansen (1985)  Mesaverde structure 
is shown with black contours (c.i. = 500 ft., 152 m). 
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Figure 6.19 Thickness of the Fort Union Formation combined with the unnamed 
Tertiary/Cretaceous unit, ESSD area (color fill, c.i.=250 ft., 76 m). Northerly regional paleo-dip is 
indicated. Mesaverde structure is shown with black contours (c.i. = 500 ft., 152 m). 

 

The unnamed upper Paleocene couldn’t be correlated very far from the wells in U.S.G.S. 

tops picked. However, correlatable wells display thicknesses that suggest that the Rawlins Uplift 

and Creston Nose may have been rising during latest Paleocene time (Fig 6.20), i.e., the 

thickness of that interval decreases toward the Rawlins Uplift and Creston Nose. This is 

interpreted to indicate change in local dip in the ESSD area from generally northward to 

westward. The easterly pinchout of the ESSD reservoir and dips north and south from the 

Creston Nose would create a conventional combination stratigraphic/structural trap in the ESSD 

upper Almond sandstone. 

 



 

 193 

 
Figure 6.20 Thickness of unnamed upper Paleocene unit, ESSD area (color fill; c.i. = 50 ft., 15 
m). A rising Rawlins Uplift and Creston Nose are interpreted on the assumption that 
accommodation was completely filled during deposition of this unit. Mesaverde structure is shown 
with black contours (c.i. = 500 ft., 152 m). 
 
 
 
6.4 Petrography 

 

Fourteen representative core plugs were personally chosen from five key cores at the 

U.S. Geological Survey Core Research Center, Lakewood, CO (Table 6.6). Thin sections were 

prepared from end pieces or slices of core plugs by Mark Mercer of Petrographics Incorporated, 

Montrose, CO.  
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Table 6.6 Thin section samples from the ESSD area. Elevations are in feet with respect to sea 
level. USGS CRC # is the reference number of the sampled core at the U.S. Geological Survey 
Core Research Center, Lakewood, Colorado. “Sandstone Type” refers to the gross sandstone 
type from inspection of core and thin section samples: clean (yellow) = low in clay (less than 9% 
matrix and less than 6% clay cement); shy (green) = shaly (9% or more matrix or greater than 6% 
clay cement), lam = laminated clay, disp = dispersed clay, biot = bioturbated, carb (blue) = heavily 
carbonate cemented (>15% carbonate cement). 

Well 

Sample 
Depth 

(ft.) 
Elevation 

(ft.) API # CRC # 
Sandstone 

Type 

Standard Draw #1-2 8675 -1,839 49007203660000 W125 clean 
Standard Draw #1-2 8685 -1,849 49007203660000 W125 clean 
Champlin 226-D #1 9090 -2,425 49007204300000 C059 shy-disp 
Champlin 226-D #1 9092 -2,427 49007204300000 C059 shy-disp 
Champlin 226-D #1 9108 -2,443 49007204300000 C059 clean 

Marathon Federal #1-2 9477 -2,453 49007203020000 W126 shy-disp 
Marathon Federal #1-2 9482 -2,458 49007203020000 W126 clean 
Marathon Federal #1-2 9487 -2,463 49007203020000 W126 shy-disp 
Marathon Federal #1-2 9501 -2,477 49007203020000 W126 shy-disp 

Champlin 237-E #1 10174 -3,480 49037210400000 S232 clean 
Champlin 237-E #1 10184 -3,490 49037210400000 S232 carb-shy/lam 

Monument Lake Unit #2 11510 -4,520 49037209370000 S332 carb-shy/biot 
Monument Lake Unit #2 11516 -4,526 49037209370000 S332 clean 
Monument Lake Unit #2 11522 -4,532 49037209370000 S332 clean 

 

Five core plugs were chosen for analysis of porosity, permeability, and grain (matrix) 

density by Core Laboratories, Lakewood, CO using their CMS® device (Table 6.7). Core analyses 

were performed, and thin sections were prepared, as described in Chapter 3. Thin section point 

counts also were performed as described in Chapter 3 (Tables 6.7 and 6.8). 

Thin section petrography of the samples from the ESSD area is generally similar to that 

of the Arch Unit (Chapter 5) in that:  

1) Sandstones are litharenites and sublitharenites (Fig. 6.21); 

2) Dissolution macroporosity is ubiquitous (Figs. 6.22 and 6.23). Even though these 

pores are relatively large (0.1 mm or more), they are not well connected; matrix 

permeabilities are in the range of 0.1 to 0.5 md; 

3) Clay and matrix content are generally low. Most of the clay appears to be associated 

with dissolution of rock fragments. There is very little pore-filling clay, although it does 

occur (Fig. 6.24). Low clay content is largely an artifact of the sample-selection 

process being biased toward the better reservoir rocks; 

4) Thin quartz overgrowths predate much of the dissolution of feldspar and rock 

fragments,  and the formation of carbonate cement (Fig. 6.25);  

5) Only minor traces of muscovite, biotite, garnet, and carbonaceous material are 

present 
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6) Plagioclase feldspar grains are partially crushed and “dusty” in appearance due to 

the presence of microcrystalline alteration products (sericite?) (Fig. 6.26); 

7) Ferroan dolomite (stained blue during thin section preparation) is abundant and 

replaces dolomite that replaces very rare calcite (Fig. 6.27). Interestingly, at least 

some of the iron in the ferroan dolomite appears to have been leached from adjacent 

rock fragments (Fig. 6.28). There is little evidence of dissolution of carbonate cement. 

8) The more labile rock fragments are compressed into pseudomatrix and subjected to 

intense dissolution (Fig. 6.29). 

9) There are very sparse fossil fragments (possible pelecypods, one bryozoan) and 

silicified coated grains. 

10) Like sandstones in the Arch area (Section 5.5), ESSD Almond sandstones can also 

be categorized as “clean” (<9% matrix and <6% clay cement), “shaly" (>9% matrix or 

> 6% clay cement), or “carbonate cemented” (>15% carbonate cements).  

 

However, as similar as the diagenetic processes appear to be between the Arch Unit and 

ESSD  areas, there are important ways in which samples from the ESSD area differ from those in 

the Arch Unit area: 

1) There is a complete lack of K-feldspar in these samples; 

2) There is indication of greater burial compaction than in the Arch Unit area. The 

tightness of quartz-grain contacts increases with depth, as might be expected when 

the difference in burial depth between the shallowest and deepest samples is about 

2,850 ft. (869 m) (Fig. 6.30). Like the samples in the Arch Unit area (Fig. 5.51), there 

is no apparent difference in this effect between clean, shaly, and carbonate-rich 

samples, except that the carbonate-rich samples show slightly less tight grain 

contacts. There are pressure shadows in quartz grains in the Monument Lake #2 that 

were not seen in the other wells, suggesting greater compaction in the Monument 

Lake area. 

3) There is evidence of longer term and more abundant development of quartz 

overgrowths (Fig. 6.31). Quartz overgrowths formed both before and after carbonate 

cementation. 

4) There also is evidence of longer term development of carbonate cement post-dating 

significant dissolution of rock fragments (Figs. 6.32 and 6.33). 

5) The heavily carbonate-cemented sandstones were cemented later during burial than 

the carbonate-cemented sandstones in the Arch Unit area; they display as much or 

more compaction than the superjacent rock samples, unlike the Arch Unit carbonate-

rich sandstones. 
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Figure 6.21 Composition of grains in the upper Almond sandstone, ESSD area. Colors of dots 
indicate gross lithology as explained in Table 6.6. Numbers next to dots are sample depths. The 
deepest samples (11,512 and 11,522 ft.) have the highest lithic contents; the shallowest sample 
has the lowest lithic content.  
 

 
Fig 6.22 Major diagenetic processes in the Almond sandstone, ESSD area. Marathon Federal #1-
2, core depth 9,482 ft. Q = quartz grain. FeD = dolomite grain (or cement?) with margins replaced 
by ferroan dolomite. RF= partially dissolved rock fragment. Pc= partially dissolved plagioclase 
grain. OG = quartz overgrowth. P = intergranular pore. OG = quartz overgrowth. 
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Figure 6.23 Examples of dissolution porosity, ESSD area. Marathon Federal #1-2. LEFT: 
Oversized pore (OP) and dissolution porosity (SP) from dissolution of a rock fragment. Quartz 
cement (QC) predates pore-filling dolomite cement (DC). Core depth 9,487 ft. RIGHT: Dissolution 
pore (SP) with abundant remnant fragments, possibly a rock fragment with labile and less labile 
(quartz) crystallites. Core Depth 9,501 ft. 

 

 
Figure 6.24 Pore-filling clay (PFC), probably kaolinite, ESSD area. Amoco Champlin 226D #1, 
core depth 9,108 ft. Pore-filling clay is rare in these samples. 
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Figure 6.25 Early quartz overgrowths, ESSD area. LEFT: Quartz overgrowth (OG) formed before 
dissolution of a rock fragment (DRF), Amoco Champlin 226D #1, core depth 9,108 ft. RIGHT: 
Carbonate cement (C) that formed at least in part before maximum compression and quartz 
suturing; there are carbonate-crystallite rims on quartz grains (Q) that have been heavily 
overgrown by quartz, Marathon Federal #1-2, core depth 9,487 ft. 
 

 
Fig. 6.26 Crushed and altered plagioclase grain, ESSD area. Marathon Federal #1-2, core depth 
9,482 ft. Pc = plagioclase grain. B = high relief, isotropic mineral grain (garnet?). Cht = chert grain 
sutured to plagioclase grain. LEFT: Plane light. RIGHT: Crossed polarizers. 
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Figure 6.27 Evolution of carbonate, ESSD area. A calcite grain (A, red stain) has been 
dolomitized (B, no stain) possibly before deposition as a clastic grain then altered to ferroan 
dolomite (C, blue stain). Amoco Champlin 226D #1, core depth 9,108 ft. 
 

 
Figure 6.28 Interpreted transfer of Fe leached from a rock fragment (brown) into ferroan dolomite 
rim on a dolomite grain, ESSD area. Standard Draw Federal #1-2, core depth 8,675 ft. LEFT: 
Textures and mineralogy at 10x magnification. RIGHT: 40x magnification. Note leached rim (LR) 
on rock fragment (RF) and Fe-enriched ferroan dolomite rim (FeD) on dolomite grain (D). 
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Fig. 6.29 Examples of pseudomatrix formation and dissolution, ESSD area. LEFT: Marathon 
Federal #1-2, core depth 9,477 ft.  A = relatively non-compressed rock fragment. B = rock 
fragment compressed into pseudomatrix. RIGHT: Monument Lake #2, core depth 11,516 ft. Q = 
quartz grain. OG = quartz overgrowth. DRF = rock fragments compressed into pseudomatrix then 
dissolved. 
 

 
Figure 6.30 Tightness of grain contacts versus elevation, determined by point-count analyses of 
ESSD thin sections. Blue dots are heavily carbonate-cemented sandstones; yellow dots are clean 
sandstones; green dots are shaly sandstones (defined in Table 6.6). Numbers next to data points 
are sample depths and R35 values (Winland, 1976; Section 3.5). 
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Fig. 6.31 Example of sutured and quartz-cemented sand grains, ESSD area. Marathon Federal 
#1-2, core depth 9,477 ft. LEFT: Plane light. RIGHT: Crossed polarizers. There appears to be 
little pore-filling or grain coating quartz cement in this sample. If there is quartz cement, it too has 
been compacted because almost all contacts appear to be sutured. This texture is variably 
developed and patchily distributed in all ESSD samples. 
 

  
Figure 6.32 Ferroan dolomite cementation occluding intergranular and dissolution pores, ESSD 
area. All the blue color is stained ferroan dolomite. LEFT: Central dolomite core (Do) is 
surrounded by replacive ferroan dolomite (blue; FDo). PFD = pore-filling dolomite. Q = quartz 
grain. DRF = partially dissolved rock fragments, with dissolution pores filled with ferroan dolomite 
(although this also could be replacement of rock fragments by ferroan dolomite). Monument Lake 
#2, core depth 11,510. RIGHT: Amoco Champlin 237E #1, 10,174 ft. LSP = large dissolution pore 
with remnant fragments, filled by ferroan dolomite (blue). 
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Figure 6.33 Dissolution pores filled with ferroan dolomite cement, ESSD area. Monument Lake 
#2, core depth 11,510. C and C? = chert grains. Q = quartz grain. Pc = plagioclase grain. LEFT: 
Plane light. RIGHT: Crossed polarizers. 

 

There is a distinct difference in the visual aspect of the most porous and permeable 

sample from the structurally highest well (Standard Draw Federal #1-2, core depth 8,675 ft.) 

compared to the most porous and permeable of the structurally lowest samples (Monument Lake 

#2, core depth 11,516 ft.) (Fig. 6.34). Samples from structurally low wells display 10 to 100 times 

lower permeability than the best sample in the structurally higher Standard Draw Federal #1-2 

sample (Table 6.7).  

 

 
Figure 6.34 Comparison of thin sections from the best ESSD structurally highest reservoir-rock 
sample to the best of structurally lowest samples. LEFT: Standard Draw Federal #1-2, core depth 
8,675 ft. Blue is intergranular and dissolution porosity. Core porosity is 18.49%; permeability is 
1.17 md. RIGHT: Monument Lake #2, core depth 11,516 ft. Core porosity is 8.64%; permeability 
is 0.015 md. 
 

Most of the following graphs are presented with y-axes scaled in structural elevation 

rather than depth; depths are shown with labels next to data points. The reason is that water 

saturation (Sw) in intergranular, water-wet reservoir rocks relates to height above free water, i.e., 
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elevation with respect to free water, rather than to burial depth, i.e. measured depth below the 

ground surface. If hydrocarbon emplacement has some effect on diagenesis, it is more likely to 

relate to elevation than to burial depth. 

Quartz cementation is greater at lower elevations and greater burial depths (Fig. 6.35). 

One might expect greater pressure solution of quartz grains at depth, with no net gain or loss of 

silica, which appears to be the case (Fig. 6.36). Still, quartz cementation shows wide variations 

from sample to sample. This suggests that the processes that generated quartz cement did not 

act equally at all elevations in the reservoir.  

There is no clear trend in carbonate cementation in the samples from higher elevations, 

but the two samples with the highest percentage of carbonate cement are structurally low (11510 

and 10184; (Fig. 6.37). There is a reciprocal relationship between quartz and carbonate cements 

(compare Figs. 6.35 and 6.37). If most quartz cementation preceded carbonate cementation, then 

quartz cement may have inhibited the formation of carbonate cement. If most of the quartz 

cement post-dates carbonate cementation, then carbonate cement may have inhibited quartz 

cementation. In either case, the processes that generated carbonate cements, like those that 

effected quartz cementation, did not act equally on all parts of this reservoir at any given 

elevation. 

Total cement increases in samples from structurally lower wells (Fig. 6.38), although not 

as much as one might expect from an overall decrease in porosity from about 13-18% in 

structurally higher samples to 8-9% in structurally lower samples. This may result from the 

decrease in the pore volume available for cementation due to compaction.  

Clay cementation is 5% or less at all elevations. Again, the reason is that these samples 

were selected for their low clay content and better reservoir quality. 

Dissolution is evidenced in these rocks. The complete absence of K-feldspar from all 

samples implies its removal by dissolution, or else some process that removed it from the 

sediments prior to burial. The latter possibility seems unlikely because K-feldspar is present in 

Arch Unit samples that do not otherwise differ materially from ESSD samples, either in their 

distance from source terrains, in their depositional environments, or in their gross composition. 

Samples from the Arch Unit area show progressive loss of K-feldspar with burial depth, at depths 

that are less than those at ESSD. This suggests that dissolution may have completely removed 

K-feldspar from ESSD sandstones at shallow burial depths. 

Percentages of rock fragments are less in samples from structurally higher wells (Fig. 

6.39).  The percentage of rock fragments displaying dissolution textures decreases in samples 

from structurally higher wells (Fig. 6.40). This seeming anomaly may be explained by more 

complete conversion of rock fragments into dissolution porosity and pseudomatrix in structurally 

higher locations, making recognition of dissolved rock fragments difficult. 
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Figure 6.35 Quartz cement versus elevation, ESSD area. Trends of samples with minimal and 
maximal quartz content were determined visually. If these trends are representative, then there is 
100% more quartz cement at lower elevations than at higher elevations, except in heavily 
carbonate-cemented samples (blue dots). However, the error bars are wide due to the small 
volumes of quartz cement in these samples (less than 10%). Wide variations in quartz cement at 
all depths indicate that either the processes that generated the quartz cements did not act 
uniformly throughout the reservoir (the preferred interpretation), or else sampling and point-
counting errors are obscuring the relationships. 
 

There is less plagioclase in samples from structurally higher wells, although the error 

bars are wide due to the small proportions of plagioclase in these samples (Fig. 6.41). This is 

accompanied by a reduction in the percentages of plagioclase grains displaying dissolution 

textures (Fig. 6.42). This may be attributed to the dearth of plagioclase grains (sampling error), to 

some unexplained differential resistance of some plagioclase grains to dissolution (systematic 

variation), or to more complete removal of plagioclase grains in samples from structurally higher 

wells, making recognition of dissolution textures more difficult. 
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Figure 6.36 Quartz as grains and as cement, calculated as percentages of rock matrix, 
ESSD area. Total quartz in these samples seems to vary within a narrow range of 43-
64%. Two carbonate-cemented samples are excluded from this graph on the assumption 
that carbonate cementation inhibited pressure-solution of quartz. These samples do not 
appear to be enriched in quartz by influx from outside the formation. Rather, quartz 
cement seems to be derived locally from quartz grains by pressure solution. 

 

Decreased solution textures in plagioclase grains at higher elevations are accompanied 

by similar decreased indications of solution textures in rock fragments (Fig. 6.40). These patterns, 

if real, are anomalous. They are explained by selective removal of rock fragments and 

plagioclase by more-complete dissolution. However, there is another explanation, i.e., greater 

winnowing of upper Almond sediments during deposition in rocks that are now structurally higher. 

This idea is favored by the interpretation of penedepositional uplift of the Creston Nose in the 

ESSD area (Fig. 6.7). However, the patterns in dissolution textures remain enigmatic. 
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Figure 6.37 Carbonate cement versus elevation, ESSD area. Dashed line showing maximal 
carbonate cement was determined visually. The two most carbonate-cemented samples are 
among the lowest and deepest. The two structurally lowest samples (11,516 and 11,522) that are 
low in carbonate cement also are high in quartz cement (Fig. 6.35). 
 

In most of the ESSD samples there is evidence in the thin sections for porosity loss due 

both to cementation and to compaction (measured by Ct, Fig. 6.30). The method of Houseknecht 

(1987) was attempted in order to evaluate the relative effects on porosity of cementation versus 

compaction. The results were ambiguous (Fig. 6.43). One of the key assumptions of this method 

is that IGV is “set” at deposition and is never increased subsequently. The evidence of dissolution 

porosity in these samples suggests that the method may not be valid for these upper Almond 

sandstones. 

It is apparent from the wide scatter in all of the data except grain-tightness that diagenetic 

processes did not affect all rocks in the ESSD reservoir equally. Alternatively, the sediments may 

have differed significantly at deposition. Probably both phenomena are correct. 
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Figure 6.38 Total cement versus elevation, ESSD area. Trends of minimal and maximal total 
cement were determined visually. The greater cementation in two samples from lower structural 
elevations (10184 and 11510) is due mainly to carbonate cementation; the third highly cemented 
sample (10174) is cemented mainly by quartz. Cementation processes apparently did not act 
equally on all samples at each elevation; samples 11512 and 11516 do not show elevated 
cementation. At the higher structural positions, shaly sandstones have generally less quartz 
cement than do the cleaner sandstones. 

 

 



 

 210 

 
Figure 6.39 Rock fragments versus elevation, ESSD area. Trends of minimal and maximal rock 
fragments were determined visually. Blue dotted lines are the values for carbonate-cemented 
sandstones in the Arch Unit area. Those samples are presumed to represent typical values for 
original Almond sandy sediments (Section 5.5). The percentages of rock fragments in ESSD 
carbonate-cemented samples are less than in the carbonate-cemented samples in the Arch Unit 
area. This suggests greater dissolution of rock fragments at ESSD prior to carbonate 
cementation. The samples with the lowest percentages of rock fragments are among the 
structurally highest samples. 
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Figure 6.40 Percentage of rock fragments displaying dissolution textures versus elevation, ESSD 
area. Trends of minimal and maximal solution textures were determined visually. The lower 
percentages in samples from structurally higher wells is taken to indicate more complete removal 
of rock fragments through dissolution, leaving little trace of the original rock fragments. 
 

 



 

 212 

 
Figure 6.41 Plagioclase versus elevation, ESSD area. Trends of minimal and maximal 
plagioclase were determined visually. The error bars are wide due to the small percentages of 
plagioclase present, but the trend seems to be decreasing plagioclase with higher elevations 
(lesser depths), possibly due to dissolution. 
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Figure 6.42 Percentage of plagioclase grains displaying dissolution textures versus structural 
elevation, ESSD area. Trends of minimal and maximal solution textures in plagioclase were 
determined visually. These data are taken as evidence that plagioclase grains are effectively 
removed at higher elevations. 
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Figure 6.43 Estimate of the contribution of cementation to the loss of IGV, ESSD area, by the 
method of Houseknecht (1987). Minimum and maximum trends (black dashed lines) were 
determined visually. The results are ambiguous, and in conflict with data showing that 
cementation is increased at lower elevations. This possibly is due to the violation of one of 
Houseknecht’s assumptions: no addition to IGV due to post-depositional solution processes. 
 
 
 
6.5 Role of Fractures 

 

Natural fracturing has been proposed as an explanation for the large differences in 

productive capacity of some wells at ESSD (Billingsley and Reinert, 1994; Iverson and Surdam, 

1995; Surdam, 1995; Smith and Surdam, 1996; Smith, 1995, 1998, 2001). However, other 

authors dispute this (Tilden, 1985; Meshri and Walker, 1990; Shaver and Towler, 1997; Burch 

and Cluff, 1997, 1998). Dunn et al. (1995) examined cores and image logs from a horizontal 

Almond well in the ESSD area (Champlin 254B #2H, Sec. 23, T20N, R93W, API 

49037232120000) and saw both open fractures and fractures filled with diagenetic cements; the 

open fractures had the smaller apertures (100 ). Evans et al. (1996) and Lorenz (1998) reported 

257 fractures in that core, with fracture densities ranging from two fractures per foot (two 

fractures/0.3 m) to fewer than one fracture per 100 ft. (<1 fracture/30 m); more than 50% of the 



 

 215 

fractures had spacings less than five ft. (1.5 m). However, gas production from this well is not as 

great as one would expect if the fractures were effective in improving bulk reservoir permeability 

(Dunn, ibid). Smith and Surdam (1996) inferred hydraulic continuity between the lower and upper 

Almond intervals based on the chemistry of produced water, and correlated total dissolved solids 

(TDS) to per-well productivity. However, their sweet spots are only a small part of the overall 

ESSD sweet spot as here defined, and appear to correlate to TDS only tenuously (their Figure 1-

17, p.10). Meshri and Walker (1990) concluded from pressure data and water chemistry that 

lower and upper Almond reservoirs at ESSD were not in pressure or hydraulic communication 

and that differences in Almond water chemistry resulted from diagenetic reactions. 

Verbeek and Grout (1997) describe eight fracture sets in upper Cretaceous outcrops on 

the Rawlins Uplift and Wamsutter Arch. They imply that these fractures ought to be present in the 

subsurface.  

Fractures were indeed observed in some ESSD cores, e.g., fractures in sideritic material 

in the Standard Draw Federal #1-2 core (Fig. 6.10). Those fractures are filled with calcite, but 

appear from their geometry to be gash fractures. A gash fracture is “a small-scale tension fracture 

that occurs at an angle to a fault and tends to remain open” (Neuendorf et al., 2005). But these 

gash fractures, if that is what they are, were rare and filled with cement. When the cores were 

sprayed with water, there was no evidence of imbibition of water into fractures too small to see. 

No open fractures were observed in the thin sections. A small percentage of core plugs display 

high permeabilities at low porosities (Fig. 6.4), which is evidence for open microfractures in those 

samples. The preponderance of evidence indicates to me that fractures cannot be postulated to 

add materially to reservoir permeability based on the published data or data from this research.  

 
 
 
6.6 Log Analysis and Petrophysics 

 

Porosity and water saturation were calculated for four of the five key cored wells, and 

also for four other wells (Table 6.9; Fig. 6.44), using methods similar to those discussed in 

Chapters 3 and 5. The task was made simpler by the standard resistivity and porosity-log suites 

that were available for all these wells except the Marathon #1-2 Standard Draw Federal well. That 

well had only through-casing density, neutron, and thermal neutron logs. In that well, standard 

core analysis data were used to calibrate the density log, but water saturation was not calculated.  

Normalizing the density logs was done by comparison of average bulk densities in the 

lower Lewis Formation, from below the Asquith marker to the top of the Almond Formation. By 

comparison of logs from 6 to 10 wells near each study well, it was determined that this interval 

should read 2.62 to 2.64 g/cm3 depending on the area within the field (Patchett and Coalson, 

1979). Normalizations were minimal, i.e., +0.02 g/cm3, except for the Monument Lake #2 well 
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(Table 6.10). The net changes in calculated porosity introduced by the corrections are 0 to 1.1 

percentage points for eight of the wells, and 2.2 percentage points for the Monument Lake #2 

well. 

 

Table 6.9 Wells utilized for log analyses, ESSD area. Desc = description, Ana = analysis. API # = 
first 10 digits of API number (last four digits are zeroes). Density Calib = well used to calibrate 
density logs to core porosity. 

Well 
Core 
Ana 

Log 
Ana 

Density 
Calib Location API # 

Standard Draw Federal #1-2 X X1 X Sec. 2, T18N, R93W 4900720366 
Champlin 226-D #1 X X X Sec. 5, T17N, R93W 4900720430 
Marathon Federal #1-2 X X X Sec. 2, T19N, R93W 4900720302 
Champlin 237-E #1 X X X Sec. 9, T17N, R94W 4903721040 
Monument Lake Unit #2 X X X Sec. 9, T21N, R92W 4903720937 
Federal #40-19-16-93  X  Sec. 19, T16N, R93W 4900720912 
Chambers Federal #1-24  X  Sec. 24, T20N, R93W 4903721318 
Buck Draw #29-2  X  Sec.29, T21N, R92W 4903726200 
Champlin 444 Amoco C #1  X  Sec.29, T17N, R93W 4900720447 
Champlin 278 Amoco B #1  X  Sec. 11, T18N, R93W 4900720424 
Polar Bar Unit #1   X Sec. 22, T14N, R96W 4903723037 
Champlin 254 B #2H   X Sec. 23, T20N, R93W 4903723132 
Arch Unit #58-22-1   X Sec. 22, T19N, R99W 4903705580 
Arch Unit #20-23-4   X Sec. 23, T19N, R99W 4903705578 
Arch Unit #9-18-2   X Sec. 18, T19N, R98W 4903705617 
Arch Unit #68-7-8   X Sec. 7, T19N, R98W 4903705642 
Arch Unit #16-7-1   X Sec. 7, T19N, R98W 4903705636 
1. Porosity calculations only 

 

Calibrating the density logs to porosity was achieved by establishing a relationship 

between core bulk density and core porosity (Fig. 6.45). Legacy core data with the necessary 

grain density data were available for only one well. Therefore, data from other core analyses in 

the Arch Unit and Polar Bar Unit areas were used. This is the same method employed in the Arch 

Unit area (Chapter 5).  

Density-log porosity calculations are subject to error where residual gas saturation is 

present in the flushed zone, which is the zone that density logs read. This error was estimated as 

less than 1.5 porosity units, which was not considered significant for this study. 

The deep reading induction curves were assumed to represent accurate measures of 

true resistivity without resort to borehole or bed-thickness corrections. This is appropriate for 

boreholes of these diameters filled with fresh mud and sandstones with these thicknesses. 
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Figure 6.44 Key cored wells and wells for which log calculations were performed, ESSD area. 
Red dots are key log-calculation wells. Blue dots indicate key cored wells. Yellow shading 
indicates ESSD thick sandstone trend (Fig. 6.7). 
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Table 6.10 Normalization parameters for density logs, ESSD area. LWISL = lower Lewis interval 
used for normalization. RHOB = bulk density (g/cm3). Bulk-shift correction applied to density logs 
in study wells is given in g/cm3.  

  

Offset 
Wells 

  

Well 
LWISL 
RHOB n 

Ave 
RHOB 

Correction 
Applied Notes 

Federal #40-19-16-93 2.61 10 2.63 0.02   

Champlin 444 Amoco C #1 N/A       
RHOB far too low in 
LWISL 

Champlin 237 Amoco E #1 2.64 9 2.63 -0.01   

Champlin 226 Amoco D #1 2.64 9 2.63 -0.01   

Champlin 278 Amoco B #1 2.61 8 2.62 0.01 Spikes in RHOB curve 

Marathon Federal #1-2 2.64 8 2.63 -0.01   

Chambers Federal #1-24 2.64 6 2.64 0.00   

Buck Draw #29-2 2.64 8 2.63 -0.01   

Monument Lake Unit #2 2.60 8 2.64 0.04 Washed out in LWISL? 

 

Parameters for Archie-type water saturation (Sw) calculations initially were derived from 

the method of Pickett (1973). The formation-water resistivity (Rw) at formation temperature that 

was used was a relatively fresh value of 0.15 ohm-m, which was consistent both with the Pickett 

plot (Fig. 6.46) and with data from Burch and Cluff (1997, 1998) derived from apparent water 

resistivities (Rwa’s) and water extracted from a core. It was assumed that Rw was the same in 

every well. Iverson and Surdam (1995) published a value of n equal to 2.04 that was used in 

constructing the graph. 

It is apparent from the Pickett plot that there are no sandstones in the studied wells with 

Sw = 100%, requiring that the line of 100% Sw must fall below almost all of the data points. The 

lowest resistivities are in sandstones with the highest gamma ray readings (70-80 API units; not 

shown), indicating greater shaliness. The 100% Sw line was placed through those data points 

using an m value of 1.8 and an Rw of 0.15 at formation temperatures. 

Note that the locations of data points on the Pickett plot do not show clearly which wells 

are the better producers (Table 6.11). The differentiation in Sw values implied by this plot does 

not relate very closely to the volumes of gas produced from each well as one might it expect that 

it would. This suggests that there may be an error in applying the Pickett plot in this manner. 

Pickett plots are a standard log-analysis method, but require the assumption that Rw 

does not vary between the wells being analyzed. Meshri and Walker (1990), Surdam (1995), 

Smith and Surdam (1996), Smith (1995, 1998, 2001); and Billingsley and Henry (2005) report 

multiple analyses of produced waters from the ESSD area with a wide enough range in salinity 

and Rw to affect Sw calculations. Bartberger and Pasternack (2010) report regional charging of 

Lewis and Almond gas reservoirs with fresher (higher Rw) formation-waters, charging that did not 

affect the structurally highest parts of several gas pools. Therefore, means of estimating Rw on a 

per-well basis were investigated. 
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Figure 6.45 Calibration of density logs to porosity data from core analysis, ESSD area. Solid line 
is linear regression analysis. Dashed line assumes a uniform grain density of 2.65 g/cm3. The 
linear regression equation noted on the graph was used to calculate density porosity in this study. 
 

 
Figure 6.46 Pickett plot, ESSD area. All nine study wells are plotted together. Archie m = 1.8; n = 
2.04, Rw = 0.15 ohm-m. There is little differentiation between better and worse producing wells.  
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Table 6.11 Production data from the key studied wells, ESSD area. From the IHS Energy 
database. Bbl = barrels, Comp = completion date. D&A = dry hole (never produced), Gas = 
currently producing gas well, P&A = plugged gas well, SI = shut-in gas well. EURG = estimated 
ultimate gas production. NR = not reported. MCF = thousand ft3. 

Well API # Comp 
Status 
(9/11) 

EURG 
(BCF) Gas (MCF) 

Oil 
(Bbbl) 

Water 
(Bbl) 

Standard Draw 
Federal #1-21 4900720366 6/1978 GAS 302 28,698,026 545,921 173,718 
Champlin 278 
Amoco B #1 4900720424 5/1979 P&A 15.83 15,814,573 390,351 12,574 
Champlin 444 
Amoco C #1 4900720447 8/1980 SI 12.42 12,415,644 295,024 12,299 
Champlin 226 
Amoco D #1 4900720430 5/1980 SI 8.53 8,533,173 248,673 7,236 
Marathon 
Federal #1-2 4900720302 12/1977 GAS 6.52 6,188,240 179,728 58,158 
Chambers 
Federal #1-24 4903721318 2/1990 GAS 1.62 1,434,963 9,735 3,702 
Buck Draw 
#29-2 4903726200 1/2006 GAS 0.82 488,668 11,054 10,037 
Federal #40-
19-16-93 4900720912 11/1983 SI 0.32 155,273 1,469 5,550 
Champlin 237 
Amoco E #1 4903721040 9/1978 D&A 0 0 0 0 
Monument 
Lake #2 4903720937 9/1978 D&A 0 0 0 0 

 1. No resistivity log (no Sw calculation). 2 Exponential extrapolation of production to 1,500 
MCFG/month limit. 3. Cumulative production from plugged wells or those producing at lower rates 
than 1,500 MCFG/month. 
 

Apart from Rw estimates from Pickett plots as above, or from other equivalent log-based 

calculations of Rwa, Rw also may be estimated from the analysis of: 1) the chemistry of produced 

water samples; 2) self potential (SP) logs; and 3) water samples extracted from cores. Results of 

the latter method for one ESSD well were reported by Burch and Cluff (1997, 1998), but similar 

additional data were not available for this study.  

The data of Meshri and Walker (1990) and Billingsley and Henry (2005) include chemical 

analyses of produced waters from the ESSD area. Most of the samples are from wells completed 

both in the upper Almond marine sandstone and in stratigraphically lower Almond sandstones of 

non-marine origin, leading to probable mixing of unlike waters in most of the water samples.  

Yet there are ten water samples between those two databases that apparently were from 

wells perforated exclusively in the ESSD upper Almond marine sandstone (Table 6.12). The most 

carefully sampled and analyzed samples are those of Meshri and Walker (1990). Again, the 

variability between the Rw values calculated from these analyses is great enough to affect Sw 

calculations. This suggested a need to estimate Rw for each study well.  

One way to do this is from SP logs. Rw values calculated from SP logs tend to be too 

high in formations containing hydrocarbons or clays; both are present in the ESSD area. 

Therefore, Rw calculated from SP curves was tested against Rw estimated from chemical 
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analyses (Schlumberger Oil Field Communications, 2000). SP values were read from well logs 

and corrected to static SP (Essp) values using standard methods (Table 6.13).  For ten wells from 

which Rw values were available from water chemistry, SP-derived Rw values were similar to 

those estimated from water chemistry (Fig. 6.47). These data suggest that Rw values calculated 

from SP logs may be accurate to within about +0.12 ohm-m, a very substantial variation in log 

analysis of Sw but possibly better than assuming a single Rw value for all wells. 

If these Rw values are more representative than a single Rw value of 0.15 ohm-m, then 

they would improve the log-calculated Sw’s. One way of appreciating this difference is by means 

of a Patchett plot (J.G. Patchett, pers. comm., 1974), which is a graphical method of estimating 

Sw similar in concept to the Pickett plot. Instead of plotting Rt versus porosity, one plots the ratio 

Rw/Rt. Otherwise, interpretation principles are similar. This method allows comparing data from 

wells with varying Rw’s. A Patchett plot of data from the nine ESSD study wells demonstrates the 

dramatic effect of the interpreted Rw values on calculated Sw’s, and separates poorer producing 

wells from better producing wells (Fig. 6.48). 

An anomalous value of m (i.e., 1.4) was used to make the Patchett plot. This value would 

be more typical of shalier sandstones than these, and suggests that the Rw values used are 

uniformly too high. Still, this graph has an advantage over a Pickett plot in that visualizing errors 

in Rw is easier. In either type of plot, errors in Rw and m tend to offset each other, and to result in 

Sw interpretations that allow comparison of values between wells, if not highly accurate Sw 

estimates. 

Clearly, some independent means of understanding, mapping, and predicting Rw would 

be valuable. However, Rw values from SP curves and water chemistry failed to show predictable 

map patterns other than a weak tendency of Rw to be higher in structurally lower wells within the 

Almond sweet spot sandstone (Fig. 6.49). 

The primary goal of making Sw calculations was to discover how Sw relates to elevation 

in this reservoir. Structurally higher wells tend to have higher porosity and lower Sw than 

structurally lower wells, as is apparent from log calculations (Figs. 6.50 and 6.51). 

A “Buckles” plot (Buckles, 1965) often is used to evaluate the saturation state of wells 

based on the relationship between porosity and Sw. The approach is often called a “bulk volume 

water” method (BVW, the product of porosity and water saturation) because data points falling 

along hyperbolic lines of equal BVW are considered to be at or close to immobile water saturation 

(Swi). The higher the equal-BVW value, the tighter the formation. Data points that do not follow a 

line of equal BVW are more likely to indicate the presence of mobile water, especially when they 

plot at high values of Sw. 

A Buckles plot was constructed for the key log-analysis wells (Fig. 6.52). The data 

suggest that all the calculated zones are at Swi, expect perhaps some of the data points in the 

Federal #40-19-16-93 well. 
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Figure 6.47 Comparison of Rw calculated from SP logs versus Rw estimated from the chemistry 
of produced waters, ESSD area. Methods are from Schlumberger Oil Field Communications 
(2000). Values are at estimated formation temperatures. Red dashed line indicates perfect 
agreement. Black line is linear regresssion. Standard error is +0.12 ohm-m (dashed black lines). 
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Figure 6.48 Patchett plot for nine study wells in the ESSD area. Archie m = 1.4; n = 2.04, Rw 
varies from 0.20 to 0.40 ohm-m. Varying Rw significantly changes the interpreted Sw values. 
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Figure 6.49 Rw values estimated from SP logs, ESSD area. Cyan dots are wells with SP curves 
from which Rw’s (red numbers) were estimated. Yellow dots are five cored wells, shown in cross 
section B-B’ (Fig. 6.50). Red dots are wells for which porosity and Sw were calculated (cross 
section D-D’, Fig. 6.51). Wide variability is shown, but inaccuracy of SP calculations is partly to 
blame. 
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Figure 6.52 Buckles plot, ESSD area. Occurrence of data points lying along hyperbolic lines is 
evidence of reservoir rocks at immobile water saturation. The farther northeast the points plot, the 
more likely they are to indicate mobile water. Only the Federal #40-19-16-93 well shows evidence 
of mobile water, and that is only in a small percentage of data points. 
 

When Sw is compared to structural elevations, it is clear that higher Sw values are seen 

at lower elevations (Fig. 6.53). It might be thought that the higher Sw values would be a sign of 

increasing mobile water. Yet there is little water produced from the ESSD sweet spot sandstone; 

most of the produced water comes from wells completed in both upper and lower Almond 

sandstones. Grain tightness estimates (Ct; Fig. 6.30) and core porosity and permeability data 

(Table 6.7) indicate that the ESSD sandstone in structurally lower locations displays smaller pore-

throat sizes, which is consistent with higher Swi values in structurally lower wells, The Sw-

elevation relationship structurally higher than about -3,550 ft. (-1,082 m) appears to be a normal 

saturation profile. However, the rock data and Buckles plot indicate that this reflects not increased 

mobile water saturation at lower elevations, but rather decreased pore-throats sizes and 

increased Swi. 

This phenomenon has several possible explanations, including: inaccurate Sw 

calculations; mere coincidence; or evidence of progressive loss of reservoir quality with depth due 

to cementation and/or compaction. Compaction as measured by Ct varies linearly with depth (Fig. 
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6.30), and may not fully explain the non-linear Swi-elevation pattern. A possible scenario is: 1) 

cementation that occurred during and/or after emplacement of hydrocarbons and establishment 

of a normal saturation profile, 2) volumes of cements that were thereafter limited by the volumes 

of water present, and 3) cementation that continued until halted by emplaced hydrocarbons. In 

other words, cementation was limited by the Sw distribution in a paleo-hydrocarbon column.  

Below about -3,550 ft. (-1,082 m), there is no apparent relationship between Sw and 

elevation, although there are only two data wells in that elevation range. Again, there are several 

possible explanations: 1) inaccurate Sw calculations; 2) compartmentalization of a reservoir in 

equilibrium with buoyancy; 3) lack of buoyancy due to the lack of mobile water or a gas/water 

contact; or 4) more advanced cementation below the original gas/water contact, in rocks that 

subsequently have become filled with gas.  The latter explanation is favored as the simplest 

explanation.  

 

 
Figure 6.53 Sw compared to reservoir elevation, ESSD area. Black dashed line indicates a 
normal-appearing saturation profile that exists down to about -3,550 ft. (1,082 m) elevation. 
However, there is no clear relationship between elevation and Sw at lower elevations. These 
saturations relate directly to the quality of average production at different elevations (arrows). 
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6.7 Source Rocks 

 

Tobin et al. (2010) suggest that Almond source rocks for the ESSD area are both gas 

and oil prone and contain predominantly Type III kerogens, but of relatively high-H content, with 

some admixture of Types I and II kerogens. Their modeling suggests that petroleum generation 

started as early as 53-55 Ma in the ESSD area. However, they model the start of petroleum 

expulsion as 41 Ma in the more deeply buried part of the area west of ESSD, and as late as 19 

Ma immediately east of the ESSD area. 

Tobin et al. (2010) generated fluid-inclusion data near the subject ESSD area that 

suggest that petroleum charging occurred at temperatures of about 80-140oC, which according to 

their time-temperature modeling would have occurred about 58-24 Ma in source rocks near the 

ESSD area. However, other modeling of theirs would put the charging at a later time if the source 

rocks were Almond source shales localized in the ESSD area. 

For this research, two samples received RockEval® analysis from GeoMark Research, 

Ltd. (Table 6.14). One sample was of shale from the upper Almond Formation in the Standard 

Draw Federal #2 well, located high on the Creston Nose. The other was of shale from the basal 

Lewis Formation immediately above the Almond Formation in the Monument Lake #2, located far 

down the north flank of the Creston Nose. The data from the deeper sample (Monument Lake #2, 

11507) are questionable because the sample is lean and the S2 value is low (Peters, 1986). 

Taken at face value, the Tmax data  indicate that the rocks have been subjected to thermal 

stresses sufficient to generate oil from Type I or II kerogens, but probably not much gas from 

Type III kerogen (Tmax 457oC)(Peters, ibid). There is a small difference in thermal maturity 

between structurally higher wells and structurally lower ESSD wells, which vary in elevation (and 

depth) by 2,810 ft. (856 m), but the deeper Tmax is questionable.  

 
 
 
6.8 Discussion 

 

The upper Almond reservoir at ESSD is atypical of TFG reservoirs in that it is 30 miles (48 km) 

long and 3 to 6 miles (5 to 10 km) wide (Fig. 6.2), which is much larger than many TFG reservoirs 

in the Rocky Mountain region. The upper Almond reservoir displays the geometry of a 

combination structural/stratigraphic trap, as it drapes over the west-plunging Creston Nose and 

pinches out updip to the east. The difference in elevation of gas-charged sandstones between the 

lowest and highest producing wells is more than 2,800 ft. (850 m). That is unusual for Rocky 

Mountain tight gas sandstones, but allows the possibility of detecting diagenetic gradients 

developed during progressive fill-up of this large hydrocarbon trap. 
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Table 6.14 RockEval® analysis of shale samples from the Lewis and Almond formations, ESSD 
area. PI = production index = S1 / (S1 + S2). S1, S2, and S3 in mg HC/g. Spl = sample depth. 
Carb = carbonate. TOC = total organic carbon. HI=hydrogen index (S2x100/TOC). OI = oxygen 
index = S3x100/TOC). PI = production index = S1/(S1+S2). 

Well 

Spl 

(ft.) 

Carb 

(wt %) 

Leco TOC 

(wt %) S1 S2 S3 

Tmax 

(
o
C) HI OI PI 

Standard Draw 

Federal #1-2 
8697 8.97 1.49 0.40 1.64 0.12 446 110 8 0.20 

Monument 

Lake #2 
11507 16.39 0.88 0.18 0.62 0.12 457 70 14 0.23 

 

The paragenesis interpreted for Almond sandstones in the ESSD area is similar to that of 

the Arch Unit area (Chapter 5). However, compaction and cementation by quartz and dolomite 

are farther advanced in the ESSD area (Fig. 6.54). 

One of the limitations of the point count data used here is that much of the porosity is too 

small to see under the maximum magnification of the petrographic microscope that was used. 

When the amount of microporosity was estimated for each sample for which companion core 

analyses had been made, by subtracting point-count porosity from total porosity measured on the 

core samples, the difference was large. There is more “invisible” porosity in many of these rocks 

than visible porosity (Table 6.15).  

An attempt was made to include this estimate of microporosity into the compositional 

analyses. The assumption was made that plagioclase grains and “other” (nondescript) grains, 

rock fragments, matrix and pseudo-matrix, and clay cements would be more likely to harbor 

microporosity than would quartz grains or cement, or would carbonate cements. Point-count 

volumes were recalculated (“renormalized”) to include the microporosity estimate by holding the 

point-count volumes of quartz grains and of quartz and carbonate cements constant, but reducing 

the percentages of more labile constituents by a factor necessary to add in the microporosity and 

still yield total volumes of 100% (Table 6.15), These whole-rock compositional data were then 

plotted against burial depth (Fig. 6.55).  

Note that the four heavily carbonate-cemented samples are not included in this analysis. 

These rocks appeared to entirely lack porosity and thus were not subjected to core-measured 

porosity. Thus the patterns seen in the graph reflect patterns in sandstones mainly cemented by 

quartz and containing measureable porosity. 

Based on Figure 6.55 and petrographic data presented in Section 6.4, the reservoir rocks 

at ESSD show the following patterns: 
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1) Volume percentages of quartz cement are larger at greater burial depths, but the total 

volume of quartz in grains and cements seems to stay constant. This may reflect 

pressure solution of quartz grains. 

2) The volumes of carbonate cement and total volumes of cement show an increase at 

lower elevations.  

3) The volumes of plagioclase and rock fragments are less at shallower burial depths, 

reflecting greater dissolution of both constituents at shallower depths or depositional 

winnowing. 

4) The volumes of macroporosity and microporosity are less at greater burial depths, 

probably due to compaction (greater Ct at depth) and cementation combined. 

5) Pore sizes, permeabilities, pore-throat sizes are smaller at lower structural 

elevations.  The systematic increase in grain tightness (Ct) with greater burial depths, 

the evidence for quartz pressure solution, and the increase in carbonate cementation 

suggest that the loss of reservoir quality is not just an effect of compaction, but also 

of greater cementation.  

6) No K-feldspar was observed in the Almond sandstone in the ESSD area. It is 

assumed that the depositional K-feldspar content of ESSD Almond sediments was 

similar to that of the Arch Unit because the two areas are of similar distance from the 

source areas to the west, and because the depositional environments are similar. It is 

likely that K-feldspar was removed by dissolution, as is common in many other 

formations (e.g., Fisher and Land, 1986). That process might have added 10% or 

less of total porosity without increasing permeability or pore-throat sizes because the 

dissolution pores are poorly connected.  

7) Late cementation by ferroan dolomite is ubiquitous in the ESSD area, as has been 

reported in other sandstone formations (e.g., Fisher and Land, 1986). It is speculated 

that the Fe that enriched the dolomite in these rocks may have been brought in with 

water of compaction from shale beds. That macroscopic mechanism is supported by 

the observations reported here of Fe-rich haloes around shale lithoclasts (Section 

6.2.4), and transfer of Fe from rock fragments into nearby dolomite cements (Fig. 

6.28). 

8)  Cementation by quartz and carbonate is greater in structurally lower wells in ESSD 

than it is in samples from structurally higher wells. The coincidence suggests a 

relationship between hydrocarbon emplacement and porosity preservation, although 

compaction and cementation both have reduced reservoir quality. Tobin et al. (2010) 

inferred from fluid-inclusion work and modeling of burial history that hydrocarbon 

charging occurred from 50 to 20 Ma (Eocene Wasatch, Green River, and Washakie 

time, and early Oligocene time). This coincides with the interpreted rise of the 
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Rawlins Uplift and Creston Nose (Figs. 4.10, 4.15, and 6.20), and the formation of the 

sweet-spot trap. Thus, trap timing is appropriate for accumulation of cementation-

hindering hydrocarbons. 

9) The preponderance of the published evidence and the data generated here favors 

the interpretation that fractures in the Almond reservoir rocks at ESSD are not 

needed to explain gas producibility. However, this observation is tentative because of 

the limitations of the types of data used in this work. 

10) New pressure mapping specific to the upper Almond marine sandstone at  ESSD 

suggests that buoyancy adds to reservoir-fluid pressure in the structurally highest 

part of the reservoir from -3,085 ft. to -1,973 ft. (-940 to -601 m). It appears that 

pressure gradients in the ESSD area below those depths, which are approximately 

0.58 psi/ft., may reflect regional fluid pressures developed in the Almond sandstones 

during maximum burial, and are not explained by buoyancy. 

11) There is not enough difference in current reservoir pressures to explain the two- to 

five-fold difference in production rates between structurally higher and structurally 

lower wells. But there is more than enough difference in permeability (Table 6.6) to 

explain the differing rates. 

 

Estimates of recoverable gas volumes (RGIP) (Table 6.16) were made volumetrically 

from the relationship (Dean, 2007): RGIP = 1000 * 43,560 * H * A *  * (1-Sw) * (Pi *TSTP) / (PSTP * 

Tf * Zi) * RF, where RGIP = recoverable gas-in-place (MCF), H = pay thickness (ft.), A = drainage 

area (acres),  = porosity (vol/vol), Sw = water saturation (vol/vol), Pi = initial gas pressure (psi), 

TSTP = standard temperature (520oR = 460o + 60oF), PSTP = standard pressure (14.65 psia), Tf = 

formation temperature (oR), Pi = initial reservoir pressure, Zi = initial real-gas compressibility 

factor at Pi and Tf, and RF = recovery factor (vol/vol). Parameters were estimated for a  

representative structurally high well (Amoco Champlin 278 B-2)  well and a representative 

structurally lower well (Buck Draw #29-2 well). Drainage area was based on observed well 

spacings. Recovery factor was a gross assumption. Gas parameters were based on calculations 

discussed in Section 6.1. 

The estimated RGIP values are of an order of magnitude sufficient to explain a six-fold 

difference in volumes of gas produced from structurally higher wells versus structurally lower 

wells. The observed difference is about four-fold (page 170).  

It would be instructive to compare volumetric reserves (Table 6.16) to actual per-well 

estimated ultimate recoveries (EUR). Unfortunately both of these wells, as well as almost all of 

the other wells in this area, produce from commingled upper and lower Almond sandstones, 

obviating per-well EUR estimates for the ESSD Almond sandstone alone. In the Buck Draw well, 

EUR estimated from decline-curve analysis is 770,000 MCFG, which is much less than the 
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volumetric value. This suggests that either the drainage area is too large, or else the effective 

recovery factor of 80% RF is too high for mechanical or geological reasons. RGIP assuming an 

effective (RF = 80%) drainage area of 40 acres more closely matches the EUR than does the well 

spacing, i.e., 800,000 MCFG volumetrically recoverable versus 770,000 MCFG from decline-

curve analysis. This suggests that effective drainage areas for the structurally lower, tighter wells 

at ESSD are 16 times smaller than those of structurally higher wells, almost certainly as a result 

of the tighter reservoir rocks and consequent lower porosity, higher immobile Sw, and smaller 

drainage areas. All of these result from greater cementation in the structurally lower parts of this 

reservoir. 
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Figure 6.54 Interpreted paragenesis for Almond sandstones in the ESSD area. 
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Figure 6.55 Summary of bulk-rock compositions as related to elevation ESSD area. Data are 
given in Table 6.15. These data were renormalized from point count data to include an estimate 
of microporosity made from the difference between point-count porosity and total porosity from 
core analyses. This represents only the best reservoir rocks; clay-rich samples and samples 
heavily cemented by carbonates are not included. Data show a progressive loss of larger pores at 
greater depths. 

 

Table 6.16 Rough comparison of RGIP from volumetrics for structurally high versus structurally 
low wells, ESSD area. Calculations assume gas properties as in Section 6.1. Parameters for 
structurally higher wells were estimated from the Amoco Champlin 278 B-2 well. Parameters for 
structurally lower wells were estimated from the Buck Draw #29-2 well. Drainage area, a major 
factor, was based on actual well spacing. 

Wells  Sw A H 

Depth 

(ft.) Tf 

Pi 

(psi) Zi RF 

RGIP         

(MCF) 

Structurally 

high 
0.14 0.29 640 16 8500 641 4,845 0.98 0.8 9,700 

Structurally 

low 
0.09 0.45 80 38 11500 689 6,555 1.13 0.8 1,600 
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CHAPTER 7 

POLAR BAR AREA 

 

The deepest Almond (Fig. 1.2) sandstones studied are in the central Washakie Basin, in 

the “Polar Bar Unit” (PBU) area, after a well drilled by Bass Enterprises Production Company in 

1993 (Figs. 1.1, 7.1). The Almond Formation is deeper than 15,250 ft. (4,648 m) in the PBU area.  

 

 
Figure 7.1 Location of Polar Bar Unit (PBU) study area, southwestern Wyoming. Structure is 
contoured on the Mesaverde Group (c.i. = 1000 ft., 305 m). Arch = Arch Unit area, ESSD = Echo 
Springs/Standard Draw area. CN = Creston Nose, CR = Cherokee Ridge, RSU = Rock Springs 
Uplift, RU=Rawlins Uplift, SWB = Sand Wash Basin. UM = Uinta Mountains. VA = Vermillion 
Arch. WA=Wamsutter Arch. WB=Washakie Basin. Grey rectangles are U.S. federal townships. 
Green shading = Mesaverde outcrop (RU) and Almond outcrop (RSU) (Love and Christiansen, 
1985). Green line = U.S. Highway 80. AT = Adobe Town area. 
 

The existence of a sweet spot in this area is unknown, However, the PBU #1 well was 

drilled into an extensive Almond gas accumulation. Five representative intervals were chosen 

from an Almond core out of the PBU #1 well and were sampled by personnel at the U.S. 

Geological Survey Core Research Center (Lakewood, CO) (Table 7.1). 
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Table 7.1 Basic data for core samples from the Polar Bar Unit (PBU) #1 well. CRC # = U.S. 
Geological Survey Core Research Center library number. All sandstones are “clean”, i.e., less 
than 9% matrix and 6% clay cement. = porosity, Ka = permeability to air, g = grain density. 

Sample Depth (ft.) API CRC #  (v/v) Ka (md) g (g/cm3) 
15227.1 49037230370000 E497 --- --- --- 
15229A* 49037230370000 E497 --- --- --- 
15229B 49037230370000 E497 0.0420 0.0010 2.710 
15248 49037230370000 E497 0.0878 0.0060 2.700 
15260 49037230370000 E497 0.1002 0.0130 2.700 
*Sample not subjected to point counting. 

 

The PBU #1 well is in an area where the Almond is overpressured (McPeek, 1980; 

Heasler and Surdam, 1992), but not commercially productive. The closest commercial Almond 

gas production is at Dripping Rock Field, 10 miles (16 km) east of the PBU#1 well (Fig. 7.2). Gas 

there is produced from an upper Almond sandstone subjacent to the PBU. 

 

 
Figure 7.2 Upper Almond gas fields (red), with structure contoured on the Mesaverde Group 
(black lines; c.i. = 500 ft., 152 m), PBU area. Faults (blue lines) on the Cherokee Ridge are from 
Bader, 2008. Faults in the Dripping Rock Field were interpreted by the author. 
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7.1 Lithology, Stratigraphy, and Depositional Environments 

  

Lewis and Almond rock types determinable from well logs alone in the PBU and ESSD 

areas and are similar. Based on GR (gamma ray), Rt (resistivity), density porosity (d), and 

neutron porosity (n) curves, there are: 1) clay-rich shales; 2) probably organic-rich shales in the 

Asquith marker; 3) bentonitic shales; 4) sandstones; 5) “mixed” clastics, i.e., silty sandstones, 

sandy siltstones, and carbonaceous siltstones and shales; and 6) coaly beds. 

 

Table 7.2 Parameters for rock typing from well logs, PBU area. Applies to Lewis and Almond 

formations. 

Rock Type GR (API units) Rt (ohms) n vs. d 
Clay-rich shale >100 < 50 n >> d 

Organic-rich (?) shale >140 >20 n >> d 
Bentonitic shale1 >1001 <201 n >> d1 
Shaly sandstone <75 >50 n - d < 0.08
Clean sandstone <75 >30 n about = d 
“Mixed” clastics 65-100 10-40 n > d 

Carbonaceous shale1 >751 ? n and d > 0.10
Coaly beds1 <751 >701 n and d > 0.30

1. Usually in thin beds; log readings not always representative of true readings. 

 

Based on log rock-types there are at least three rock intervals that are bounded above 

and below by clay-rich, probably marine, shales. Three such intervals are recognizable in the 

PBU area (Fig. 7.4). Each has clay-rich shale at the base and increases in content of sandstone 

stratigraphically upward.  

Well logs were correlated throughout the study area and the immediate surroundings. 

The three intervals were relatively easily recognized in almost all of the wells. The PBU interval 

appears to display correlative subunits definable by clay-rich shale beds (Fig. 7.4), but correlating 

them individually was not attempted due to the lack of well control. 

A map was prepared of the thickness of the PBU interval in which clean and shaly 

sandstones (as defined in Table 7.2) dominate the section (Fig. 7.6). The mapped interval is the 

“PBU interval” on Figure 7.5, but not including the basal clay-rich shale.  The resulting sandy 

“thick” trends northwest-southeast, and may represent the loci of shorelines in the PBU interval. 

One Almond core was available for research, from the PBU #1 well. Almond sandstones 

in that core displayed mostly plane-parallel lamination (Fig. 7.7). Such lamination is seen in 

essentially all shoreline facies (Walker and James, 1992), but these sandstones were interpreted 

as having been deposited in dominantly upper shoreface and foreshore environments on the 

basis of the dominance of plane-parallel lamination, the good sorting of the sand grains, and the 

presence of grains of garnet (Section 7.2). 
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Figure 7.3 Example of rock typing from well logs, PBU area. See Table 7.2 for explanation of 
rock-type criteria.  
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Figure 7.4 Lewis and upper Almond stratigraphic subdivisions in the PBU area. Logs are from the 
study well, i.e., the Bass Enterprises, #1 Polar Bar Unit well (Sec. 22, T14N, R96W, Sweetwater 
County, Wyoming). 
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Figure 7.6 Thickness of the sand-rich interval in the upper Almond PBU interval (c.i. = 100 ft., 30 
m). HSU = Haystack Unit. Red numbers are isopach values. Colored circles indicate test 
evaluations of test and log data in the PBU interval: red = gas; brown = tight, gray = uncertain 
results; white = no data.  There is a lack of mobile water in the PBU sandstone in this area 
(discussed in Section 7.3).  
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Figure 7.7 Core samples of clean sandstones, PBU #1 well. A. Parallel laminations, 15,227 ft. 
core depth. Note irregular, load casted basal contact. This is interpreted as a shoreface 
sandstone. B. Parallel laminations and reactivation surfaces, quartz-cemented fracture (F),15,243 
to 15,244 ft. core depths. This is interpreted as foreshore sandstone. C. Parallel-laminated 
sandstone with burrows below, and faint parallel laminations above. The interpretation is of an 
upper shoreface sandstone below and a foreshore sandstone above. D. Bioturbated sandstone 
below, and foreshore sandstone with faint parallel laminations above. Note sharp contact. White 
material is quartz partially filling a fracture (F). 
 

The multiple sharp contacts between sandstones with different styles of lamination and 

burrowing is somewhat striking. This suggests the possibility that accommodation space during 

deposition of these sandstones was limited, leading to amalgamation of sediments by erosion 

and redeposition, or by abrupt shifts in facies tracts. These rocks may represent deposition during 

transgression, with landward migration of foreshore and shoreface deposits over lagoonal 

deposits (Walker and James, 1992), a situation that lends itself to limited accommodation. 
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Mudstones in the PBU Almond interval are similar to those seen elsewhere in the study 

areas and are interpreted as lagoonal or bay deposits. There is a general dearth of coaly and 

carbonaceous debris in the PBU #1 core (Fig. 7.8), suggesting more open, marine-related bay 

conditions over more restricted lagoonal conditions. 

 

 
Figure 7.8 Core samples of muddy rocks, PBU #1 well. LEFT: Slabbed core 15,239 ft. core depth 
(wet). Mudstone is sandy and bioturbated. RIGHT: Slabbed core from 15,241 ft. core depth (dry). 
Mudstone is silty and sandy, ripple laminated, and has sand-filled horizontal burrows (SFB). 
 
 
 
7.2. Petrography 

 

Point counts were done on four Almond sandstone samples from the PBU #1 core. 

(Tables 7.3 and 7.4). A fifth sample was thin sectioned in order to examine an open fracture 

observed in the core, but was not point counted. 
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Table 7.3 Major components of sandstone thin sections in the PBU #1 well, based on point-count 
estimates. Q = quartz, K Fd = potassium feldspar, Pc Fd = plagioclase feldspar, Fos = fossil 
fragments, Oth = other grains, RFs = rock fragments, Pmx = pseudo-matrix, Mx = matrix, Ca = 
calcite, Do = dolomite, Cl = clay. Very sparse macroporosity was not detected in point counts, but 
was observed in the thin sections. All samples were classified as “clean”, i.e. had less than 9% 
matrix and 6% clay cement, and were well sorted. 

  
Grains     Cements 

Core 
Depth 

(ft.) N Q 
K 
Fd 

Pc 
Fd Fos Oth RFs Pmx Mx Q Ca Do Cl 

15227.1 330 47.3 0.0 1.5 0.0 2.1 16.7 2.7 0.9 9.4 0.0 19.1 0.3 
15229B 303 44.2 0.0 1.0 0.0 2.6 17.5 2.3 1.3 12.5 0.0 16.8 1.3 

15248 318 43.7 0.0 2.8 0.0 7.2 21.7 1.6 0.3 11.0 0.0 9.4 1.3 
15260 304 44.4 0.0 3.0 0.0 1.3 22.0 1.3 0.3 8.2 0.0 13.8 2.6 

  

Table 7.4 Porosity-related data gained from petrographic examination of thin sections and point 
counting of four samples from PBU #1 well. % Dissolved Grains = percentage of grains with 
dissolution features, Q = quartz, Pc Fd=plagioclase feldspar grains, Crb = carbonate grains, RF = 
rock fragments, Tr = trace. % Tight Contacts = tightness of grain contacts as explained in Chapter 
2. Tightness of contacts categorized as: A=floating grains, B = only point contacts (<5% tight), 
C=5 to 25% tight contacts. D=25 to 50%. E=50 to 75%. F = 75 to 100%. Wtd Ave = weighted 
average. See Section 3.3.2 for a full explanation of these data. 

 
% Dissolved Grains % Tight Contacts 

Core Depth (ft.) Q Pc Fd Crb RF A B C D E F Tot Wtd Ave 

15227.1 0 0 0 0 0 0 3 5 24 68 100 78 
15229B 0 0 0 9 0 0 0 6 28 66 100 79 
15248 0 0 0 4 0 0 0 0 23 77 100 83 
15260 Tr 0 0 30 1 0 0 1 29 69 100 80 

 

Almond sandstones in the PBU area are petrographically both broadly similar to and also 

somewhat different in detail from those in the Arch Unit and ESSD areas. The grain compositions 

are similar (cf. Table 7.3 to Tables 5.5 and 6.7). PBU Almond sandstones are litharenites (Fig. 

7.9) containing an abundance of varying types of rock fragments, including grains of chert, 

dolomite, and nondescript clay and quartz mixtures, much like other Almond samples.  

An unusual type of rock fragment appears in the PBU #1 samples: quartz crystallites 

tightly intergrown with colorless, bladed crystallites of moderate birefringence (Fig. 7.10). The 

bladed crystallites may be sericite. The overall appearance of these grains is that of a 

metamorphic rock fragment. 

Another unusual grain type is observed in small amounts in the PBU #1 sandstones: an 

isotropic, moderate-relief, colorless mineral that lacks cleavage and stains light pink with alizarin 

red-S (Fig. 7.11). It varies from slightly harder to slightly softer than quartz judging from the relief 

on the surface of the thin sections, as indicated by variable focal distance under the microscope. 

Also, compaction has caused some quartz grains to penetrate these grains, and vice versa. 

These grains may be garnet, which might be expected to be concentrated during deposition of 

these interpreted foreshore sandstones. 
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Figure 7.9 Composition of grains in upper Almond sandstone, PBU #1 well. Only three dots 
appear because samples 15,248 and 15,260 ft. had nearly identical grain compositions.  
 

 

 
Figure 7.10 An unusual variety of rock fragment observed in PBU thin sections, PBU #1 well. 
Sample depth is 15,260 ft. LEFT: Plane light. RIGHT: Crossed polarizers. These may be strongly 
altered plagioclase grains. 
 

The PBU sandstones are cemented by quartz and ferroan dolomite (Fig. 7.11) but are 

poor in grain-coating and pore-filling clay. They contain about twice as much quartz cement 

compared to clean sandstones in the ESSD area (10.3% versus 4.1%, respectively). They also 

contain about twice as much carbonate cement (14.8% versus 6.3%, respectively).  

One sample of PBU Almond sandstone displayed dissolution macroporosity. Dissolution 

pores are sparse (not detected in point counts), poorly connected, and filled with anomalous blue 

chlorite clay (15,260 ft. core depths). These pores appear to result from post-compaction 

dissolution of rock fragments (Fig. 7.12). 

PBU sandstones are more tightly compacted than any except the deepest ESSD 

samples. This characteristic is apparent from casual inspection of thin sections and from Ct 
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estimates (Fig. 7.13). There also were more crushed and deformed plagioclase and chert grains 

(Fig. 7.14) observed in these samples than elsewhere, judging subjectively. 

 

 
Figure 7.11 Dissolution of a rock fragment, Almond sandstone, PBU #1 well, 15,260 ft. core 
depth. LEFT: Plane light, 10x magnification. CG = crushed quartz grain. FeD = ferroan dolomite 
cement, DRF = partially dissolved rock fragment; dissolution appears to post-date pervasive 
quartz cementation. G = garnet(?) grain. MS = microstylolite. Q = tightly sutured quartz grains 
with pore-filling quartz cement. RIGHT. Same rock fragment, but 40x magnification (plane light), 
showing residual high relief crystallites. Location of view shown on left with box. 
 

 
Figure 7.12 Almost entirely dissolved rock fragment, PBU #1 core. Note residual high-relief 
crystallites and anomalous blue chlorite, 15,260 ft. core depth. 

 

However, estimates Ct for the PBU sandstones are hampered by the very fine grain sizes 

and by their extreme compaction and quartz cementation; Ct might be overestimated due to 

misidentification of quartz cement as sutured quartz grains. On the other hand, some carbonate 

cement is compressed, but was not counted as being in tight contact with quartz grains. The 

method of Ct estimation excludes grain/cement contacts as not being “tight”, leading to possible 
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underestimates of Ct when cements are compacted. This is the justification for excluding the PBU 

#1 samples from the regression analysis. 

Another difference between the PBU samples and those from the other study areas is the 

presence of an open macrofracture partially open and partially filled with quartz cement (Fig. 

7.15), and also of quartz-filled microfractures in broken sand grains (not illustrated). The texture 

of the quartz crystals in the macrofracture suggests that quartz crystallized in the fracture as the 

fracture widened. The quartz crystals contain numerous fluid inclusions. 

 

 
Figure 7.13 Grain “tightness” as a function of burial depth, three study areas in the Washakie 
Basin. The statistical treatment is explained in the text. 
 
 
 
7.3 Log Calculations 

 

Conventional well logs from three wells were used to estimate porosity, water saturation 

(Sw), bulk-volume water (BVW, the product of porosity and Sw) and bulk volume gas (BVG, the 

product of porosity and gas saturation, or Sg) (Fig. 7.5). The logs were not normalized. The Rw 

used was 0.045 ohm at formation temperature. The Archie parameters m and n were 1.8 and 2.0, 
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respectively. Those values are consistent with calculations made in the other study areas and 

appeared to yield acceptable results on a Pickett plot (Fig. 7.16). 

Porosity and gas saturation are greater in the wells at higher elevations. Yet each well 

appears from a Buckles plot (Fig. 7.17) (Buckles, 1965), from production, and from DST data to 

lack mobile water. Therefore, differences in Sw probably relate more to pore and pore-throat 

sizes, and to Swi, than to height in a modern hydrocarbon column (Arps, 1964; Schowalter, 

1976). The PBU sandstone trend appears to lack a gas/water contact, a free water level, or 

mobile water (Fig. 7.6). One way for such a situation to arise is for cementation to be slowed by 

emplacement of a hydrocarbon column under normal buoyancy forces, then for cementation to 

proceed at lower elevations in that column until the remaining pores completely filled with 

hydrocarbons. This is similar to the interpretation applied to the ESSD area (Section 6.8). 

There is a possibility that Rw varies with depth in the PBU Almond sandstone, as it 

appears to do at ESSD (Chapter 6). If so, then Rw may be higher in the structurally lowest well 

than the assumed 0.045 ohm-m, and the calculated Sw’s would be too low. However, well testing 

and mud-log data indicate pervasive gas saturations in the study wells; if the calculations are in 

error, then they are not “missing” the presence of mobile water. 

Logs from a well on the Cherokee Ridge (True Oil, #1-19 Government, Sec. 19, T12N, 

R95W, Moffat County, Colorado) were analyzed. Maximum porosity in the PBU sandstone was 

16%. Sw was estimated at 50%. Small mud-gas and sample shows indicate the presence of gas 

and oil. The zone is relatively porous but only partially hydrocarbon saturated. This might result 

from partial charging of the reservoir, which is considered less likely, or from leakage of 

hydrocarbons into shallower beds, considered likely due to faulting in the area (Bader, 2008). 

 
 
 
7.4. Structure and Paleostructure 

 

The upper Almond sandstone in the PBU area is located near the structurally lowest and 

deepest part of the Washakie Basin (Fig. 7.1 above). Some of the youngest beds in the study 

area, the Washakie Formation and Miocene beds, are preserved at the surface (Fig. 7.18).  

Correlations of the beds above the Mesaverde Group were made on the basis of 

personal and industry picks of the Fox Hills, Lance, and Fort Union formations (Fig. 7.19). Interval 

isopach maps were prepared of beds above the Almond Formation (Figs. 7.20 through 7.23). 

These maps indicate that the PBU area has seen northerly dips, away from the Cherokee Ridge, 

since Lewis time, i.e., shortly after deposition of the Almond sandstone. 
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Figure 7.14 Grain compaction in PBU #1 core sample, 15,260 ft. UPPER LEFT: Interpenetrating 
quartz (Q) and chert (C) grains, with compacted(?) dolomite cement (D) and dissolution (SP) of a 
rock fragment. Plane light, 10x. UPPER RIGHT: Same view, crossed polarizers. LOWER LEFT: 
Crushed plagioclase (Pc) grain, with post-compaction, pore-filling chlorite (Chl). 40x, crossed 
polarizers. LOWER RIGHT: Dolomite cement (D) deformed by compaction between quartz (Q) 
grains and rock fragments (RF). 10x, crossed polarizers. 
 

These thickness maps indicate that the PBU area saw northerly and northwesterly dips 

from Lewis time on. The assumptions are that accommodation was completely filled by 

sediments, and that accommodation was created by subsidence. If so, then the PBU sandstone 

trend may have draped over the Cherokee Ridge into the Sand Wash Basin (Fig. 7.1). With this 

structural configuration and eastward pinchout of the PBU sandstone would have created a 

combination structural/stratigraphic trap, with the PBU area being in the lowest part of that trap. 

However, the integrity of that trap may have been breached by faulting that apparently extends 

from the Mesaverde Formation to the surface (Love and Christiansen, 1985; Bader, 2008). 



 

 254 

 
Figure 7.15 Macrofracture partially filled with quartz, PBU #1, core sample 15,229A. The fracture 
extends over at least three feet of cored interval, and perhaps more in the formation. LEFT: 
Macrofracture at 1x magnification, plane light. Blue is epoxy-filled porosity. RIGHT: Quartz 
crystals in macrofracture. 2.5x magnification, crossed polarizers. Arrows indicate common points 
between the two images. 

 

 
Figure 7.16 Pickett plot for three wells in the PBU area. PBU = Polar Bar Unit, HSU = Haystack 
Unit. Negative numbers are elevations of the top of the Mesaverde Group in each well. 
Structurally higher (shallower) wells (PBU #1 and HSU #1-28) have lower Sw values compared to 
the structurally lowest (deepest) well (HSU #4-6-13-96). Data points that plot below the Sw 
=100% line are interpreted to result from excessive clay content. 
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Figure 7.17 Bulk volume water (BVW) or Buckles plot, three wells in the PBU area. All points lie 
along a broadly hyperbolic trend, indicating that the Almond reservoir in these wells contains only 
immobile water. 
 
 
 
7.5. Thermal and Maturation History 

 

Roberts et al. (2005) interpreted burial and thermal maturation of source rocks in the 

Adobe Town area, ten miles (16 km) immediately west-northwest of the PBU area (Fig. 7.1). They 

suggest: 1) about 26,000 ft. (7,920 m) of sediment accumulation from 89 to 41 Ma (late 

Cretaceous Frontier through Eocene Washakie deposition; Fig. 4.1), with a marked Eocene 

increase in deposition; 2) a hiatus from 41 to 34 Ma (post-Washakie deposition); 3) more 

sedimentation until 5 Ma (approximate Miocene); and 4) erosion of about 3,200 ft. (975 m) of 

section from 5 Ma (post-Miocene) to the present. They estimate that Almond Type II and III 

source rocks began generating oil and gas 56 to 54 Ma (deposition of the lower Eocene “main 

member” of the Wasatch Formation; Fig. 4.11), peaking at 50 Ma (deposition of the middle 

Eocene Green River Formation). They estimate that Mesaverde oil cracked to gas 43 to 8 Ma, 

with a maximum at 33 Ma (latest Miocene). Pawlewicz and Finn (2002) observed Ro values 

greater than 2.0% in the central Washakie Basin, confirming probable oil cracking in this deeply 

buried area. 
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Figure 7.18 Surface geology, PBU area. Modified from Love and Christiansen (1985). Locations 
of stratigraphic cross section A-A’ and structural cross section B-B’ (Fig. 7-19) shown with purple 
and black lines. 
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Figure 7.20 Thickness of the interval from the top of the Mesaverde Group to the top of the Fox 
Hills sandstone, PBU area (shown with color fill; c.i. = 100 ft., 30 m). Control wells are shown with 
cyan circles. Thickness of the sandy zone within the PBU interval (Fig. 7.4) is shown with black 
contours (c.i. = 10 ft., 3 m). Blue lines on the south on the Cherokee Ridge are faults mapped by 
Bader (2008). Blue lines in the Dripping Rock Field (DRF) are faults interpreted by the author 
from subsurface data. This isopach map is interpreted as indicating northerly dip during Lewis 
and Fox Hills times. The assumptions are that accommodation was completely filled by 
sediments, and that accommodation was created by subsidence. 
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Figure 7.21 Thickness of the Lance Formation, PBU area (color fill; c.i. = 250 ft., 76 m). Control 
wells are shown with cyan circles. Thickness of the sandy zone within the PBU interval is shown 
with black contours (c.i. = 100 ft., 30 m; Fig. 7.5). Blue lines on the Cherokee Ridge are faults 
mapped by Bader (2008). Blue lines in the Dripping Rock Field (DRF) are faults interpreted by the 
author from subsurface data. 
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Figure 7.22 Thickness of the Fort Union Formation, PBU area (color fill, c.i. = 250 ft., 76 m). 
Control wells are shown with cyan circles. Thickness of the sandy zone within the PBU interval is 
shown with black contours (c.i. = 10 ft., 3 m). Blue lines to the south on the Cherokee Ridge are 
faults mapped by Bader (2008). Blue lines in the Dripping Rock Field (DRF) are faults interpreted 
by the author from subsurface data. These faults are subparallel to faults mapped at the surface 
by Love and Christiansen (1985). 
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Figure 7.23 Thickness of Eocene formations, PBU area (color fill; c.i. = 1000 ft., 305 m). Control 
wells are highlighted by cyan circles. Thickness of the sandy zone within the PBU interval is 
shown with black contours (c.i. = 100 ft., 30 m). Blue lines on the south margin of the map on the 
Cherokee Ridge are faults reported by Bader (2008). Blue lines in the Dripping Rock Field (DRF) 
area (northeast edge of the map) are faults interpreted by the author from subsurface data. These 
faults are both roughly coincident with and subparallel to faults reported at the surface by Love 
and Christiansen (1985). 
 
 
 
7.6. Source Rocks 

 

GeoMark Research, Ltd. provided RockEval® analysis for a shale sample from the 

Almond Formation, core depth 15,241 ft. (4,645 m) (Table 7.5). The low S2 value renders the 

Tmax and production index measurements non-significant (Peters, 1986).  
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Table 7.5 RockEval® analysis of a sample of shale from the Almond Formation, PBU #1 well, core 
depth 15,241 ft.  

Carb 

(wt %) 

Leco TOC 

(wt %) 

S1            

(mg HC/g) 

S2          

(mg HC/g) 

S3            

(mg HC/g) 

Tmax 

(
o
C) 

Production Index 

[S1/(S1 + S2)] 

4.08 4.24 0.53 0.32 0.08 546 0.62 

 
 
 
 
7.7. Fluid Pressures 

 

The upper Almond PBU sandstone is a TFG reservoir. Pore-throat sizes estimated from 

legacy core analyses by the method of Winland (1976) are very small, averaging 0.07 microns, 

and having a maximum of 0.10 microns (Fig. 7.24). It is overpressured in the PBU area, based on 

estimates from drilling mud “weights” (densities) (Fig. 7.25). The PBU #1 well experienced a large 

mud-gas increase (“kick”) during drilling of the upper Almond sandstone against relatively “heavy” 

(dense) 14.7 pounds per gallon (1.76 g/cm3) drilling mud. All the wells in the area were drilled 

with dense mud, whether they penetrated the Almond or not. This indicates overpressuring in the 

Lewis Formation. Dense muds also were used to drill the sandstones lying stratigraphically 

beneath the PBU sandstone. Thus, a very thick section of rock appears to have anomalously high 

pressures. 

Regionally, Almond pressure gradients appear to correlate with burial depths and thermal 

maturity (Figs. 4.17 and 4.18), as has been noted elsewhere (McPeek, 1981; Law, 1984). In the 

PBU area, they show no relationship to the PBU sandstone “thick” (Fig. 7.24). This suggests that 

high fluid pressures are due to: 1) high-pressure expulsion of gas from source rocks into this tight 

sandstone reservoir; 2) cracking of oil to gas; 3) uplift and unroofing of the reservoir without 

pressure bleed-off; 4) compression of gas in these tight rocks during compaction; or 5) some 

combination of the above. The lower pressure gradients over the Cherokee Ridge may relate to 

gas leak-off through faults. 

 
 
 
7.8 Discussion 

 

Gas is ubiquitous in the PBU area, and yet the reservoir rock still displays the greatest 

amount of cementation and compaction of all the samples studied. These facts suggest that 

hydrocarbon emplacement either did not halt diagenesis and degradation of the reservoir, or else 

occurred after deep burial had destroyed much of the reservoir quality. The timing of hydrocarbon 

emplacement in the PBU sandstone is not clear, especially because the reservoir may have been 
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“leaky” due to faulting on the updip part of the sandstone on the Cherokee Ridge. This 

interpretation is favored because the PBU sandstone shows evidence of dissolution post-dating 

the development of some of the heavy quartz cement, implying movement of corrosive, possibly 

hydrous, fluids through the reservoir after deep burial. The interpretation is that of preservation of 

a late-forming hydrocarbon column, similar to that postulated for ESSD (Section 6.8), but 

emplaced at greater burial depths than the ESSD hydrocarbon column. 

 

 
Figure 7.24 Porosity, permeability, and pore-throat sizes from legacy core analysis, PBU #1 well. 
This reservoir is as tight as or even tighter than the structurally lowest wells in the ESSD gas 
pool. 
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CHAPTER 8 

DISCUSSION AND RECOMMENDATIONS 

 

This research was designed to clarify reasons for “sweet spots” in oil and gas production 

from the Almond Formation of the Mesaverde Group in the Washakie Basin of Wyoming. Sweet 

spots may be caused by variations in reservoir-rock pore geometry (porosity, permeability, and 

pore-throat sizes) (Surdam, 1995). Hydrocarbon emplacement was suspected to be responsible 

for preservation or enhancement of reservoir quality. The focus was on how, or if, that 

mechanism had been operative in the study area in the Almond Formation, a primary 

hydrocarbon-producing interval. 

Reservoir quality being enhanced by hydrocarbon emplacement has been addressed in 

this area previously, but almost entirely on the basis of data and rock samples gathered regionally 

and from multiple producing horizons within the Mesaverde Group (Tilden, 1985; MacGowan et 

al., 1993; Byrnes et al., 2009; Tobin et al., 2010; Chapter 3). Most studies “lump” data gathered 

from upper and lower Almond sandstones. Rather than applying such a “broad brush” approach, 

this study was based on data specific to individual hydrocarbon pools in discrete upper Almond 

sandstone reservoirs. This approach helps to reduce the uncertainty associated with data that 

may have come from geologically dissimilar rock formations. 

There is disagreement about the nature of the hydrocarbon accumulations in the Almond 

Formation in this area. Some authors (e.g., McPeek, 1981; Law, 1984; Law and Dickinson, 1985; 

Law, 2002) believe that, below a certain burial depth, sandstone reservoirs in the Mesaverde 

Group everywhere contain gas that has reduced water saturations (Sw) to immobile water 

saturations (Swi). Overpressuring is explained by burial compaction, secondary migration of gas, 

and/or cracking of oil to gas in the reservoirs. In this model mobile water saturations are nil. The 

geographic distribution of producibilities is considered to be describable statistically. The major 

barriers to achieving commercial production are considered to be the cost and effectiveness of 

well drilling and completion operations.  

Other authors (e.g., Shanley et al., 2004; Fassett and Boyce, 2005) provide an alternative 

model of producibility in which mobile water is present, and can be abundant enough to prevent 

commercial gas production. Sweet spots are the preferred drilling targets, and are envisioned as 

being nothing more than “conventional” stratigraphic, structural, fault, or combination traps.  

In either model, the possibility exists of hydrocarbon emplacement preserving or 

enhancing reservoir quality (Yin et al., 1992; Yin and Surdam, 1993, 1995; Tilden, 1985; Tobin et 

al., 2010). This idea has been a major factor behind the drilling of many exploratory wells in this 
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area, in which the expectation has been that “moving updip” (structurally higher) from a well with 

poor reservoir quality could result in encountering better reservoir quality in the same 

hydrocarbon pool. However, some authors dispute the ability of hydrocarbons to preserve or 

enhance reservoir quality (Coskey, 2004; Shanley et al., 2004, 2007, 2008). Resolving this issue 

would be useful in further exploration and development of Almond gas resources. 

This dissertation concludes that elements of both of the models of Almond gas 

accumulations are seen in the studied fields; and that hydrocarbon emplacement has, in places, 

preserved Almond reservoir rocks from cementation, and may have contributed secondary 

porosity by dissolution of feldspars and rock fragments. These conclusions are based on new 

data from analyses of well-logs, drill-stem test (DST) pressures, and paleostructural 

reconstructions of trapping history. Also helpful is a novel method of analyzing compaction from 

thin sections. These data help to unravel the complex interrelationships between hydrocarbon 

trapping and evolution of reservoir pore geometry. 

 
 
 

8.1 Upper Almond Deposition and Petrology 
 

This research emphasized “cleaner” (less clay-rich) upper Almond sandstones because 

they display better porosity and permeability compared to upper Almond sandstones with greater 

clay content and shale laminations. Clean sandstones would be expected to dominate productive 

characteristics of upper Almond reservoirs. 

Almond reservoir sandstones were deposited in similar, marginal marine environments. 

Grain sizes, sorting, and grain/cement compositions are similar. Upper Almond sandstones in a 

core from the PBU area display more evidence of deposition under wave-dominated conditions 

as compared to reservoirs in the other areas (Section 7.1); Almond cores from the Arch Unit and 

ESSD reservoir sandstones evidence both tide- and wave-influenced deposition (Sections 5.2, 

6.2). None of these characteristics seems to relate to variations in reservoir quality between 

cleaner sandstones. 

While the grains and cements in the Almond samples are similar in species, the rocks 

contain significantly different relative proportions of certain grains and cements (Tables 5.7, 6.8, 

and 7.3). All the samples are lithic-rich (7-25%) quartz sandstones with small but ubiquitous 

percentages of plagioclase feldspar. K-feldspar was seen in Arch Unit samples, but not 

elsewhere. Lithics include chert, claystones, dolomite(?), and igneous, metamorphic, and 

quartzitic rock fragments. Of course, clay matrix is relatively sparse in the cleaner sandstones.  

The studied sandstones all contain dissolution porosity created by dissolution of feldspar 

and/or rock fragments. Dissolution porosity, even when most abundant (3 vol %), is not dominant 

and does not appear to add significantly to permeability. All samples studied contain significant 
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microporosity, at least some of which is found in partially dissolved rock fragments and between 

tightly compacted particles, including pseudomatrix. 

The dominant porosity-destroying cements are dolomite, ferroan dolomite, and quartz 

(Tables 5.7, 6.8, and 7.3). Those cements appear to have formed in the order 

quartzdolomiteferroan dolomite in each study area, but later quartz cement also appears to 

be present in the ESSD and PBU areas (Figs. 5.71 and 6.54). Quartz and carbonate cements 

increase regionally with burial depth, but vary anomalously within the ESSD area (Fig. 6.38). 

 
 
 

8.2 Arch Unit Area 

 

Well-log correlations, mapping of gross and net sandstone thicknesses (Figs. 5.11 and 

8.1, upper), and the presence of continuous horizontal hydrocarbon and water contacts (Fig. 8.1, 

upper) indicate that the middle Arch reservoir is a hydraulically continuous body. The existence of 

a normal Sw profile indicates the same thing (Figs. 5.65 and 8.1 lower). Local thinning of 

reservoir sandstones, and normal faults with throws of 20 to 30 ft. (6 to 9 m) (J. Suydam, pers. 

comm., 2011), may explain local production variations reported by Schatzinger et al. (1992) and 

Chang et al. (1993) (Figs. 5.66 and 8.1). However, discontinuities important to production appear 

not to have affected hydrocarbon emplacement or equilibration of hydrocarbons and water with 

buoyancy forces (Arps, 1964; Schowalter, 1976). 

The Almond oil and gas pool in the Arch Unit is interpreted as a conventional 

“hydrocarbon-over-water” trap. Production is superior from structurally higher wells (Figs. 5.5 and 

5.6), and is explainable by higher wells having: 1) better hydrocarbon saturations (Fig 8.1, lower), 

2) slightly better reservoir quality (Figs. 8.2 and 8.3); and 3) larger effective drainage areas as 

indicated by well spacing (Tables 5.13 and 8.1). 

 

Table 8.1 Summary of volumetric calculations of recoverable oil in place (ROIP) in structurally 
higher versus lower wells, Arch Unit area. H = pay thickness. STBO = stock tank barrels of oil. All 
other volumetric factors were held equal (Section 5.12). Kro = relative oil/water permeability. 

Wells 

 

(v/v) 
Sw 

(v/v) 
A 

(ac) 
H 

(ft.) 
ROIP 

(STBO) 
Ratio of 
ROIPs 

Kro (%; 
Fig. 5.72) 

Ratio of 
Kro’s 

Higher 0.25 0.27 213 20 1,400,000 
c. 10:1 

100 
c. 8:1 

Lower 0.19 0.50 40 20 134,000 13 

 

Grain tightness (Ct; Section 3.3.2) is a new parameter derived from microscopic thin-

section analysis. Ct increases slightly with burial depth (Fig. 8.3, left). The correspondence 

between increased Ct values and decreased pore-throat sizes (R35 values; Fig. 8.3, right) 

suggests that the reduction in pore-throat sizes in the Arch Unit reservoir is an effect primarily of 
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burial compaction. Cementation does not display elevation- or depth-related gradients (Section 

5.5; Fig. 8.4). The lack of observable gradients in cementation speaks against hydrocarbon 

emplacement as a major process affecting reservoir quality in this field.  

  

 
 

Figure 8.1 Summary of Arch Unit (modified from Figs. 5.65 and 5.66). UPPER: Net middle Arch 
sandstone (c.i.=5 ft., 1.5 m) and structure contours (c.i.=500 ft., 152 m) on the Mesaverde Group, 
Arch Unit area (Fig. 5.66). GOC=gas/oil contact. OWC=oil/water contact. This is the northern part 
of a stratigraphic trap formed by the reservoir sandstone pinching out updip to the west. LOWER: 
Saturation profile (Fig. 5.65) along cross section AA-AA’ (blue line). This is typical of a 
hydrocarbon column containing increased mobile water at lower structural elevations. 
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Figure 8.2 Porosity versus depth, Arch Unit core analyses (red symbols) and thin-section point-
counts (dots). Trends of porosity differences are based on exponential regression analysis of the 
full data set (Fig. 8.8), as shown with red and blue lines. Porosity of core samples is greater than 
porosity from point counts from companion samples due to the presence of porosity too small to 
be seen under the microscope (approximately 2.5 to 5 microns). Green dots = shaly sandstones 
(matrix >10% or clay cement >6%). Yellow dots = clean sandstones (matrix<10% and clay 
cement<6%) (explained in Section 5.5). 
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Figure 8.3 Variations in R35 and Ct with structural elevation, Arch Unit area. Modified from Figures 
5.41 and 5.51. LEFT: Pore-throat radii estimated from routine core porosity and permeability (R35; 
Winland, 1976). RIGHT: Grain tightness (Ct) estimated from thin-section point counts (Section 
3.3.2). Neither parameter shows much variation, as evidenced by low R2 values. But R35 is 
smaller at structurally low elevations, whereas Ct is greater. Both relationships appear linear. Ct 
is thought to relate to burial compaction; by inference, the reduction in R35 at lower elevations is 
interpreted as resulting primarily from compaction.  
 

Arch Unit sandstones contain K-feldspar whereas the other Almond sandstones studied 

do not. Percentages of K-feldspar and rock fragments are less, and dissolution textures more 

common, in samples from structurally higher wells, (Figs. 5.46-5.48, 8.5, and 8.6). Based on 

abundances and dissolution textures in feldspar grains and rock fragments, this disparity is 

attributed to more-effective dissolution in structurally higher positions, a possible effect of 

hydrocarbon emplacement. The assumption is explicitly made that the original K-feldspar and 

rock-fragment contents of the upper Almond sandy sediments were fairly uniform in this area. 

This would seem to be likely based on the similar depositional settings of the Arch Unit reservoir 

sandstones and on the similarity beween the percentages of rock fragments in two sandstone 

samples that were heavily carbonate-cemented soon after deposition, and the maximum 

percentages of rock fragments and feldspar grains seen in the other samples. 
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Figure 8.4 Total cements (quartz, carbonate, and clay) versus structural elevation, Arch Unit 
samples. Discounting the samples cemented by early carbonates as reflecting very early 
cementation (those sandstones were immediately beneath coquina beds and undercompacted), 
there is no gradient in cementation. OWC = oil/water contact. GOC = gas/oil contact. 

 

However, the contribution of dissolution to total porosity would be small. The maximum 

dissolution porosity observed in Arch Unit thin sections was 3% (average 1.4%). Feldspar is 

sparse. The pores also are poorly connected (Fig. 8.7) and would not add to bulk-rock 

permeability. 

The Arch Unit oil pool has been recognized previously as a conventional trap (Weimer, 

1966). The results of this analysis are not remarkable in that the rock properties, saturations, and 

producibilities are as expected in conventional reservoirs. The main utility of the Arch Unit data is 

in providing a baseline for comparisons of data from the ESSD and PBU study areas. 

There is a potential flaw in the conclusion of a lack of hydrocarbon effect on reservoir 

quality. If the rate of emplacement of hydrocabons was faster than cementation, then there might 

not be a gradient in cementation, because emplacement might “shut off” diagenesis relatively 

quickly, in geological terms. Rock data from below the oil/water contact would resolve this issue, 

but middle Arch sandstone cores from below the contact are lacking. 
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Figure 8.6 Percentage of K-feldspar grains determined by point-count analyses of Arch Unit core 
samples. Dot colors explained in Fig. 5.5. Heavily carbonate-cemented sandstones (blue dots) 
are interpreted to retain depositional percentages of K-feldspar. Error bars are estimated by the 
method of Howarth (1998). Red dashed line = gas/oil contact. Green dashed line = oil/water 
contact (or transition zone). These data are interpreted to indicate that K-feldspar was removed at 
higher elevations by dissolution, but the possibility exists of variations in K-feldspar content 
resulting from variations in the original sediments. Modified from Figure 5.48. 
 

 
Figure 8.7 Major diagenetic processes at work in upper Almond sandstones, Arch Unit area. Arch 
Unit #20-23-4, core depth 4407, plane light, 10x. KFd = partially dissoslved K feldspar grain. 
FeDo = pore-filling dolomite and ferroan dolomite. Quartz grain (Q) with quartz overgrowth (OG) 
that predates dolomite cement. Dissolution pores are isolated by smaller pores. 



 

 274 

Novel new observations made in the Arch Unit area are that: 1) 1,100 ft. (308 m) of 

increased burial compaction can reduce pore-throat sizes by about 30% (Fig. 8.3); 2) dissolution 

of rock fragments and feldspars is more evident in samples from structurally higher wells, but add 

little to reservoir quality; and 3) grain tightness (Ct) is a new way to estimate pore-throat sizes 

(R35) and the degree of compaction of sandstone samples in thin sections. 

 
 
 

8.3 Regional Trends in Compaction and Cementation 

 

It is well known that geological processes associated with burial normally reduce 

reservoir quality, and such is the case in the Almond Formation of the Washakie Basin (Section 

2.3). Recognizing anomalous preservation or enhancement of reservoir quality by hydrocarbon 

emplacement necessarily requires establishing the “normal” patterns of changes in reservoir 

quality with depth in order to detect variations from the norm. 

One such pattern is a general reduction in porosity of upper Almond sandstones with 

depth as measured on core samples (Fig. 8.8). However, porosities of core samples from the 

ESSD area display a different rate of change with depth. Point-count porosities do not show the 

same anomaly, but they lack the precision and accuracy of core analyses. In short, there is more 

porosity in shallower samples from the ESSD area than one would expect from the regional trend. 

Another important relationship is that of cementation to burial depths (Fig. 8.9). The 

overall pattern from linear regression analysis is subject to a great deal of sample-to-sample 

variation (R2 = 0.65). On more local scales, the Arch Unit shows no particular relationship 

between cementation and burial depths, but the ESSD area does; it appears that there is a local 

gradient of lesser cementation at shallower depths, discussed more fully in Section 8.4. 

Cementation and compaction are prime culprits in porosity losses relating to burial. 

Quantifying compaction effects on porosity is desirable. A novel method was applied, that of thin 

section estimates of grain tightness (Ct). The method consists in examining a representative 

number of quartz grains in a thin section under a petrographic microscope in order to estimate the 

percentage of each grain that is in “tight” (apparently compressional) contact with surrounding 

grains (Section 3.3.2). Contacts with cement, matrix, and porosity are not considered “tight”. Ct is 

calculated for each sample as a weighted average of the percentages of tight grain contacts. Ct 

was used to characterize how closely packed the quartz grains were and, by inference, how 

compressed the entire rock sample might be; that inference is supported by the close correlation 

between Ct and burial depths (Fig. 8.10). 
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Figure 8.8 Relationships between burial depths and porosity, Washakie Basin study area. Red 
symbols = core-analysis data. Dots = thin-section porosities. X’s on the dots indicate data points 
used in the regression of thin-section porosity data. Differences between core porosity and thin-
section porosity are interpreted as being due to pores below the resolution of the petrographic 
microscope, which is supported by a majority of shaly samples (green) plotting to the left of most 
of the clean (yellow) samples. The line of regression for ESSD core samples is less steep than 
the overall trend, indicating a local anomaly in the porosity-versus-depth relationship (greater 
porosity at shallower depths than expected from regional). This may be explained by greater 
dissolution porosity in shallower samples, by greater cementation in deeper samples, or both. 

 

Besides characterizing compaction, Ct was expected to be useful in estimating pore-

throat sizes, because the tighter the packing of a granular material, presumably the smaller the 

pore throats. Pore-throat size is a major characteristic affecting the permeability and other 

petrophysics of rocks. The expected Ct-to-pore-throat relationship proved to be surprisingly 

strong (Fig. 8.11). R35 was estimated from routine core analyses of porosity and permeability by 

the method of Winland (1976; Section 3.4). 



 

 276 

 
Fig. 8.9 Relationship between cementation and depth, Washakie Basin study area. At greater 
depths, clean sandstone samples (yellow) fall closer to the line of regression than do shaly 
(green) or carbonate-cemented (blue) samples. Data in the Arch Unit show no particular 
relationship to depth. Data in the ESSD area suggest that cementation is greater at depth than 
would be expected from the overall trend, and that shaly and carbonate-cemented samples have 
different relationships between depth and cementation than do clean samples.  

 

Regression analysis (Fig. 8.11) suggests that the Ct/R35 relationship might be 

exponential. However, by excluding the lowest-permeability samples (<0.005 md), the 

relationship becomes linear. The linear relationship is favored here because: 1) it is simpler; 2) 

the method of WInland (ibid) is empirical and not well demonstrated for very low permeability 

sandstones; and 3) Ct estimates in PBU samples were hampered by the extensive cementation 

by quartz, making grain boundaries difficult to recognize (Section 7.2). In any case, there is 

justification for considering Ct at least a semi-quantitative estimate of pore-throat size. 
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Figure 8.10 Grain tightness (Ct; Section 3.2.2) versus burial depth, upper Almond sandstone, 
Washakie Basin study area. There is a close relationship for clean and shaly samples, but not for 
early-carbonate-cemented or burrowed (bioturbated) samples. 

 

Based on thin-section analyses percentages of grains (mainly quartz and feldspar) vary 

between 40 and 60% at all the depths sampled (Fig. 8.12). Rock fragments range from 7 to 26% 

over all depths. There is an increase in total cements with depth, and a decrease in porosity. All 

samples contain quartz and carbonate cements in highly variable percentages. There is a great 

deal of variation at all depths in the compositional parameters measured, indicating ranges in 

diagenetic effects between samples from similar depths, even within individual hydrocarbon 

pools. Considered individually, sample sets from the Arch Unit and ESSD display some depth-

related gradients. In both hydrocarbon pools, rock fragments are generally more abundant at 

greater depths. At ESSD, porosity decreases with depth in parallel with increased cementation. 

The same is not true in the Arch Unit area. 
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Figure 8.11 Grain tightness (Ct; Section 3.2.2) compared to pore-throat sizes, all samples with 
core-measured porosity and permeability. Pore-throat size (R35) is estimated from core analyses 
of porosity and permeability (Winland, 1976; Section 3.4). “Clean” and “shaly designations are 
explained in Section 5.5. Ranges in R35 for the three data sets are indicated by black bars. Burial 
compaction is interpreted as being effective at all depths in reducing pore-throat sizes. 
 

The species of cements at ESSD are similar to those at the Arch Unit, but more abundant 

(Fig. 8.13). There is evidence of increased cementation in the structurally lower parts of the 

ESSD gas pool. All samples contain quartz cement as overgrowths; the most heavily cemented 

sandstones contain pore-filling dolomite cement (Section 6.4; Fig. 8.13). Some quartz cement 

appears to post-date some carbonate cement. 
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Figure 8.12 Major components of upper Almond reservoir rocks, Washakie Basin study areas. 
“Macroporosity” means pores visible under a petrographic microscope. 

 

 The observed ranges in cement volumes are quite different above and below 10,000 ft. 

(3,050 m). Cement volumes in the shallower samples are highly variable and non-systematic; the 

deeper samples are all rich in carbonate cement. In the Arch Unit, the wide variability is 

interpreted to indicate uneven fluid flow through an inhomogeneous reservoir; this mechanism 

may be normal for the shallower parts of the Washakie Basin in which cementation is not as 

intense as it is in the deeper parts of the basin. If that is the case, then the similar wide variability 

in cementation in the ESSD samples shallower than 10,000 ft. (3,050 m) may reflect cementation 

that developed during shallower burial and were preserved somehow during subsequent deeper 

burial.  
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Figure 8.13 Variations in volumes of cement from point-count analyses, Washakie Basin study 
area. There is a general increase in carbonate cements with depth, but above about 10,000 ft. 
(3050 m) depth, sample-to-sample variability is quite high. Below that depth, the variability is less 
and the volumes of cement are greater. 

 

The origin of the quartz cement in these rocks is of some interest. It is proposed here that 

essentially all of the quartz cement is a result of pressure solution. This interpretation is based on 

point-count data that indicate a strong relationship between Ct (considered an indicator of 

compaction) and quartz cement (Fig. 8.14). It is supported by the narrow range in total quartz 

contents for these samples (Fig. 8.15), as if quartz grains had been dissolved and reprecipitated 

as overgrowths by pressure solution, with no net loss or gain of silica. 
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Figure 8.14 Grain tightness (Ct) compared to volumes of quartz cement, Washakie Basin 
samples. Three of the samples that were excluded from the regression analysis (red dots) are 
rich in matrix and/or are bioturbated (“burrowed”) which would hinder grain-to-grain compression 
of quartz grains. Four other excluded samples are heavily carbonate-cemented. 
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Figure 8.15 Quartz grains and quartz cement as volume percentages of total rock, all Washakie 
Basin samples. Almost all the samples vary between 40 and 60% total quartz, even the heavily 
quartz-cemented PBU samples. 
 
 
 
8.4 Echo Springs/Standard Draw Area 

 

Mapping of the ESSD reservoir indicates that this reservoir is physically continuous, 

unless there are faults not detectable from well-log correlations. The “main” ESSD reservoir is 

marine sandstone (Section 6.3.11) that is 20 to 50 ft. (6 to 15 m) thick and drapes over the axis of 

the Creston Nose (Fig. 8.16, left). The best producing wells are the structurally highest ones; they 

produce as much as 100 times more gas than the structurally lowest wells (Fig. 6.3). 
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That part of the ESSD pool lying structurally higher than -3,550 ft. (-1,084 m) displays a 

normal-appearing water-saturation profile (Fig. 8.16, right). Yet this gas pool has neither a 

significant mobile water phase nor a gas/water contact; the Sw profile reflects changes in pore 

geometry rather than changes in mobile water saturation. Pore-throat sizes calculated from 

legacy core analyses indicate that pore-throat sizes become progressively smaller at lower 

elevations (Fig. 8.17). 

 

 
Figure 8.17 Pore-throat sizes calculated from legacy core analyses (R35; Winland, 1976) 
compared to structural elevations, ESSD upper Almond sandstone. R35 decreases with depth, 
and is variable at all depths. 

 

The probable cause of the loss of porosity, permeability and pore-throat sizes in this 

reservoir is cementation by quartz and carbonates (Fig. 8.13). Rock compositions are somewhat 

complex and difficult to read in graphs, but there is an apparent increase in total cementation in 

samples from deeper wells (Fig. 8.18). 
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Figure 8.18 Bulk rock compositions, main ESSD reservoir sandstone. The most obvious patterns 
are increased carbonate cementation and decreased macroporosity at greater depths. 
 

Preservation of reservoir quality by a paleo-hydrocarbon column is inferred from the Sw 

profile and the gradients in porosity and cementation (Figs. 8.8, 8.9, 8.13, 8.18). The Sw profile 

seems to reflect a hydrocarbon column in equilibrium with buoyancy pressures, similar to the Sw 

profile at the Arch Unit. Yet there is no known gas/water contact in this gas pool; the water that is 

present is immobile (Swi) due to the small pore throats in these rocks. The small pore throats 

correlate with greater dolomite cementation. The coincidence of a saturation profile with a 

gradient in dolomite cementation is evidence for porosity preservation by hydrocarbons, and an 

explanation for the porosity anomaly (Fig. 8.8). 

The reason for discounting compaction as a cause for the porosity anomaly is somewhat 

indirect. Grain compaction for all samples as estimated from Ct increases smoothly with depth, 

without an apparent anomaly for ESSD samples (Fig. 8.10). The relatively small sample set in 

this study lends some uncertainty to this observation, but it appears as if Ct has a uniformly 

increasing effect at ESSD in creating pressure-solution and quartz cementation (Fig. 8.14). No 

anomalous relationship to elevation (e.g., height in a paleo-hydrocarbon column) is apparent. 

Pressure continuity of the structurally highest part of this reservoir is indicated by analysis 

of drill-stem test (DST) pressures in a well on the crest of the Creston Nose versus another well 

about five miles north and about 1,000 ft. (305 m) structurally lower (Fig. 6.9). Two wells show 
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evidence of communication of buoyancy pressure through the reservoir (Section 6.1) at 

elevations between -1,973 to -3,085 ft. (-601 to -940 m). Below -3,085 ft. pressures in the lower 

Almond Formation are regionally above normal (about 0.50 to 0.60 psi/ft., Fig. 4.18) and correlate 

with Eocene burial depths (cf. Figs. 4.15 and 4.18). On the assumption that fluid pressures in the 

upper Almond mimic those in the lower Almond, it appears that structurally lower in the upper 

Almond ESSD reservoir, overpressures reflect not buoyancy effects, but rather more regional 

mechanisms for generating overpressures.  

Structurally below -3,550 ft. (-1,082 m), Sw values show no apparent relationship to 

elevation (Fig. 8.16, right). This structural elevation correlates to the 10,000 ft. (3,050 m) burial 

depth below which carbonate cement becomes more abundant (Figs. 8.13 and 8.18). Pore-throat 

sizes reach their minimum values at these elevations (Fig. 8.17). This part of the reservoir may 

have been located below an old hydrocarbon/water contact, and may therefore have been 

extensively cemented before continued gas accumulation filled all the available pore space, as it 

does today. 

Similar to the Arch Unit area, the differences in reservoir quality and Sw seem sufficient 

to explain the differences in production (Section 6.8, Table 6.16). This interpretation is simpler 

than relying on natural fracturing as a component of reservoir permeability. While fractures were 

observed in the ESSD cores, they were minor and mostly filled with cements.  

This interpretation of the ESSD upper Almond gas pool makes it out to be an 

“unconventional” trap. Pressures are anomalous. Reservoir rocks are “tight”. Water production is 

minimal. In this environment it appears that early trapping of hydrocarbons preserved some of the 

reservoir quality, explaining the anomalously high (if still reduced) porosity structurally high in the 

ESSD area as compared to regional trends (Fig. 8.8).  

 
 
 
8.5 Polar Bar Area 

 

The PBU area is sparsely drilled but appears to lack trapping geometry (Fig. 8.19, left). 

The fact that the PBU sandstone contains gas is anomalous. The PBU area has the 

characteristics cited as typical of “tight gas” accumulations. The PBU sandstone is at immobile 

water saturation (Swi) based on water-free gas production from the well, more-or-less uniform 

BVW values in the three analyzed wells (Fig. 7.17), and the small pore-throat sizes estimated 

from core analyses (average R35 of 0.07 microns; Fig. 7.25). Based on mud “weights” (densities; 

Section 7.7), the entire PBU area is overpressured in the PBU sandstone, in the Almond 

sandstones lying stratigraphically below the PBU sandstone, and in some of the lower Lewis 

sandstones. This accumulation stands as an “end-member” in the models of gas accumulations 
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in the Washakie Basin, i.e., a typical TFG accumulation as envisioned by McPeek, (1981), Law 

(1984), Law and Dickinson (1985), Law (2002) and many others. 

The Almond reservoir in this area is petrographically similar to the other Almond 

sandstones examined, except for the greater degrees of compaction and cementation. Also, the 

reservoir contains open vertical fractures lined with quartz. The fractures may be a result of burial 

processes, but also may be related to the faults mapped in the area from seismic (Greg 

Anderson, personal communication, 2011), and evidenced from surface faults. 

These rocks have seen large decreases in porosity. Quartz and carbonate cements are 

abundant (Table 7.3). Much of the quartz cement seems to either accompany or to post-date 

carbonate cementation. Still, there seems to be a slight increase in porosity in the structurally 

higher wells (Fig. 8.19, right). Apparently, gas charging occurred not long before cementation and 

compaction would have completely eliminated porosity.  

 
 
  
8.6 Timing of Trap Formation and Charging 

 

The analyses of the Arch, ESSD, and PBU areas, along with common sense, suggest 

that understanding the timing of trap formation and hydrocarbon charging is central to 

understanding which reservoirs will have reservoir quality preserved by hydrocarbon 

emplacement, and which ones will not.  

Based on published data and the five RockEval® analyses done for this study (Section 

4.4, Tables 5.13, 6.14, and 7.5), source rocks for upper Almond hydrocarbons probably are 

shales and coals within the Almond Formation. Kerogens probably are Type II and relatively H-

rich Type III; the abundance of oil in the Arch Unit suggests sourcing from Type II or I kerogens, 

although some authors (e.g., García-González and Surdam, 1992, 1995) believe that relatively H-

rich Type III kerogens in Almond Formation coals might have contributed to the Arch Unit 

accumulation. Roberts et al. (2005) and Tobin et al. (2010) estimate maximum hydrocarbon 

generation and migration from these source rocks occurred from 52 Ma (early Eocene Wasatch 

time) to 19 Ma (Miocene). Of course, lesser volumes of hydrocarbons may have migrated out of 

these source rocks prior to peak generation. 
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The regional tectonic settings of the study areas are broadly similar (Section 4.2). The 

timing of tectonics is grossly similar, i.e., late Cretaceous to Eocene subsidence an Oligocene 

hiatus Miocene subsidence post-Miocene uplift and unroofing (Roberts et al., 2005). 

Fault swarms are present in and near each of the study areas. In each area structure and 

paleostructure are on a scale larger than that of the reservoir (Sections 5.4, 6.3, and 7.4); the only 

smaller scale, more-local structural complications are faults. The reservoirs appear to have been 

in fluid communication during at least part of the diagenetic process, i.e., allowing through-going 

fluid flow on a geologic time scale. 

When viewed in greater detail, differences are seen between the burial and thermal 

histories of the study areas. The Arch Unit area saw the least burial and thermal stress (Section 

5.1). The PBU area saw the most (Section 7.5). The ESSD area was intermediate (Section 6.1). 

As a result, the Arch Unit area was charged with oil by from easterly source rocks east of the 

Arch Unit area (Fig. 4.17). The gas in the ESSD and PBU areas could have been sourced both 

from local source rocks and by lateral migration from source rocks in the deeper parts of the Red 

Desert and Washakie basins (Fig. 4.17).  

Trap timing varies significantly between the study areas, a fact that is central to porosity 

evolution. From its deposition the Arch Unit sandstone was located in an area of regional east dip 

(Section 5.4), and so represented at least a potential stratigraphic trap from earliest times. The 

formation and northward migration of the Wamsutter Arch may have concentrated hydrocarbons 

along its axis and then remigrated them (Weimer, 1966), but did not fundamentally alter trap 

geometry. It is possible that hydrocarbons preserved porosity in this field, but the rock data from 

within the hydrocarbon column do not support that concept. Perhaps data from structurally below 

the oil/water contact that are not currently available might resolve this question. 

The combination trap at ESSD did not exist until late Paleocene (Section 6.3) at the 

earliest, when uplift of the Creston Nose and Rawlins Uplift reversed local dips from generally 

northeastward to strongly westward (Fig. 6.20). Prior to that fluids would have migrated 

southward through the ESSD upper Almond reservoir. This may have delayed the hindering of 

cementation by hydrocarbon emplacement until the reservoir sandstones were buried deeply 

enough to reduce reservoir quality to levels seen today. It also may have enhanced dissolution of 

labile particles in the ESSD reservoir. 

Similarly, the PBU sandstone body did not experience westward, potentially trapping dip 

until later Eocene times at the earliest (Section 7.4). The PBU area apparently has never been 

part of an effective conventional trap, or else was in the structurally lowest (deepest) part of a 

larger trap that extended south to the Cherokee Ridge, where it appears to have been breached 

by faulting (Sections 7.4, 7.7. and 7.8). This may partially explain the far advanced reduction of 

reservoir quality in this area. 
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8.7 Further Comparisons of Results to Previous Work 

 

This study lends credence to the idea of hydrocarbon emplacement preserving reservoir 

quality at ESSD and PBU, but does not directly relate hydrocarbon emplacement in time and 

space to cementation or dissolution. The sampling and analyses focused on single hydrocarbon 

pools and determinations of porosity evolution in discrete hydrocarbon columns. Previous 

workers have not reported the anomalous gradients in porosity- and cements-versus-depth 

relationships at ESSD (Figs. 8.8 and 8.9). These anomalies are among the strongest indicators of 

preservation of porosity by hydrocarbon emplacement when they are accompanied by the indirect 

indication of a paleo-hydrocarbon column implied by a normal-appearing Sw profile. 

Grain tightness (Ct), a novel means of evaluating compaction and estimating pore-throat 

sizes, appears to be a method deserving of further attention. Good correlations between Ct and 

R35 suggest that the method may be useful in estimating pore-throat sizes in rock samples that 

are unsuitable for more exacting laboratory measurements such as capillary pressure tests. The 

method seems to have limitations in tightly compacted or heavily cemented sandstones. The 

concept is similar to that of Cook et al. (2011), but instead of using computer methods relies on 

more rapid human judgments, with human judgment’s usual strengths and weaknesses. 

The interpreted paragenesis from this work does not differ materially from previous work, 

except that compaction appears to be effective at greater depths than Tobin et al. (2010) 

interpreted it to be. While Tobin et al.’s work would suggest that compaction occurred mostly prior 

to carbonate cementation, Ct values that increase at all depths, rather than falling off at greater 

depths, and the presence of compacted carbonate cement in the PBU core suggests that 

compaction continued to be effective at all burial depths. 

This work does not definitively eliminate fracturing as a significant component in reservoir 

permeability in Almond sandstone reservoirs. However, evidence for significant fracture porosity 

or permeability is lacking in the Arch Unit and ESSD reservoirs. Conversely, fractures may be the 

dominant source of permeability in the PBU area; the effect on bulk permeability of fractures that 

are millimeters wide would be expected to far exceed the low matrix permeabilities of the PBU 

sandstones. 

 
 
 
8.8 Summary of Unique Results of This Work 
 

This study resulted in a more comprehensive analysis of disparate subsurface data in 

these Washakie Basin TFG accumulations than has been available to date. Integrated 

stratigraphic, structural, petrographic, and petrophysical data explain why some wells produce 

hydrocarbons more prolifically than do other wells. They also suggest that understanding burial 

and hydrocarbon-charging timing is important in finding and developing sweet spots. This 
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traditional responsibility of the petroleum geologist has sometimes been overlooked or under-

emphasized in exploration and exploitation projects, to the detriment of profitability.  

Sw profiles proved to be a previously unappreciated means of recognizing the presence 

of continuous, “conventional”, hydrocarbon-over-water hydrocarbon accumulations even in an 

area (ESSD) that has subsequently seen essentially complete charging of the available reservoir 

pore space by gas. Pressure continuity of the structurally highest part of this reservoir, previously 

unrecognized, is suggested by anomalous pressure gradients (Section 6.1). The evidence of a 

preserved hydrocarbon column at ESSD supports the idea of progressive evolution of the Almond 

Formation from a formation with conventional hydrocarbon traps to a regionally gas-charged 

formation. Linking the ESSD “paleo-hydrocarbon accumulation” to diagenesis and the associated 

loss of reservoir quality to cementation is empirical, but offers an apparently sufficient explanation 

for the ESSD sweet spot. 

A novel but effective means was developed as a measure of compaction and pore-throat 

sizes i.e., Ct estimation from thin sections. This method appears applicable to other sandstone 

reservoirs, although the significance of the strong relationship between Ct and pore-throat sizes is 

not entirely clear; why is there not more effect of cementation, which is excluded from the Ct 

estimates, reflected in pore-throat sizes? 

The coincidence of low pressure gradients in the Almond Formation on the Wamsutter 

Arch (Fig. 4.18) with known faulting suggests pressure leak-off through the faults. The poor 

quality reservoir in the PBU area suggests that the regional gas charge may have been leaking 

through faults located on the Cherokee Ridge for a very long time. Such leak-off was thought by 

Shanley and Cluff (2005) and Shanley et al. (2004, 2007) to result ultimately in the destruction of 

TFG accumulations; this may be the case in this part of the Washakie Basin. 

The lack of open fractures in the cores from the Arch and ESSD areas was unexpected, 

but important because it suggests that natural fracturing does not play a primary role in 

determining per-well producibility. The sweet spots in the Arch and the ESSD areas appear to be 

explainable, at least generically, by the more mundane phenomena of varying water saturations 

and reservoir quality. 

Some practical observations were made in the ESSD area suggesting that variations in 

formation-water resistivity (Rw) are significant in affecting log analyses of water saturation. The 

apparent (although limited) utility of spontaneous potential (SP) log data in this area suggests that 

some means of obtaining Rw from well logs may be possible, perhaps by the method of Patchett 

and Rausch (1967). 

Finally, the image-analysis data in the Arch Unit, while it has limited utility, still shows 

some capability of differentiating pore-throat sizes (Fig. 5.45). The differences are at the extremes 

of pore and pore-throat sizes in those data, but are consistent nevertheless, and offer the 

possibility of estimating pore-throat sizes from digital analyses of thin sections.  
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8.9 Recommendations for Future Work 

 

1) The wide variability in the compositions of the Almond sandstones in this study is 

similar to the variability seen in other studies of Mesaverde sandstones (Keighin, 

1989; Schatzinger et al., 1992). Reasons for this variability are not immediately 

evident from the data gathered here. A larger set of samples and different point-count 

procedures might answer whether or not the sample variability has explanations in 

depositional differences, in inhomogeneous fluid-flow through the formations during 

diagenesis, or some other factor(s). Point counts should be made using: 1) 500 or 

more points in order to reduce the error in estimates of less abundant components 

such as feldspars and clays; 2) separate point-counts of the various types of rock 

fragments; and 3) separate point-counts of porosity types, particularly more carefully 

differentiating intergranular porosity from dissolution porosity, whether it be open, 

compacted, or filled with cement. QEMSCAN analyses would be useful in order to 

better characterize mineralogy and porosity and thus to allow more geochemical 

understanding of the solution processes at work in these rocks. Analysis of samples 

by scanning electron microscopy and x-ray diffraction would better characterize the 

habits and modes of clay minerals; although they are sparse in the cleaner 

sandstones, they would be important in unraveling geochemical history. It would be 

very useful to devise better methods of differentiating dolomite rock fragments from 

intergranular dolomite cement.  

2) As useful as Ct measurements might appear to be, they are subjective when 

performed under a standard petrographic microscope. One source of subjectivity is 

differentiating cements from tightly compacted grains. However, Ct estimates made 

with cathodoluminescence equipment might overcome that limitation. 

3) A question that stands out from this research is whether or not the lack of a gradient 

in cementation at the Arch Unit negates the idea of hydrocarbon preservation of 

porosity. It is possible that diagenesis is more advanced below the oil/water contact, 

but that is difficult to test without core control. There are cores in the lower Arch 

sandstone that could be examined and compared with lower Arch sandstone cores in 

the hydrocarbon column for that reservoir in the Arch Unit. 

4) Formation of quartz overgrowths by pressure solution and that of pore-filling 

carbonate cements are known to result from very different processes (Morad, 1998; 

Worden and Burley, 2003). If quartz pressure solution only requires burial 

compaction and the presence of grain-coating water, then quartz cementation may 

continue after emplacement of hydrocarbons. If carbonate cementation requires input 

of ions from outside the reservoir, that would seem to require throughput of hydrous 
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fluids. Water-flow likely would be hindered or stopped by hydrocarbon emplacement. 

Thus it is possible that quartz pressure solution could continue at great depths even 

in the presence of low water saturations, long after carbonate cementation might be 

“turned off” by hydrocarbon emplacement. This may explain the heavy quartz 

cementation in the PBU core. Study of the temperatures and timing of formation of 

carbonate and quartz cements using stable isotope analyses would have a possibility 

of answering this question.  

5) The processes displayed by these rocks are complex. The loss of porosity to quartz 

cement might affect carbonate cementation, and vice versa. Dissolution would 

increase porosity to some extent, but might also reduce the rock’s resistance to 

compaction. Geochemical modeling has been attempted in the area (Meshri and 

Walker, 1990; MacGowan et al., 1993; Tobin, 2010) using data from these more 

carefully selected samples might be necessary to fully understand how much porosity 

actually is preserved by hydrocarbon emplacement. 

6) There are possible errors in the Sw calculations introduced by assuming invariant 

values of Archie’s cementation (“m”) and saturation (“n”) exponents. It is expected 

that both the exponents used, if incorrect, might be too low because these 

parameters tend to be higher in tighter rocks and in rocks saturated with 

hydrocarbons. If this is the case, it would change the saturation profiles, probably 

increasing calculated Sw values at lower structural elevations. With greater precision 

in Sw calculations, it might be possible to quantitatively link pore geometry 

(particularly pore-throat sizes) to the ESSD saturation profile. 
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APPENDIX A 

 

CORE DESCRIPTIONS 

 
 
 
A1. Legends for Core Descriptions 

 

Many, but not all, of the macroscopic characteristics noted in the cores are displayed in 

diagrams below created with LogPlot 7® software (Figure A1.1). Only the upper Almond cored 

intervals of most interest to this study are shown, although some cores included other upper and 

middle Almond intervals. More details are available in Excel® spreadsheets found on the DVD. 

 

 
Figure A1.1 Explanation of the format of the core descriptions. 
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Figure A1.2 Legend for lamination and bedding. 

 

 oysters 

Figure A1.3 Legend for fossil content. 

 

 
Figure A1.4 Legend for burrowing.  
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Figure A1.5 Legend for gross lithologies. 

 

 

 
Figure A1.6 Legend for accessory minerals and minor components. 
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Figure A1.7 Legend for macrofractures. 

 

Table A1.1 Abbreviations used in rock descriptions. 

aa = (same) as above HCl = hydrochloric acid (10%r) res = reservoir rock 
abdt  = abundant hor = horizontal RFs = rock fragments 
bcmg = becoming hvy = heavy S. = Skolithos 
bent = bentonite/bentonitic ig = intergranular scat scattered 
bidrx = bidirectional incl = inclined sd = sand 
biot = bioturbated incr = increasing sdy = sandy 
blk = black Inoc. = Inoceramus sfc = surface 
bot = bottom irreg = irregular SH/sh = shale 
brn = brown kao = kaolinite shy = shaly 
burr = burrowing l = lower (size grades) sid = siderite 
burrs = burrows lam/lams = lamination/laminations sim = similar 
calc = calcareous lt = light sli = slightly 
carb = carbonaceous Mac. = Macaronichnus SLT = siltstone 
cht = chert mass = massive (structureless) slty = silty 
cln = clean matl = material So = sorted 
cly = clay med = medium SS = sandstone 
cmt = cement mg = medium grained strk/strks = streak/streaks 
comm = common mott = mottling/mottled subhor = subhorizontal 
decr = decreasing MUD = mudstone subrdd = subrounded 
disc = discontinuous nod = nodules sulf = sulfur 
dk = dark O. = Ophiomorpha Thal.= Thallasinoides 
down = downward ogths = overgrowths tr = trace 
exc = excellent org = organic u= upper (size grades) 
Fd = feldspar P&P = porosity and permeability up = upward 
fg = fine grained P. = Planolites v = very 
fiss = fissile pbl = pebble vert = vertical 
foss = fossil/fossils pct = percent vfg = very fine grained 
frac/fracs = fracture/fractures perm = permeability w/ = with 
frags = fragments por = porosity wht = white 
ft = feet pt = part xbdd = cross bedded 
gr sz = grain size ptg/ptgs = parting/partings xlams = cross laminations 
grad = gradational pyr = pyrite   
gy = gray Q = quartz   
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Table A1.2 Facies codes. 

Code Name Environment 

Type A Carbonaceous mudstone and coal Marsh 

Type B Rippled, burrowed mudstone Lagoons and bays 

Type C Carbonaceous sandstone with mudstone Washovers 

Type D1 Burrowed sandstone with thick mudstone laminae Lower Shoreface 

Type D2 Variably laminated sandstone Upper shoreface 

Type E High-angle cross-laminated sandstone Tidal channel 

Type F Horizontally laminated clean sandstone Foreshore 

Type G Low-angle cross-laminated sandstone Tidal flat 

Type H Oyster coquinas Estuarine 

Type I Bioturbated shaly sandstone Transgressive  

 

Table A1.3 Codes for sandstone types. 

1st Digit: 
Gross 

Lithology 

2nd Digit: % 
Mudrock 

Laminations 

3rd Digit: 
Bedding & 
Lamination 

4th Digit: 
Burrows 

5th Digit: 
Grain Size 6th Digit: Fracturing 

1 = 
clean 1 = none 

1 = 
inclined, 

cross 
bedded 

1 = none 1 = 
boulder 

1 = open macrofractures - 
many 

2 = 
shaly 2 = trace 

2 = 
Unclear, 
massive 

2 = minor 2 = cobble 2 = open microfractures -
many 

 
3 = trace-

10% 

3 = hor 
lams, 

graded 

3 = 
moderate 3 = pebble 3 = open macrofractures – 

few 

 4 = 10-25% 4 = wavy 
laminations 4 = biot 4 = 

granule 4 = open microfractures – few 

 5 = 25-50% 5 = ripple 
laminations  

5 = very 
coarse 5 = none 

  

6 = other 
(disc, 
flaser, 

disturbed) 
 6 = coarse 6 = closed microfractures - 

few 

    
7 = 

medium 
7 = closed macrofractures - 

few 

    8 = fine 8 = closed microfractures - 
many 

    
9 =  very 

fine 
9 = closed macrofractures - 

many 
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A2. Core Descriptions – Arch Unit Area 

 

 
Figure A2.1 Core description, Forest Oil, Arch Unit #18-23-2, Section 23, T19N, R99W. 
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Figure A2.2 Core description, Forest Oil, Arch Unit #20-23-4, Section 23 T19N, R99W. 
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Figure A2.3 Core description, Forest Oil, Arch Unit #58-22-1, Section 22, T19N, R99W.
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Figure A2.4 Core description, Union Pacific Railroad, Arch Unit #1-13-1, Section 13, T19N, 

R99W. 
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Figure A2.5 Core description, Forest Oil, Arch Unit #47-14-4, Section 14, T19N, R99W.
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Figure A2.6 Core description, Forest Oil, Arch Unit #9-18-2, Section 18, T19N, R98W.



 

 332 

 
Figure A2.7 Core description, Forest Oil, Arch Unit #11-12-1, Section 12, T19N, R99W. 
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Figure A2.8 Core description, Union Pacific Railroad, Arch Unit #16-7-1, Section 7, T19N, R98W. 
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Figure A2.9 Core description, Forest Oil, Arch Unit #50-18-6, Section 18, T19N, R98W. 
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Figure A2.10 Core description, Forest Oil, Arch Unit #68-7-8, Section 7, T19N, R98W. 
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Figure A2.11 Core description, Union Pacific Railroad, Arch Unit #48-7-6, Section 7, T19N, 

R98W. 
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Figure A2.12 Core description, Forest Oil, Arch Unit #76-6-1, Section 6, T19N, R98W. 
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Figure A2.13 Core description, Forest Oil, UPRR-Arch Unit #81-3-1, Section 3, T19N, R99W. 
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Figure A2.14 Core description, Forest Oil, Arch Unit #70-1-8, Section 1, T19N, R99W. 
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Figure A2.15 Core description, Union Pacific Railroad, Arch Unit #96-19-5, Section 19, T19N, 

R98W. 
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Figure A2.16 Core description, Forest Oil-Union Pacific Railroad, Arch Unit #3-19-2, Section 19, 

T19N, R98W. 
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Figure A2.17 Core description, Forest Oil, Arch Unit #102-7-10, Section 7, T19N, R99W. 
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Figure A2.18 Core description, Mesa Petroleum, Mesa Playa Unit #1-30, Section 30, T20N, 

R98W. 
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A3. Core Descriptions – Echo Springs/Standard Draw Area 
 

 
Figure A3.1 Core description, Marathon Oil, Marathon Federal #1-2, Section 2, T19N, R93W. 
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Figure A3.2 Core description, Marathon Oil, Standard Draw Federal #1-2, Section 2, T18N, 

R93W. 
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Figure A3.3 Core description, Amoco Production, Amoco Champlin 226D #1, Section 5, T17N, 

R93W. 
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Figure A3.4 Core description, Amoco Production, Amoco Champlin 336A #1, Section 21, T17N, 

R94W. 
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Figure A3.5 Core description, Amoco Production, Monument Lake Unit #2, Section 9, T21N, 

R92W. 
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Figure A3.6 Core description, Amoco Production, Amoco Champlin 237E #1, Section 9, T17N, 

R94W. 
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A4. Core Description – Polar Bar Unit Area 
 

 
Figure A4.1 Core description, Bass Enterprises, Polar Bar Unit #1, Section 22, T14N, R96W. 
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APPENDIX B 

 

CONTENTS OF THE DVD 

 
 
 

The DVD included in the pocket contains the written dissertation in Microsoft Word 97-

2003 format (created in Word 2010; subdirectory Coalson_Dissertation_Word_Format) and 

Adobe pdf formats (created in Adobe Acrobat 9; subdirectory Coalson_Dissertation_PDF_ 

Format). Raw data and image files that were generated for this research also are included 

(subdirectory Coalson_Data_Files). The files are in Microsoft Excel 97-2003 Worksheet format 

(created in Excel 2010) and in Adobe pdf format.  

The raw data on the DVD include core and thin section images created during this 

research and some images obtained from U.S. Geological Survey files. There also are data from 

log analyses, Horner analyses, core descriptions, and descriptions and point counts of thin 

sections. In general, the detailed data are organized by well API number; information of well 

operator and well names are generally included within the data files. Collected data of legacy 

core analyses, drill stem tests, ImageJ analyses, and other more regional data also are saved in 

Excel spreadsheets. Gamma ray and spontaneous potential well logs are present in LAS format 

for the key cored wells. 

There are data in these files that have not been specifically discussed in this dissertation. 

The reader is invited to inspect and use the data; comments would be welcome if the author is 

still surviving and mentally aware. 
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