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Abstract 

 

John L. McFadden Jr. (M.S. Geology [Geological Sciences]) 

 

Depositional Environment and Reservoir Characteristics of the Upper Mesaverde Group, Upper 

Philadelphia Creek, Douglas Creek Arch, Colorado 

 

Thesis directed by Professor Matthew J. Pranter 

 

Exhumed strata of the upper Mesaverde Group (Late Cretaceous) on the Douglas Creek 

Arch, northwestern Colorado are representative of a low- to moderate-sinuosity fluvial system 

deposited during the regression of the Western Interior Seaway. Fluvial channel sandstones 

(N=202) and floodplain mudstones present in these strata serve as outcrop analogs to laterally 

equivalent reservoir elements in the adjacent Piceance and Uinta basins. Seven general sandstone 

body forms can be recognized based on their external geometry and internal architecture. Of 

these, the dominant channel-body types are interpreted as the deposits of sinuous-channel fluvial 

systems. Values for paleomorphological characteristics for the interval were estimated using 

empirically-based equations from various authors. Using sandstone-body dimensions (N=17) and 

paleocurrent data (N=163) as input parameters, a sinuosity range of 1.3 to 1.9 was calculated 

(median=1.6). The results of these calculations, in addition to the range and relative abundance 

of sandstone-body types observed across the outcrop interval, reveal a fluvial system deposited 

by both low- and high-sinuosity rivers, but dominated by low- to moderately-sinuous, 

meandering rivers. 
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Nine outcrop photomosaics were interpreted to create “homogeneous” and 

“heterogeneous” sandstone-body polygon maps. These maps, which display in two dimensions 

the abundance and distribution of sandstone bodies and their associated internal surfaces, were 

assessed via pixel analysis to determine the net-to-gross, connected-reservoir area, and reservoir-

area connectivity of intervals between pseudowells at 10- and 40-acre pseudowell spacing. The 

average net-to-gross ratio of the upper Mesarverde interval is 45.4%. For comparison, the 

average net-to-gross ratio observed in six outcrop measured sections (N=1,505 ft) is 40.9%. 

Reservoir-area connectivity ranges from 22.7% to 91.4% (average=60.0%) at 10-acre 

pseudowell spacing and 37.3% to 57.4% (average=41.0%) at 40-acre pseudowell spacing 

assuming homogeneous sandstone bodies. If internal heterogeneity of sandstone bodies is 

considered, the average reservoir-area connectivity ranges from 0.0% to 47.9% (average=13.2%) 

at 10-acre pseudowell spacing. Intervals between pseudowells at 40-acre pseudowell spacing 

have no connectivity. Comparing local changes in net-to-gross ratio to reservoir-area 

connectivity reveals that while connectivity is, in general, directly dependent on net-to-gross 

ratio, it is more reliant on the dimensions, spatial placement, and internal heterogeneity of 

sandstone bodies. 
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Introduction 

The Late Cretaceous, upper interval of the Mesaverde Group (Kmvu) in Upper 

Philadelphia Creek on the Douglas Creek Arch is represented by a complex succession of 

fluvially derived strata that serve as outcrop analogs to laterally equivalent natural-gas reservoirs 

in the Piceance and Uinta basins. The outcrop interval of this study is laterally equivalent to the 

upper Williams Fork Formation (Piceance Basin) and the Farrer and Tuscher Formation (Uinta 

Basin), which consist of significant tight-gas, sandstone reservoirs. Reservoirs associated with 

fluvial deposits, like those in the Mesaverde Group, are commonly highly discontinuous and 

their dimensions are difficult to determine and predict in the subsurface. Heterogeneities within 

individual sandstones may reduce pore-volume connectivity even further (Ellison, 2004; Pranter 

et al. 2004, Jordan and Pryor, 1992). This study utilizes the Kmvu outcrop analog to address 

heterogeneity at multiple scales up to the size of the outcrop (reservoir scale). In particular, the 

stratigraphic architecture (how sandstone-reservoir elements are related to each other) and the 

heterogeneity within individual fluvial sandstones (the abundance and extent of internal surfaces 

– internal heterogeneity) are addressed. Documentation, description, and characterization of the 

range of heterogeneities at the various scales observed in outcrop contribute to the predictability 

of reservoir uncertainties in inter-well volumes of fluvial reservoirs. A depositional model is 

developed for the Kmvu interval based on lithofacies assemblages, fossils, paleocurrent 

measurements, and sandstone-body geometries observed and measured in the field and with 

photomosaics. 

The study area is located on the eastern flank of the Douglas Creek Arch, about 13 mi (21 

km) south of Rangely, Colorado (Figure 1A) and encompasses an area of approximately 1.0 mi
2
 

(2.6 km
2
) (Figure 1B). The outcrop window used in this study is nearly 430 ft (150 m) thick, 
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Figure 1. The Upper Philadelphia Creek (UPC) outcrop window is located on the northern 

Douglas Creek Arch in township T2S, R101W, section 36. A) Regional view of the study area 

(highlighted in yellow) (modified from Hlava, 2011). The Mesaverde Group outcrop here dips to 

the east into the Piceance Basin where laterally equivalent strata serve as gas reservoirs. B) View 

of Philadelphia Creek with study area highlighted. 

A 

B 
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beginning above the Kmvl interval, described by Hlava (2010), and extending upward to the 

Maastrichtian-Paleocene Ohio Creek Formation. Although several outcrop-based studies have 

documented the sedimentology, fluvial architecture, and dimensional characteristics of the 

Williams Fork Formation sandstone bodies (Cole and Cumella, 2005; German, 2006; Panjaitan, 

2006; Pranter et al., 2009; Hlava, 2011; Harper, 2011; and Pranter and Sommer, 2011), fewer 

have focused on the upper Williams Fork Formation (Cole et al., 2002; Patterson et al., 2003; 

Leibovitz, 2010; Keeton, 2012, Sharma, 2013).  

This study provides insight into the depositional environment and reservoir 

characteristics of fluvial deposits in the upper Williams Fork Formation and equivalent strata as 

present in the northern part of the Piceance Basin, Douglas Creek Arch, and Uinta Basin. The 

primary objectives of this study were to 1) describe and define architectural elements present, 2) 

determine the depositional environment of the Kmvu, 3) quantify the dimensions and spatial 

distribution of reservoir-scale, fluvial sandstone bodies, 4) qualitatively address the internal 

heterogeneity of fluvial sandstone bodies, and 5) assess the 2D static connectivity of the study 

interval. This thesis particularizes a new method for utilizing outcrop photomosaics to 

quantitatively measure outcrop area and characterize reservoir-area connectivity (defined later). 

Also, a dual-type classification scheme that takes into account external and internal geometry of 

fluvially derived sediment bodies to effectively characterize the fluvial depositional style and 

reservoir potential of the Kmvu interval is described. 

Tectonic and Stratigraphic Setting  

The Mesaverde Group records the final withdrawal of the Western Cretaceous Interior 

Sea (Mancos sea) from present-day Utah and Colorado. Before the Laramide Orogeny began in 

the Late Cretaceous, the area now occupied by the Uinta and Piceance basins was part of the 
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much larger Rocky Mountain Foreland Basin system created by the Sevier Orogeny during the 

early Cretaceous (Decelles and Mitra, 1995; Decelles, 2004). Fluvial systems transported 

sediment from the orogenic highlands eastward (Figure 2), resulting in deposition of thousands 

of feet of Cretaceous-aged, Mesaverde Group strata. Numerous transgressions and regressions of 

the Cretaceous Western Interior Seaway into the Rocky Mountain Foreland Basin resulted in a 

complex intertonguing of alluvial-plain, coastal-plain, and marine strata (Weimer, 1960; 

Johnson, 1989; Cole and Cumella, 2003; Johnson and Flores, 2003; Patterson et al., 2003) 

(Appendix B1). The seaway reached its maximum transgression during early Late Cretaceous 

time (Cenomanian-Turonian, ~91.5 Ma) (Haq et al., 1987). The Laramide uplifts segmented the 

Colorado Plateau region into smaller basins and uplifts, which are present today (Johnson and 

Flores, 2003; Decelles, 2004). 

The Douglas Creek Arch is a north–south-trending faulted anticline that separates the 

Uinta Basin of northeastern Utah from the Piceance Basin of northwestern Colorado. The arch 

initially formed during the Laramide Orogeny, as part of a broad, north–south-trending uplift that 

extended from northwest Colorado into southern Wyoming (Johnson and Finn, 1986; Mederos et 

al., 2005; Bader, 2009). 

In the Piceance Basin, the upper Williams Fork Formation consists of porous, lenticular 

channel sandstone bodies encapsulated by low-permeability floodplain fines. It is characterized 

by relatively small reservoir bodies, which if connected, can form significant hydrocarbon 

accumulations. Where strata are dipping locally, gas may be trapped in the updip flank of a 

sandstone body, but the trapping mechanism for this interval is almost entirely stratigraphic. This 

reservoir type constitutes what Weber and Van Geuns (1990) termed “labyrinth” and “jigsaw” 

reservoirs, reflecting the tortuous flow paths that the stratigraphy imposes on fluids. 
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Figure 2. A) Generalized paleogeographic representation North America during the Late 

Cretaceous (~65 Ma). Alluvial-plain environments are represented between the Sevier Orogenic 

belt and the Western Interior Seaway (Bader, 2009). Extents of the Piceance and Uinta basins as 

they exist today are highlighted in red. B) Idealized depiction of the Late Cretaceous depositional 

environment in Utah and western Colorado. Approximate study area outine in yellow. Modified 

from Blakey (2009). 
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Stratigraphic nomenclature in the area is complicated because the Mesaverde Group is 

subdivided differently depending upon location (Figure 3). The United States Geological Survey 

terminology, based on the Texas Mountain Quadrangle geologic map (Barnum et al.,1997), is 

used in this study. The top of the Mancos Shale marks the base of the Mesaverde Group. Four 

main units exist on Douglas Creek Arch: 1) lower Mesaverde Group (Castlegate-Sego interval); 

2) lower coal-bearing Mesaverde (Kmvl); 3) main coal-bearing Mesaverde (Kmvc); and 4) upper 

Mesaverde (no coal) (Kmvu) (Barnum et al., 1997).   

Three main sandstone units exist within the lower Mesaverde Group in the study area: the 

Castlegate Sandstone, the lower Sego Sandstone, and the upper Sego Sandstone, which all 

intertongue with members of the Mancos Shale (Hettinger and Kirschbaum, 2002; 2003). The 

Sego Sandstone, which is used as a marker bed to stratigraphically constrain the studied outcrop 

interval, is an estuarine and shoreface assemblage consisting of fine- to medium-grained 

sandstone and mudrock between the Buck Tongue and Neslen Formation (Fisher et al., 1960; 

Franczyk, 1990; Van Wagoner, 1990; Van Wagoner, 1991; Hettinger and  

Kirschbaum, 2002).  

The Kmvl is approximately 300-600 ft (91-183 m) thick and consists of coastal-plain, marginal-

marine, and marine environments (Johnson and Smith, 1993; Barnum et al., 1997; Hettinger and 

Kirschbaum, 2002; 2003; Kirschbaum and Hettinger, 2004; Anderson, 2005; Caldes, 2005). In 

the Piceance Basin, the Kmvl is partitioned into three progradational shoreface members: the 

Corcoran, Cozzette, and Rollins sandstone members, which were deposited in inner-shelf, 

deltaic, shoreface, estuarine, and lower-coastal-plain environments (Hettinger and Kirschbaum, 

2002; 2003; Kirschbaum and Hettinger, 2004; Shaak, 2010). These three members are separated 

by tongues of marine Mancos Shale and represent several transgressive-regressive  



7 
 

 

Figure 3. Nomenclature of the study interval and the lateral equivalents to the east (Piceance 

Basin) and west (Uinta Basin). The red bar indicates the study interval, which is approximately 

1,400 ft (426.7 m) above the top of the upper Sego Sandstone. The nomenclature used is 

referenced from the United States Geological Survey. Figure provided by Rex Cole. Modified 

from Hlava (2011) and Hettinger and Kirschbaum (2002). 
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cycles of the Cretaceous Western Interior Seaway (Hettinger and Kirschbaum, 2002; 2003; 

Patterson et al., 2003; Cole and Cumella, 2005; Cumella and Scheeval, 2008; Shaak, 2010). In 

the Uinta Basin, the Kmvl is undivided, and is referred to as the Neslen Formation. The Neslen 

Formation is interpreted as coal-bearing, tidally influenced, and marginal-marine deposits 

(Hettinger and Kirschbaum, 2002, 2003; Kirschbaum and Hettinger, 2004; Cole and Pranter, 

2008; Aschoff and Steel, 2011). The boundary between the Kmvl and the Kmvc is marked by an 

ash (tonstein) zone present in the study area of Hlava, (2011) (Figure 1).  

The Kmvc is a low net-to-gross (<50% sandstone) interval that is approximately 200-500 

ft (61-152 m) thick and is characterized by thin, discontinuous, isolated fluvial sandstone bodies 

interbedded with mudrock and coal. The Kmvc was deposited by meandering fluvial channels 

and extensive floodplains (Barnum et al., 1997; Johnson, 1989; Hettinger and Kirschbaum, 2002; 

2003; Cole and Cumella, 2005; Pranter et. al., 2007, 2008, 2009). This unit is thought to be 

equivalent to the lower Williams Fork Formation, particularly the Cameo coal zone. In the Uinta 

Basin, the Kmvc is undivided and referred to as the Farrer Formation (Aschoff and Steel, 2011). 

In the study area, no distinct boundary exists between the Kmvc and the Kmvu. 

This study focuses on the Kmvu interval and equivalent rocks in the Piceance and Uinta 

basins. The Kmvc and Kmvu intervals are separated based on net-to-gross ratio and the presence 

or absence of coal. The Kmvu is a relatively high net-to-gross (>50% sandstone) interval that is 

approximately 600-800 ft (182.9-243.9 m) thick and is characterized by isolated to amalgamated 

fluvial deposits. Deposits of the Kmvu are commonly thicker and more laterally continuous than 

those of the Kmvc. In the Piceance and Uinta basins, sandstone bodies of the Kmvu were 

deposited on alluvial plains by meandering- to braided-fluvial channels (Barnum et al., 1997; 

Hettinger and Kirschbaum, 2002; Cole and Pranter, 2008; Pranter et al., 2008). The Kmvu is 
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equivalent to the upper Williams Fork Formation in the Piceance Basin and the Tuscher 

Formation in the Uinta Basin. This interval has mostly been beveled off the Douglas Creek Arch 

due to uplift and erosion (Johnson and Flores, 2003). The Cretaceous-Tertiary (K-T) boundary, 

which is exposed on the edges of the Douglas Creek Arch, marks the top of the Mesaverde 

Group strata (Ohio Creek and Dark Canyon intervals). 

 

Dataset and Methodology 

Two outcrop windows that trend along the western and eastern forks of Upper 

Philadelphia Creek (UPCW and UPCE, respectively) are oriented semi-perpendicular to one 

another and are in close enough proximity to be analyzed congruently at the section/reservoir 

scale (Figure 4). Stratigraphic control for the outcrop windows is provided by a nearby gas well 

(Northwest Philadelphia Creek No. 37), which indicates that the base of the UPCW window is 

approximately 1,500 ft (457 m) above the top of the Sego Sandstone (Appendix B2). Multiple 

outcrop-wall orientations provide multiple 2D perspectives of the Kmvu relative to the dominant 

paleoflow direction. The dip of the outcrop varies from ~5° to 13° across the exposed window. 

Dip angle increases to the east into the Piceance Basin, where sandstones related in character, 

distribution, and dimensions to those seen in the UPC outcrop window, are significant gas 

reservoirs (Johnson, 1989; Cumella and Ostby, 2003; Cole and Cumella, 2005; Pranter et al. 

2007, 2008, 2009) 

Six stratigraphic sections (1,505 ft [458.7 m]) (Figure 5) were measured to determine 

lithology, grain size, bedding structures, ichnofossils, bounding surfaces, and paleocurrent 

directions. Facies associations were interpreted from these observations. Sections were spaced 
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Figure 4. Section of outcrop dataset used in this study. Basemap 

shows orientation of outcrop walls present in the western and 

eastern forks of Upper Philadelphia Creek (UPCW [A] and UPCE 

[B], respectively. Six multicolored lines represent measured section 

paths. The white line represents the Anadarko measured section 

collected by Rex Cole, Russell Stands-Over-Bull, and Howard 

White. Drafted measured sections are presented in Figure 5. 



 

11 
 

 

Figure 5. Measured sections 

described in the UPCW and UPCE 

outcrop windows. 

Right track = lithology and 

sedimentological description. Left 

track = handheld gamma-ray 

measurements and unique 

sandstone-body numbers (red). 

Sandstone-body numbers are 

unique to individual sandstone 

bodies (described in a later section) 

and correlative between sections 

(horizontal, dashed lines). 

Paleocurrent measurements 

represented by red arrows. See 

Figure 4 for measured section 

locations. Lithofacies by foot and 

figure legend shown in Appendix. 
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approximately 660 ft (201 m) to mimic a 10-ac (660 ft x 660 ft, 201 m x 201 m) well spacing. In 

order to evaluate gamma-ray responses for lithologies present in the interval, total and spectral 

gamma-ray (SGR) data were acquired for each stratigraphic section with a sampling increment 

of every 1.0 ft (0.3 m) where exposed and every 5 ft (1.5 m) where covered (Appendix C). 

Photomosaics were acquired and assembled using a 12.3 megapixel Nikon D-90 digital SLR 

camera and the Microsoft Image Composite Editor (ICE) software package, respectively 

(Appendix F). These photo-panoramas aided in definition and quantification of large-scale 

depositional geometries, surfaces, dimensions, and connectivity of the sandstone bodies across 

the entire 1.6 mi- (2.6 km-) long outcrop exposure. Apparent-width measurements of the 

sandstone bodies were made by identifying termination/pinchout points on the photomosaics and 

measuring the distance between them with the GoogleEarth ‘Ruler’ tool (Appendix B3). To 

validate these measured values, comparisons were made to the distances between a number of 

GPS field measurements (Appendix B4). Thickness values were acquired using a 60 ft (18.2 m) 

rope marked every 1.0 ft (0.3 m) as a scale. The rope was hung over the side of sandstone bodies, 

while a field assistant captured high-resolution photographs. In this way, thickness values for the 

sandstone body, as well as internal elements, could be estimated. 

Each sandstone body identified in UPC (N = 202) was given a unique sandstone-body 

number (SSB #) based on its stratigraphic position and lateral extent across the outcrops. In 

general, higher sandstone-body numbers are stratigraphically higher and farther to the 

northeastern extent of the outcrop. Sandstone body numbers are correlative between 

photomosaics and are used to relate sandstone bodies encountered in different measured sections 

(Figure 5). Numbers assigned to sandstone bodies on the UPCE outcrop window have an “E” to 

differentiate them from the sandstone bodies in the UPCW window.  
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Figure 6. Example of pixel analysis being used to estimate 2-D net-to-gross ratio of photomosaic 

AW3. The measurement tool suite in Adobe Photoshop Extended is used to measure the number 

of uniform pixels within selected area (dashed line in C and D). A) Uninterpreted photomosaic. 

B) Sandstone bodies outlined (yellow polygons) with unique sandstone body numbers. UPCW1 

(yellow line) and UPCW2 (red line) paths shown. C) The area being investigated, or the “area of 

interest,” in this example is the entire photomosaic. D) Area within sandtone-body polygons 

selected for pixel measurement. Net-to-gross for photomosaic AW3 through pixel analysis = 

(Pixels within sandstone polygons within area of interest) / (Pixels within entire area of interest) 

= (2,477,604 pixels) / (5,910315 pixels) = 41.2%. For comparison, measured net-to-gross for 

measured section UPCW1 (seen in B) is 40.9% 

 

A 

B 

C 

D 

Pixels counted: 2,477,604 

Pixels counted: 5,910,315 

Pixel-selection polygon 

Total  

selected area 

measured 

Pixel-section polygons  

(dashed line) 

Only areas within 

polygons measured 

(dashed lines) 
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Fluvial sandstone bodies (N = 202) were outlined across each of the nine photomosaics and 

assigned a unique sandstone-body number (Figure 6B). In general, sandstone-body numbers 

increase to the east, following the local dip trend. The mapped sandstone bodies in each 

photomosaic comprise a set of “reservoir-polygon maps,” or digital representations of reservoir 

distribution and net-to-gross in two dimensions. In order to measure the areas of reservoir 

polygons and surrounding strata, the pixel-based, area-selection and measurement tools of Adobe 

System Incorporated’s Photoshop Extended software were utilized. By comparing the number of 

pixels contained within reservoir polygons (Figure 6D) to total number of pixels (Figure 6C), 

approximations for net-to-gross could be determined. Further applications of this technique will 

be discussed in later sections. Additional information on this procedure, including average 

lengths and areas represented by a single pixel for each outcrop photomosaic, can be found in 

Appendix Table B1. 

 

Fluvial Architecture 

When examining and analyzing fluvial outcrops, it is helpful to adopt a method for 

classifying sandstone bodies in a manner that is useful for depositional environment 

determination and/or reservoir characterization (Potter, 1967; Friend, 1983; Slatt, 2006; Gibling, 

2006). According to Miall (1988), “simplistic terms such as ‘braided,’ ‘meandering,’ and 

‘anastomosing’ provide little information to reservoir geologists and engineers who need to 

predict detailed reservoir characteristics in three dimensions.” This study employs a dual-part 

classification scheme used by Currie et al. (2009) that categorizes sandstone bodies by external 

geometry (Cole and Cumella [2005]) and identifies architectural elements within those sandstone 

bodies (Miall [1996]) in an attempt to characterize the reservoir distribution and depositional 
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fluvial style of the upper Mesaverde interval. Sandstone bodies are additionally differentiated by 

the amount of mudstone they contain to highlight the distribution of reservoirs with varying 

degrees of porosity. 

Lithofacies 

Lithologies present in the Upper Philadelphia Creek outcrop windows include mudstone, 

siltstone, sandstone, conglomeratic sandstone, and heterolithic debris with grain sizes ranging 

from clay and silt to medium-grained sand. In order to characterize the vertical successions 

present in the Kmvu interval, nine lithofacies (Table 1, Figure 7) were defined based on 

sedimentary descriptions (lithology, grain size, and sedimentary structures) observed in the 

measured sections. As sandstone is more resistant to erosion and better exposed in outcrop, there 

is a strong bias toward sandstone lithofacies, both in the total amount observed and in the level of 

detail recorded (Appendix B5). Sandstone lithofacies identified include: 1) planar cross-stratified 

sandstone (Slp), 2) trough cross-stratified sandstone (Slt), 3) convoluted sandstone (Sc), 4) 

asymmetric ripple cross-laminated sandstone (Sra), 5) structureless sandstone (Ss), 6) 

heterolithic debris (Hsd), 7) mud-chip conglomerate (Sg) and 8) planar-laminated (lower-flow 

regime) sandstone (Sll). In general, the mudstone lithofacies (M) have higher gamma-ray values 

than sandstone lithofacies (Figure 8). Similar to the results of Keeton (2012), most identified 

sandstone lithofacies do not have a characteristic gamma-ray response, and cannot be 

distinguished from one another using gamma-ray data alone (Figure 8). It is worthwhile to note 

that mudstones in the study area are better preserved beneath weathering-resistant sandstones. 

Above sandstones, mudstones are eroded, producing slopes of varying gradients. The nearest 

non-eroded mudstone may be present up to tens of feet away from gamma-ray-measurement 
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Table 1. Summary of characteristic features and interpreted depositional processes for nine fluvial lithofacies 

observed in outcrop. Facies are identified based on six measured sections (1,505 ft [458.7 m]). Pictures of each 

lithofacies found in Figure 7. 
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Figure 7. Lithofacies identified in Upper Philadelphia Creek. Lens cap is 2.2 in (55 mm) in 

diameter. See Table 1 for descriptions for each lithofacies 
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Figure 8. Box and whisker plots showing ranges (minimum to maximum values), mean (black 

diamond), median (center line), and standard deviation (box) of A) total, B.) potassium, C) 

uranium, and D) thorium gamma-ray values, for each lithofacies. Number of measurements (N) 

used for each lithofacies is given in A. The mudstone lithofacies (M) has higher gamma-ray 

values in general. Since values between sandstone lithofacies are similar, one could not 

distinguish them using gamma-ray data alone. See Table 1 for explanations of lithofacies 

abbreviations. 
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locations taken at the tops of sandstone bodies. Consequently, gamma-ray measurements taken 

on mudstones underlying sandstones are more reliable as representative of ‘in-situ’ rock. 

Furthermore, gamma-ray measurements taken at the bases of most sandstone bodies are 

influenced by underlying mudstones. As such, gamma-ray profiles of these fluvial sandstone 

bodies may not exhibit the expected ‘fining-upward’ trend. (See Figure 5). 

Bounding Surface Hierarchy 

To describe internal and external geometries of sandstone bodies, this paper utilizes the 

bounding surface hierarchy of Miall (1996) (Appendix B6). First- and second-order surfaces 

represent cross-bed set bounding surfaces and coset bounding surfaces, respectively, and are not 

emphasized in this study. Third-order surfaces dip at a low angle and may truncate underlying 

cross-bed sets. These surfaces indicate stage changes (“reactivation surface” of Collinson, 1978), 

with no significant change in sedimentary style or bed-form orientation (Miall, 1988).  

Fourth-order surfaces represent the upper and lower bounding surfaces of stories, or 

individual depositional units. Basal scours of chute channels and crevasse channels are also 

fourth-order surfaces (Miall, 1996). Mudstone drapes, where preserved beneath these surfaces, 

can be visually traced in outcrop sandstone bodies and are a good indicator of internal 

geometry/heterogeneity. Sandstone bodies identified as channel deposits are bounded below by 

fifth-order scour surfaces. These surfaces are generally flat to slightly concave upward, and may 

be marked by local cut-and-fill relief and by basal lag gravels. 

Classification of Internal Character using Architectural Elements 

This study uses a modification of the architectural-element-classification scheme 

proposed by Miall (1996) to characterize the internal architecture and fluvial style of the 

sandstone bodies present. The term architectural element is used herein to describe a component 
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of a fluvial depositional system equivalent in size to, or smaller than, a channel fill, and larger 

than an individual facies unit, defined by the nature of its lower and upper bounding surfaces, 

external geometry, dimensions, and internal geometry (Miall, 1996). Each element is interpreted 

to be the depositional product of a particular process or suite of processes occurring within the 

upper Mesaverde alluvial system. Paleocurrent data (Appendix B7) collected from asymmetric 

ripples, low- to high-angle planar-cross beds, trough cross-beds, and lenticular scours were 

supplemented with lithologic characteristics and geometries to distinguish architectural elements 

present. Measurements indicate a dominant paleoflow direction to the northeast.  

Nine fluvial architectural elements (Table 2) were identified and characterized 

qualitatively using measured vertical lithofacies assemblages, paleocurrent data, and geometries 

observed in photomosaics. Of these elements, four are interpreted to have been deposited in 

fluvial channels and five on the adjacent floodplain. Channel elements include undistinguished 

channel, lateral-accretion elements, downstream-accretion elements, and chute channels (Figure 

9B). Floodplain elements include levee deposits, crevasse-channel deposits, crevasse-splay 

deposits, abandoned-channel deposits, and floodplain fines (Figure 9B).  

Channel Elements 

Undistinguished Channel element (element CH) 

Undistinguished channel elements are assigned to sections of sandstone bodies that lack 

distinct lateral- and downstream-accretion surfaces, but are thick enough to have been deposited 

within a channel. Lateral extents vary in outcrop, but the average thickness of well-defined 

channel elements falls around 20 ft (6.1 m). These elements are bounded by concave-up fifth-

order basal surfaces and fourth-order upper surfaces. Internal surfaces may be difficult to 

distinguish in outcrop, which may be caused by a similar grain size on both sides of any  
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Table 2. Summary of architectural elements in the stratigraphic study interval, including internal 

and external geometries, lateral extents, interpreted depositional processes, and other 

characteristic qualities. 
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Figure 9. Examples of architectural elements and sandstone body types encountered in Upper 

Philadelphia Creek. A) Uninterpreted sections of photomosaic AW3. Yellow line in left picture 

indicates measured section UPCW1. B) Shows interpreted sandstone bodies (yellow) with 

internal surfaces (green lines) highlighted and architectural elements (black letters). Tables 3 for 

architectural element key and descriptions. C) Examples of sandstone body types seen in 

photomosais. White boxes contain unique sandstone-body numbers followed by a hyphen and a 

letter indicating sandstone-body type. See figure 10 for characteristic geometries of each 

sandstone-body type. 
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erosional surface or a lack of laterally-continuous mud drapes. Undistinguished channel elements 

may include any combination of lithofacies, and may be spatially adjacent to any of the other 

elements described below. A common lithofacies association from base to top is Sg, Slt, Sp, Sra. 

Lithofacies Sc can replace Slt or Sp depending on the amount of water escape or bioturbation. 

They are interpreted to represent the deposits of bedforms (lithofacies Slp and Slt) that filled 

fluvial channel margins and the tops of macroforms during falling stages of flow (lithofacies Sra 

and Sll) (Cant and Walker, 1976; Miall, 1996; Currie et al., 2009). 

Lateral-Accretion Element (element LA) 

Lateral-accretion elements (LA elements) are characterized by inclined erosional surfaces that 

dip perpendicular to the dominant paleoflow direction. Identified using a combination of patterns 

seen in photomosaics and outcrop paleocurrent measurements, they indicate sedimentation and 

lateral migration of a barform, typically a point-bar. The internal geometry and lithofacies 

composition of LA elements is highly variable, and depends on channel geometry and sediment 

load, but the presence of lateral-accretion sets is the common theme (Miall 1996, pg 158). 

Several fining-upward packages, bounded above by finer-grained material and below by 3
rd

 to 4
th

 

order surfaces, can be present in a single LA element. Mud drapes, where preserved, represent a 

period of lower flow capacity. Reactivation within a channel (a return to increased flow 

velocities) may remove portions of mud drapes formed during low-stage flow. Bedding surfaces 

of first- to third-order are truncated at a low angle by a fourth order surface. Lithofacies Sc is less 

common in sand-dominated LA elements, perhaps due to a steadier, slower rate of sediment 

deposition or lack of bioturbation. LA elements dominated by a mixture of sand and mud have 

discontinuous, dipping sheets of sand intercalated with silt and mud, and sometimes lack 

definitive bedforms. These are interpreted to occur under flood conditions where material eroded 
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from cutbanks is mixed and deposited with bed-load sand during an avulsion event (Kraus and 

Wells, 1999).  

Downstream Accretion Element (element DA) 

Downstream-accretion elements are much less common than LA elements in the study 

area. They are identified using the same method mentioned previously, but erosional surfaces 

characteristically dip in same direction as the dominant paleoflow direction. They are bounded 

by fourth-order surfaces, except where lower surfaces correspond to the fifth-order bases of 

channel bodies. Second- and third-order surfaces that bound sets of Sg, Slt, Slp, Sc, Ss, and Sra 

lithofacies dip at low angles (<20°) in the direction of paleoflow. If orientation of the outcrop 

displays a view of these elements perpendicular to the dominant flow direction, they display a 

low-angle, “scooping” (convex-up) pattern. These are interpreted to be related to downstream 

migration of simple or compound barforms in sand-dominated fluvial channels (Allen, 1983; 

Miall, 1985; Currie et al., 2009). 

Chute channels (element ChCH) 

Chute channels are small, bar-top channels filled with either sand or mud. If filled with 

sand, they commonly display a concentric-fill pattern (concave-up scoop) that contrasts the 

dipping character of the adjacent internal surfaces (Long, 2006) They are typically fine to 

medium grained, consisting of Slt, Slp, and Sra lithofacies. 

Floodplain Elements 

Levee Deposits (element LV) 

 Levee deposits have a characteristic lithofacies assemblage similar to crevasse splay 

deposits (Slp, Sra, Sc), but are generally coarser-grained with an overall wedge-shaped geometry 

that tapers and fines away from adjacent channel elements (Miall, 1996; Ghazi and Mountney, 
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2009). Levee deposits are commonly gradational or interbedded with sandy-bedform elements 

and can be difficult to distinguish in are exposed at the margins of adjacent channel elements.  

Crevasse Channel (element CV) 

Crevasse channels occur in the floodplain environment when flood-water temporarily has 

the capacity to carry bed-load sand out of the channel and deposit it in the floodplain. Proximal 

to a point where water breached the channel, several shallow channels form and are subsequently 

filled with sand. These have limited lateral extent and serve to deliver water and fine sediment to 

thin lobes of fine sand known as crevasse splays. Crevasse channels are characteristically thin 

with limited extent and are distinguished from crevasse splays by the scouring nature of their 

basal surface. This can be subjective to a certain degree since concave-up basal surfaces can be 

created by scouring and subsequent filling or by filling of local, previously-existing topographic 

lows. The main lithofacies assemblage is Slp to Sra. 

Crevasse Splay (element CS) 

Crevasse splays are formed during flooding events when fine sand is carried out of the 

channel and deposited on the floodplain as thin lobes or lenticular sheets. These are typically 1-4 

ft thick with tabular geometries and relatively limited lateral extents. When connected to a 

channel element they are termed wings (Friend, 1979; Eberth and Miall, 1991; Gibling, 2006; 

Currie et al., 2009; Ghazi and Mountney, 2009). The main lithofacies assemblage is Slp and Sra 

with occasional Sc due to bioturbation. 

Abandoned-channel fill (element FF[CH])  

Abandoned channel fill elements are present at the lateral end of sandstone bodies where 

the sandstone ends abruptly, tapering down towards the basal surface. Due to the covered nature 

of the study interval, this element is not easily identified in this outcrop study, nor is it 
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represented in any of the outcrop measured sections. Channels with high sinuosity may be 

subject to chute or neck cut-off, and be filled with FF deposits (Miall, 1996). 

Floodplain Fines (element FF) 

Deposition on the floodplain usually consists of suspension settling outside of channel 

boundaries during a waning flooding stage. These deposits usually form muddy slopes (curved 

intervals) in outcrop due to their low resistance to weathering. As such, floodplain fines are often 

covered with vegetation and colluvium making characterization difficult. For example, while 

pedogenesis (soil formation from organic interaction and prolonged surface exposure) can occur 

on floodplains, it was not observed in this study. Inspection of well-preserved muddy intervals in 

measured sections, however, reveal several intervals with carbonaceous, “woody” material, 

indicating at least the existence of terrestrial plants during time of deposition. No significant coal 

layers were observed. Channels cut through the floodplain more or less efficiently depending on 

the rate of accommodation generation. 

Classification of Sandstone Bodies by External Geometry 

As a single sandstone body may contain multiple architectural elements (Figure 9), it is 

important to also classify sandstone bodies by their external geometry. Cole and Cumella (2005) 

described and classified sandstone bodies of the lower Williams Fork Formation by their external 

geometry and overall internal architecture. They divided sandstone bodies into five distinct 

groups, A, B, C, D, and E (Figure 10). Two sandstone body types, L and M are added to that 

scheme to describe the range of sandstone body characteristics seen in the UPC outcrop window 

(Figures 11 and 12). As noted by Cole and Cumella (2005), the sedimentological characteristics 

that define sandstone-body types A through M overlap (Figure 11). Sandstone bodies described 

have lenticular to tabular geometries that taper at the ends, where thickness approaches zero.  
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Figure 10. Descriptive classification of fluvial sandstone bodies in the upper Mesarverde Group 

in the study area. Dimensional data for each sandstone-body type provided in Figure 12. Figures 

and concepts provided by Rex Cole (2011). Sandstone-body icons are adapted from Hirst (1991). 

Modified from Cole and Cumella (2005). 
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Figure 11. Sandstone-body types observed in measured sections. Representations for B, C, D, E, 

and M shown here are from measured section UPCW1. The representation for type A sandstone 

body types is from measured section UPCW2 
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Consequently, ranges for maximum thickness, and not average thickness, are given for each 

sandstone body type As many sandstone bodies present in the study interval have unreliable 

termination points due to colluvium cover, truncation, and outcrop weathering, reliable apparent 

width measurements could only be acquired for 34 sandstone bodies. Dimensional measurements 

from UPC are plotted and compared to previous studies in Figure 12. 

Type A sandstone bodies are characteristically very narrow, having the lowest width-to-

thickness ratio of any of the sandstone body types (18.2), and show significant incision into 

carbonaceous mudrock. Identified Type A sandstone bodies are relatively rare in the study area, 

being prevalent more toward the southwestern extent of the UPCW outcrop window. Type A 

sandstone bodies typically have poorly defined LA or DA elements, and are thus commonly 

assigned the CH element. Where well exposed, they occasionally display attached CS or LV 

elements, or “wings.” Type A sandstone bodies are fine- to medium-grained, with grain size 

decreasing out toward the wings. They range in thickness from 2.3 ft to 30.7 ft (0.7 m to 9.4 m) 

and apparent width from 376 ft to 847 ft (115 m to 258 m). Cole (2005) interpreted Type A 

sandstone bodies to have been deposited by relatively deep, straight to slightly sinuous channel 

systems that may have had anastomosed geometries, though this was not directly observed in the 

outcrop window. An alternative hypothesis is that Type A sandstone bodies represent avulsion 

events from larger channel systems. 

Type B sandstone bodies are the dominant channel-sandstone body type seen in the UPC 

window. They consist mostly of moderately sorted, fine- to medium-grained sand and are 

characterized by a prevalence of LA elements. Overall, they exhibit a slight upward decrease in 

grain size (figure 11) with occasional lag deposits at the bases of fourth-order surfaces. They are 

commonly incised into interbedded splay sandstones and mudrocks and have channel-form cross  
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Figure 12. Dimensional data for sandstone body types seen in Upper Philadelphia Creek 

(points). Polygons represent ranges of sandstone body dimensions from Cole and Cumella 

(2005), Panjaitan (2006), and Pranter et al. (2009). 
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sections. They range in maximum thickness from 8.5 ft to 25.2 ft (2.6 m to 7.7 m) and apparent 

width from 359 ft to 1490 ft (109 m to 454 m). Type B sandstone bodies were probably 

deposited by simple, sinuous channel systems that did not develop significant meander belts 

(Cole and Cumella, 2005). 

Type C sandstone bodies are lithologically similar to Type B sandstone bodies (Figure 

11); however, Type C sandstone bodies have a more complex internal architecture due to 

channel stacking. While most Type C sandstone bodies have two or more internal scours, they 

are still most commonly associated with LA elements. Thus the internal architecture implies that 

the Type C fluvial channels were dynamic due to lateral migrations of meanders, chute and neck 

cutoffs, and local avulsions. Type C sandstone bodies were probably deposited by sinuous 

channel systems that produced significant meander belts (See Appendix B8) (Cole and Cumella, 

2005).  

Since individual sandstone bodies in this study were distinguished from one another by 

their basal fourth- and fifth-order surfaces, the Type C sandstone bodies described by Cole and 

Cumella (2005) may actually be broken out into separate bodies. Sandstone bodies that are in 

constant contact with one another are collectively grouped as a single Type C sandstone body. 

Type C sandstone bodies range in maximum thickness from 10.5 ft to 39.4 ft (3.2 m to 12.0 m) 

and apparent width from 764 ft to 2904 ft (233 m to 885 m). Some sandstone bodies, while in 

vertical contact with one another locally, are not identified as Type C sandstones because they do 

not remain in contact over their entire lateral extents. Similar to Type B sandstones, internal 

surfaces commonly dip in a uniform direction, but can show a multitude of dip directions if the 

outcrop cut a point bar through the apex of a meander (Cole and Cumella, 2005). Type C 
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sandstones are typically thicker than Type B sandstones with greater apparent widths (Figure 

12). 

 Type D sandstone bodies are relatively rare in UPC and are more prevalent at the 

southwestern extent of the UPCW outcrop window. They are characteristically thin (range in 

maximum thickness from 4.0 ft to 4.5 ft [1.2 m to 1.4 m]) with low apparent widths (from 78 m 

to 95 m [24 m to 29 m]). They resemble lenticular, channel-form bodies with concave-up, 

erosional bases, but are finer grained and may not have distinct internal surfaces. Type D 

sandstone bodies are associated with the CV element and are mostly interpreted as crevasse-

channel deposits (see AE section). Where only small portions of an entire sandstone body can be 

seen, it may be inaccurately classified as Type D. Consequently, intensely covered areas, where 

lateral extents cannot be fully traced (photomosaic AW1), have a higher amount of Type D 

sandstones. 

 Type E sandstone bodies are tabular to broadly lenticular, calcareous, and have abundant 

ripple-cross stratification and bioturbation. Grain sizes range from very fine to fine, and sorting 

ranges from moderate to well. Type E sandstone bodies range in maximum thickness from 1.1 ft 

to 5.5 ft (0.3 m to 1.7 m) and apparent width from 102 ft to 393 ft (31 m to 120 m) and are most 

often associated with the CS element. Internal surfaces are often horizontal to shallowly dipping 

and discontinuous. These are also prominent in covered areas where only small portions of 

sandstone bodies can be seen. 

Type L sandstone bodies have broadly lenticular geometries and are rarely encountered in 

the study area (N=2). They are dominated by DA and CH elements, with little to no visible LA 

elements. Internal surfaces are relatively discontinuous in outcrop, indicating a relatively 

uniform grain size throughout. Maximum thickness values for type L sandstone bodies range 



33 
 

from 31.7 ft to 33.2 ft (9.7 m to 10.1 m). Only one apparent width (1154 ft [352 m]) was 

measured for Type L sandstone bodies. These are interpreted as the deposits of low-sinuosity 

straight to braided channels. 

Type M sandstone bodies are the largest sandstone bodies in the study interval, having a 

maximum thickness of up to 49 ft (15 m) and an apparent width of up to 3446 ft (1050 m). 

Similar to Type L sandstone bodies, they are rarely encountered in the study area (N=2). They 

represent an amalgamation of mostly DA and CH elements with occasional LA elements. 

Internal surfaces within a single Type M sandstone can be continuous to discontinuous. Where 

visible, internal 3
rd

- to 4
th

-order surfaces appear low-angle, concave-up scoops. Paleocurrent 

measurements indicate paleoflow roughly perpendicular to the cross-sectional view of these 

scoops. 

Covered-sandstone bodies (noted with a “?” in mosaics [Appendix C]) are those that are 

covered by colluvium or vegetation to the point that their extent and external geometry cannot be 

characterized with any confidence. Based on the quality of the outcrop, those using this 

classification scheme should use their own judgment in deciding which sandstone bodies to give 

the covered designation. It is useful to identify covered sandstone bodies where they can be 

identified to give a more accurate depiction of net-to- gross ratio. 

Comparison to Previous Work 

Lateral-accretion elements are the most abundant architectural element present in the UPC 

outcrop window. This contrasts the work of Cole and Pranter (2008) and Sharma (2013) which 

describe channel-fill elements in the upper Williams Fork Formation as being characterized by 

abundant internal scours at a variety of scales with little or no lateral-accretion deposits. 
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Sandstone-body dimensions and width-to-depth ratios are similar to measurements made by Cole 

and Cumella (2005), Panjaitan (2006), and Pranter et al. (2009) (Figure 12).  

Type L and M sandstone bodies are geometrically similar to “amalgamated channels” of 

these studies. Type A and C sandstone bodies (and some Type B sandstone bodies) have similar 

dimensions to the upper extents of “multistory channels.” Most Type B sandstone-bodies have 

widths and thicknesses similar to the upper extents of “single-story channels.” Type D and E 

sandstone bodies are geometrically similar to “splays” of previous studies. Most sandstone 

bodies, with the exception of some Type E sandstone bodies, have width-to-depth ratios between 

10 and 100 with some Type E sandstone bodies having width-to-depth ratios higher than 100. 

Mudstone Content 

Sandstone bodies were further classified by percentage of muddy sediment to better 

portray the relative reservoir quality of the sandstone bodies within this interval. From measured 

section data, three categories, “less than 5%”, “greater than or equal to 5%”, and “greater than or 

equal to 10%” were found to be useful in distinguishing sandy, muddy, and heterolithic 

sandstone bodies, respectively (Table 3). In this way, sandstone bodies can be measured for 

qualitative reservoir potential comparison. While sandstone bodies present regularly have about 

the same mudstone content throughout, a few exceptions exist where grain size transitions from 

more muddy to less muddy occur laterally. A gradient-fill is used in photomosaics to capture this 

variability where observed. By identifying differences in sandstone-body reservoir quality by 

mudstone content, a more accurate portrayal of reservoir distribution and connectivity is 

provided. 

Spectral gamma-ray measurements acquired along measured section paths were 

correlated to these mudstone categories and plotted on box and whisker plots (Figure 13). In 
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Table 3. Description of mudstone-content classification scheme with characteristic vertical lithofacies 

assemblages and associated gamma-ray log responses shown from measured section UPCW1. 
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Figure 13. Box and whisker plots showing ranges (minimum to maximum values), mean (black 

diamond), median (center line), and standard deviation (box) of A) total, B) potassium, C) 

uranium, and D) thorium gamma-ray values, for each mudstone-content category. Number of 

measurements (N) used for  each category given in A. In general, sandstone bodies with higher 

mudstone content have higher gamma-ray values. See Table 3 for explanations of each 

mudstone-content group. 
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general, gamma-ray values for the “less than 5%” and “greater than or equal to 5%” mudstone 

categories were closely related, while values for the “greater than 10%” mudstone were notably 

higher. Thorium values however, are markedly lower in the “less than 5%” mudstone category. 

Hlava (2011) collected thin sections on six fluvial sandstone bodies in Lower Philadelphia 

Creek. Among her observations, she found that three of the fluvial sandstones she measured 

contained kaolinite cement, which can contain trace amounts of Uranium and Thorium. From 

these petrographic observations alone, no correlation could be made between grain size or 

porosity and presence of kaolinite cement. Monazite, which can also contain low amounts of 

thorium, has been found in the Lower Cretaceous fluvial and deltaic sandstones of the 

Missisauga and Logan Canyon formations, onshore Nova Scotia (Piper et al., 2008), but without 

petrographic study in this area, the exact reason for the Thorium discrepancy cannot be 

accurately explained. 

 

Depositional Environment Interpretation  

The depositional fluvial style of the Kmvu interval is interpreted based on the presence, 

abundance, and distribution of architectural elements, sandstone-body types, and paleocurrent 

measurements, supplemented by estimations of paleochannel characteristics using empirically-

derived equations of Ethridge and Schumm (1977) and McLaurin and Steel (2007). 

Interpretation and Variability of Subenvironments 

The fining upward grain size profiles described from measured sections, with higher flow 

regime sedimentary structures (Slp and Slt) overlain by lower flow regime sedimentary 

structures (Sra), are consistent with the flooding and subsequent waning of channels. Allen 

(1983) said that “Channel behavior and type can practically never be predicted unambiguously 

from vertical sequences, if only because each kind of stream is capable of generating a wide 
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variety of local sedimentological patterns.” The nine architectural elements defined in this study, 

combined with the sandstone-body type classification of Cole and Cumella (2005) reveal the 

depositional influences of several alluvial subenvironments (Table 2). 

The sandstone bodies with lateral-accretion elements are interpreted to have been 

deposited by low-to-moderate sinuosity channels. Channel banks in this system migrate laterally 

as the adjacent floodplain deposits are eroded, with associated lateral migration of bars within 

the channel. Channel cutbanks and point bars are eroded during flood events, especially large 

floods. At this time large amounts of water move through the channel, occasionally pouring out 

onto the floodplain. During waning flow sediment accumulates on point bars and on the bottom 

of the channel. Low-flow mud drapes settle on point-bar surfaces and may or may not be 

subsequently eroded as flood waters rise and the channel again begins to migrate (Willis and 

Tang, 2010). The packages of sediment produced from several iterations of this process comprise 

the LA elements described above. The lateral movement of this type of channel generates a 

sandstone body with internal heterogeneity that is larger than the original channel dimensions 

(Gibling, 2006). 

Channels, particularly in high-sinuosity streams, may be abandoned by chute or neck 

cutoff, in which case they can be filled by fine mud (element CH[FF]). Deposits of this type are 

rare or covered in the studied interval. Much more commonly, sandstone bodies lack significant 

grain size changes around their perimeters (no abandonment). Keefer (1999) suggested that large 

masses of landslide-derived sediment may suddenly fill an active channel, while Gibling (2006) 

suggested that abandoned channels could be filled with sand during repeated flood events. 

Lateral-accretion elements can dip in opposite directions away from a ‘hinge’ with near 
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horizontal internal geometry. This is interpreted to be a result of the outcrop orientation cutting 

through the center of a point bar parallel to paleoflow (Cole and Cumella, 2005) (Appendix B9). 

As noted in the previous section, a sandstone body’s grain size can change significantly 

laterally. LA elements in particular can display a notable change in grain size from finer sand 

and mud to progressively coarser sand as they migrate laterally. Wood (1989) demonstrated 

variations in lithofacies with the point-bar deposits from sand-dominated, trough cross-bedded 

units to muddy heterolithic successions, and suggested that these variations reflected varying 

transport energies within a meander-bend. Differences in the overall character of lateral-

accretion elements result from variations in the energy of discharge events, meander evolution, 

sediment supply, etc., plus longer-term changes in tectonic and climatic control (Miall, 1996). 

Empirical Derivation of Morphologic Characteristics using Dimensional Data 

The maximum lateral extent of a fluvial sandstone body is a function of the wavelength 

and amplitude of the meanders (Appendix B9), which can be estimated from sandstone-body 

dimensions measured in outcrop (Collinson, 1978). Equations used for calculating the 

paleochannel hydraulic and morphologic characteristics used in this study are summarized in 

Table 4.  

Ethridge and Schumm (1977) present a series of empirically derived equations based on 

the equations, tables, and graphs of previous authors (Schumm 1963, 1968, 1972; Leopold and 

Wolman, 1960; Hack, 1957; Dury, 1965). A number of hydraulic and morphologic 

characteristics can be computed using the following data that can be obtained from fluvial-

outcrop sandstone bodies: 1) W (bankfull stream width) and 2) D (bankfull stream depth).  

Bankfull width and depth are defined as the maximum width and depth that a stream 

channel may attain before the discharge of floodwater onto the adjacent floodplain. In order to  
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Table 4. Dimensional parameters used to estimate paleochannel morphology. These equations 

are based on epirical data compiled by various authors. The average measured thickness of 

fluvial-channel sandstones (D*) and average measured horizontal  lengths of a lateral-accretion 

surfaces (W*) are used to estimate bankfull depth and width.  Modified from Ethridge and 

Schumm (1977). 
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calculate bankfull depth (D), the average thickness of the channel sandstone body (D*) is 

corrected for the curvature of the meander bend (versus a straight-reached channel) and 

compaction. 

D = D* x 0.585/0.9 

Bankfull width (W) is calculated by assuming point bars span approximately two-thirds 

the distance of the channel (Allen, 1965). In outcrop, the width of the point bar is determined by 

averaging the horizontal width of the all of the lateral-accretion surfaces (W*). 

W = W* x 1.5 

Poor outcrop exposure often limits the availability of such measurements (Ethridge and 

Schumm, 1977). Hence, only a select few internal surfaces were well-enough exposed to acquire  

reliable horizontal width (W*) measurements. The average horizontal width of an accretion 

surface (W*) is 189 ft (58 m) and yields a bankfull width of  283 ft (86 m). Using the bankfull 

width and height, a number of other morphologic characteristics can be calculated, including the 

width-to-depth ratio (F), sinuosity (P), mean annual discharge (Qm), mean annual flood (Qma), 

channel slope (S), and meander wavelength (L). The width-to-depth ratio is a simple calculation: 

F = W/D 

The average width-to-depth ratio of sandstone bodies in UPC is 22. Sinuosity (P) is defined as 

the ratio of the channel length between two points (following the channel path) and the straight 

path between the same two points.  

P = 3.5 x F
-0.27

 

Application of this function to the previously calculated width-to-depth ratio (22) equates to a 

sinuosity of 1.5, which is considered a moderately sinuous stream (Le Roux, 1992). Both the 
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mean annual discharge (Qm) and the mean annual flood (Qma) are calculated using bankfull 

channel width and the width-to-depth ratio.  

Qm = W
2.43

/18F
1.13

 

Qma = 16(W
1.56

/F
0.66

) 

These equations yield a mean annual discharge and flood of 1,938 ft
3
/s and 14,796 ft

3
/s (55 m

3
/s 

and 419m
3
/s), respectively. By comparison, the mean annual discharges of several well-known 

river systems of the world include 6,356,520 ft
3
/s (180,000 m

3
/s) (Amazon), 619,584 ft

3
/s 

(17,545 m
3
/s) (Mississippi), 5,933 ft

3
/s (168 m

3
/s) (Colorado), and 2,895 ft

3
/s (82 m

3
/s) (Rio 

Grande) (River Systems of the World, 2015). Maximum discharge controls a stream’s overall 

channel shape and cross-sectional area (Swanson, 1993). Channel slope (S) plays a major role in 

determining flow velocity of the stream, which dictates the nature and type of sedimentary 

structures that will form. Slope is calculated using the width-to-depth ratio and bankfull channel 

width.  

S = 30(F
0.95

/W
0.98

) 

Estimated channel slope using the point-bar outcrop data is 2.6 ft/mi (8.2 m/km). Meander 

wavelength can be estimated using several methods which relates wavelength to parameters such 

as the width-to-depth ratio, bankfull width, and mean annual discharge. The following equations 

were used to estimate meander wavelength (Leopold and Wolman, 1960; Carlston, 1965; 

Schumm, 1972) respectively: 

L = 18(F
0.53

W
0.69

) 

L = 10.9 x W
1.01

 

L = 106 x Qm
0.46
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Using the previously calculated parameters and applying these equations, meander wavelength 

was estimated to be 4,538 ft (1,999 m), 8645 ft (1,362 m), and 3,125 ft (828 m), respectively. 

Other Paleoenvironment Indicators 

While significant coal layers are absent in the study area, the presence of carbonaceous, 

woody material and dinosaur bones (Appendix B10) indicate that the climate was suitable to 

support terrestrial land plants and vertebrates. The limited trace fossils identified include roots 

and possible terrestrial burrowing organisms. The lack of paleosols seen in measured sections is 

attributed to abundance of colluvium covering outcrop exposures. 

Locally contorted bedding (lithofacies Sc), interpreted as water escape, is abundant in 

several sandstone bodies observed in outcrop (Figure 6). When water-saturated sediment in the 

shallow subsurface is compressed, the water is forced out. If the underlying, water-saturated 

sediment is compressed over short enough periods, the sediment will ‘flush’ out its water rapidly, 

contorting previously deposited sedimentary structures. This quick compression of sediment can 

be caused by rapid deposition of large quantities of sediment, which might imply flashy, 

ephemeral flow, or by “dino-bioturbation,” where activities of dinosaurs provide the necessary 

weight to quickly compress underlying sediment. Dinosaur bones (Appendix B10) found at the 

base of SSB #315 could support this interpretation. Sediment shifting caused by earthquakes can 

also provide the means for water-saturated sediment to “flush” water.  

 

Reservoir Characterization 

Understanding the spatial distribution of fluvial sandstone bodies and their internal 

complexity and is crucial for choosing a development plan that will generate the greatest 

connectivity (Miall, 1996; Pranter et al., 2009; 2011). The outcrop dataset used in this study 
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allowed for examination of fluvial architecture, or the external relationship between sandstone 

bodies and how they are related in space, and the internal heterogeneity, or surfaces which may 

impede fluid flow, of sandstone bodies. Using the “ruler” tool in GoogleEarth, eleven 

“pseudowells” (a through k) were placed every 660 ft (201 m) across the extent of the UPCW 

outcrop window (Figure 14A). The spacing of these pseudowells mimics the 10-acre (660 ft [201 

m]) well-spacing pattern commonly used in fields targeting the Williams Fork Formation. 

Additionally, by examining intervals between every other pseudowell (i.e. ac, bd, etc.), two 

iterations of 40-ac (1320 ft [402-m] pseudowell spacing) scenarios were evaluated. Pixel analysis 

(as described previously) was used to quantify the distribution of net-to-gross and reservoir-area 

connectivity (described later) in pseudowell intervals at 10- and 40-acre spacing across the 

UPCW outcrop window (Figure 14). The UPCE outcrop window, being less than 1220 ft (402.4 

m) long laterally, was not assessed.  

Sandstone-body Distribution 

The number and types of sandstone bodies intersected by the pseudowells varies across 

the outcrop, as shown in Figure 14B. Concerning Type A sandstones bodies, 3 out of the 9 

identified on the UPCW window were encountered in pseudowells at 10-acre pseudowell 

spacing. Furthermore, Type A sandstone bodies were only identified toward the SW extent of the 

UPCW window, between pseudo wells a and g. Type B (N=64) and C (N=11) sandstone bodies 

were encountered in all pseudowells. Of the 64 Type B sandstones present on the UPCW 

window, 39 were intersected by pseudowells (61%) at 10-acre spacing. All Type C and L 

sandstone bodies identified on the UPCW window were penetrated by pseudowells at 10-acre 

spacing. Similar to the results of Ellison, 2004 and Pranter et al., 2009, Type D and E sandstone- 

bodies (representative of crevasse channels and splays) are rarely encountered in pseudowells. 



45 
 

 

Figure 14. Distribution of reservoirs across the UPCW outcrop window. A) GoogleEarth view 

of outcrop wall UPCW with photomosaic extents (red polygons and pseudowells (a through k) 

marked. Pseudowells are spaced 660 ft (201 m) apart. B) Number of sandstone bodies (by 

sandstone-body type) penetrated by each pseudowell for 10-acre (left) and 40-acre spacing 

(right). C) Net-to-gross ratio of each pseudowell interval measured using pixel analysis at 10-

acre (left) and 40-acre spacing (right). See Appendix E for pseudowell placement locations on 

photomosaics. 
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Of the 8 Type D and 78 Type E sandstone bodies identified on the UPCW window, only 1 Type 

D and 17 Type E sandstone bodies are encountered in pseudowells (12.5% and 21.7%, 

respectively). Type M sandstone bodies have the highest probability of being intersected by 

multiple wells. A single Type M sandstone body (apparent width of 3447 ft [1051 m]) was 

encountered in six pseudowells at 10-acre spacing (total horizontal length = 3300 ft [1006 m]) 

and three pseudowells at 40-acre spacing (total horizontal length = 2640 ft [805 m]). 

The lateral distribution of net-to-gross across the outcrop was quantified by measuring 

the pixels within sandstone-body polygons between two adjacent pseudowells, and then dividing 

that number by the total number of pixels between those same two pseudowells. These net-to-

gross values were compared to the number of sandstone bodies penetrated by each pseudowell 

(Figure 14B and C). The total number of sandstone bodies penetrated does not directly correlate 

to the net-to-gross. For example, although pseudowells a and b both encounter 11 sandstones 

bodies (the average is 9) the ab interval has lower than average net-to-gross ratio (37%). The 

presence and abundance of Type C, L, and M sandstone bodies however, does seem to be related 

to higher net-to-gross between two pseudo wells. The average net-to-gross values for 10- and 40-

acre pseudowell intervals are similar (45.4% and 46.4%), but 10-acre pseudowell intervals have 

lower minimum and higher maximum net-to-gross averages than 40-acre pseudowell intervals 

(31.7% to 60.2% and 37.3% to 58.4%, respectively). 

Internal Heterogeneity 

Internal heterogeneities (e.g. mudstone-draped clinoforms, erosional surfaces, etc.) 

present within fluvial sandstone bodies can inhibit or compartmentalize fluid flow on a 

production time scale (Tyler and Finley, 1991; Hartkamp-Bakker and Donselaar, 1993; Willis 

and White, 2000; Ellison, 2004; Pranter et al., 2007). The degree to which a sandstone body will 
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be compartmentalized depends on the thickness and lateral extent of internal mudstone drapes 

(Ellison, 2004; Pranter et al., 2007). Mudstone drapes encountered in measured sections range in 

thickness from 0.3 in (0.8 cm) to 14.4 in (36.6 cm) thick and can extend laterally for hundreds of 

feet. Measured apparent widths of internal surfaces (N=30) range from 30 ft to 675 ft (9 m to205 

m) with an average width of 200 ft (61 m). While surfaces identified in photomosaics can 

significantly baffle lateral fluid flow, their character and ability to baffle fluid flow are not 

measured quantitatively in this study.  

Directional permeability will tend to be dominated by the dip orientation of the internal 

accretion surfaces, which are normally oriented at a high angle both to regional paleoflow and to 

the superimposed small- to medium-scale cross-bedding (Miall, 1988). The effect of these 

heterogeneities is contingent on the orientation of the discontinuities with respect to fluid flow. 

Perpendicular to paleoflow, lithologic discontinuities act as flow baffles, and lead to relatively 

higher breakthrough times and lower sweep efficiency. Parallel to paleoflow, shale drapes focus 

the flow and result in lower breakthrough time and higher sweep efficiency (Ellison, 2004).  

Additionally, grain size and other properties can vary markedly within a single sandstone 

body. In the study area there are several heterolithic-sandstone bodies that become coarser 

grained laterally in the dip direction of lateral accretion surfaces. Pryor (1972) found that 

permeabilities varied widely in several modern point bars, but that faint trends showed 

permeability decreasing downstream and toward the outer bank. Variations in grain size between 

sandstone bodies were noted qualitatively by coloring sandstone-body polygons by the 

mudstone-content classification scheme. Lateral changes in grain size within a single sandstone 

body described above were denoted using a color gradient. 

 



48 
 

Reservoir-Area Connectivity 

Pixel analysis of sandstone-body-polygon maps was used to assess the static pore 

connectivity of the upper Mesaverde interval in Upper Philadelphia Creek. Static connectivity in 

this study follows the definition of Stiles (1976) and Ainsworth (2005), who defined ‘continuous 

pay’ as the volume of rock that is connected between any two wells. Hence, the “connected-

reservoir area,” or the area within sandstone-body polygons that is connected between two 

pseudowells, was measured using the pixel-analysis method described earlier (Figure 15). For 

pseudowell intervals that span multiple photomosaics, measured pixel values for each mosaic 

were converted to ft
2
 separately before being added together (Appendix B, Table B1). This step 

is important in reducing bias toward measurements taken on photomosaics where fewer pixels 

represent more area. Values for “reservoir-area connectivity,” or the ratio of connected area 

within sandstone-body polygons to the total area within sandstone-body polygons, were 

generated between adjacent pseudowells by dividing the measured “connected-reservoir area” by 

the total area within sandstone-body polygons in the same interval (Figure 15) (Appendix B, 

Table B2). Pixel-based measurements of connected reservoir area and reservoir-area connectivity 

were acquired in each inter-pseudowell interval (ab, bc, cd, etc.). These measurements of 

connectivity are implicitly two-dimensional and are not modeled in three dimensions. 

Two sandstone-body polygon maps, “homogeneous” and “heterogeneous,” were created 

for each photomosaic following lithologic models 1 and 2 of Ellison (2004) and Pranter (2011) 

(Figure 15). In the “homogeneous” sandstone-body polygon map (similar to lithologic model 1), 

sandstone-body polygons were filled with a uniform color and were not outlined with a different 

color. Meaning, if any two sandstone bodies were in contact with one another in the view of the 

photomosaics, those sandstone bodies were interpreted as being connected. Furthermore, internal  
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Figure 15. Examples of reservoir-area connectivity analysis using reservoir-polygon maps created from photomosaics AW2 and 

AW4. Sandstone polygons are colored using mudstone-content classification scheme as an additional, qualitative continuity-

assessment tool. Dashed lines indicate “connected” areas included in pixel measurements. Reservoir-area connectivity is calculated by 

dividing the number of connected sandstone-body pixels between the two pseudowells by the total number of pixels within all 

sandstone bodies between the two pseudowells. A.) Sandstone bodies are homogeneous (no internal surfaces and no sandstone body 

outlines); B.) Sandstone bodies are heterogeneous, including internal surfaces identified in photomosaics. Connected areas are 

highlighted by white and black dotted lines. 
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surfaces, which can hinder the pixel-selection tool’s ability to pick adjacent, same-color pixels 

(or “baffle fluid flow”), were not identified or highlighted in this map (Figure 15A). 

For the homogeneous scenario, inter-pseudowell intervals at 10-acre pseudowell spacing 

have values of connected-reservoir area ranging from 18,658 ft
2
 to 191,847 ft

2 
(1,733 m

2
 to 

17,823 m
2
) with an average of 83,904 ft

2
 (7,795 m

2
) and reservoir-area connectivity values 

ranging from 22.7% to 91.4%, with an average of 60%. Inter-pseudowell intervals at 40-acre 

pseudowell spacing have values of connected-reservoir area ranging from 43,327 ft
2
 to 266,485 

ft
2
 (4,025 m

2
 to 24,757 m

2
) with an average of 116,292 ft

2
 (10,804 m

2
) and reservoir-area 

connectivity values ranging from 20.5% to 62.5%, with an average of 41% (Figure 16A). 

Internal surfaces were traced in outcrop photomosacis to create “heterogeneous” 

sandstone-body polygon maps (similar to lithologic model 2) (Figure 15B). These maps 

characterize the presence, abundance and distribution of possible grain-size discontinuities and 

potential baffles to fluid flow. In the “heterogeneous” sandstone-body polygon maps (similar to 

lithologic model 2), mudstone drapes and erosional surfaces visible in outcrop photomosaics 

were outlined (green lines) and extended to the external bounds of each sandstone body (Figure 

15B). In this scenario, each sandstone body was considered a distinct, non-connected flow unit 

and so was given a black outline. If the green or black lines, representing possible flow barriers, 

break the continuity of the same-color, reservoir pixels (yellow), the area beyond those “barriers” 

is not selected and included in the “connected-reservoir area” pixel count.  

For the heterogeneous scenario, inter-pseudowell intervals at 10-acre pseudowell spacing 

have connected-reservoir area values ranging from 0 ft
2
 to 72,419 ft

2 
(0 m

2
 to 6,728 m

2
) with an 

average of 19,195 ft
2
 (1,783 m

2
) and reservoir-area connectivity values ranging from 0.0% to 

47.9%, with an average of 13%. There is no connected-reservoir area between pseudowells at  
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Figure 16. Connected-reservoir area vs net-to-gross ratio and reservoir-area connectivity vs. net-

to-gross ratio for intervals between outcrop pseudo wells. Values for “connected-reservoir area,” 

and “reservoir-area connectivity” (described in Reservoir Characterization section), are plotted 

against associated net-to-gross values  or all 10- and 40-acre pseudowell intervals (ab, bc, ac, bd, 

etc.). A) Values measured in “homogeneous” sandstone-polygon map. B) Values measured in 

“heterogeneous” sandstone-polygon map. Internal heterogeneity as described in the body can 

significantly reduce reservoir-area connectivity. 
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40-acre pseudowell spacing. (Figure 16B) 

The “homogeneous” and “heterogeneous” scenarios described capture the two “extreme” 

ends of the spectrum from highest possible reservoir-area connectivity to potential lowest 

reservoir-area connectivity, respectively. Internal heterogeneity as it is depicted in outcrop 

photomosaics can significantly reduce reservoir connectivity. Assuming highlighted surfaces act 

as permeability barriers, all inter-psuedowell intervals with net-to-gross ratios of less than 45% 

have zero connected-reservoir-area. Massive sandstone bodies with discontinuous surfaces (Type 

L and M) have higher connectivities than those with an abundance of laterally-extensive internal 

surfaces (Type B).  

Results of the pixel analysis show that connected-reservoir area (ft
2
) and reservoir-area 

connectivity (%) generally increase with increases in net-to-gross ratio for both homogeneous 

and heterogeneous scenarios (Figure 16). The presence of a single thick and laterally-extensive 

sandstone body however, could make an interval with a relatively lower net-to-gross more 

connected between pseudowells than an interval with a greater number of less laterally 

connected sandstone bodies in a higher net-to-gross interval. Thus, connected-reservoir area and 

reservoir-area connectivity are most influenced by the presence or lack thereof of large, laterally 

continuous sandstone bodies (Type C, L, and M). While smaller sandstone bodies (type A, D and 

E) may contribute to total connected-reservoir area if they are in contact with larger sandstone 

bodies via scouring, they are generally isolated within floodplain fines in two dimensions. Also, 

having average apparent widths less than 660 ft (201 m) they are rarely connected between 

adjacent pseudowells, even at a 10-acre pseudowell spacing. 

Measurements of connected-reservoir area using the homogeneous sandstone-body 

polygon maps (Figure 16A) indicate that a 40-acre inter-pseudowell interval can have greater 
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connected-reservoir area then a 10-acre pseudowell interval with a similar net-to-gross ratio 

(Figure 16A). This scenario can exist in intervals with one or more laterally extensive (width 

greater than 1320 ft [402 m]) sandstone bodies that are in contact with adjacent pseudowells at 

40-acre spacing. Examination of the reservoir-area connectivity however, reveals that a lower 

percentage of the total area within sandstone-body polygons is connected between pseudowells 

at 40-acre spacing.  

The relationship between connected-reservoir area, reservoir-area connectivity, and net-

to-gross is displayed in Figure 17. For both 10- and 40-acre pseudowell spacing, connected-

reservoir area increases linear to exponentially as reservoir-area connectivity increases. At 40-

acre pseudowell spacing, intervals have higher connected-reservoir areas and lower reservoir-

area connectivities compared to intervals at 10-acre pseudowell spacing. In the heterogeneous 

scenario, maximum values for connected-reservoir area and reservoir-area connectivity are 

significantly reduced. There is no connected area between pseudowell at 40-acre pseudowell 

spacing. 

Connected-reservoir area is linearly related to reservoir-area connectivity up to around 

50% reservoir-area connectivity in both homogeneous and heterogeneous scenarios. Above 50% 

reservoir-area connectivity the relationship is exponential (only seen in homogeneous scenario). 

Intervals with higher connected area are generally associated with higher net-to-gross ratios but a 

higher net-to-gross ratio does not imply higher connected reservoir area. Connected-reservoir 

area and reservoir-area connectivity are most dependent on the abundance and distribution of 

sandstone bodies with greater apparent widths and thicknesses (Type C, L, and M). 

Channel sandstone bodies in the shallow subsurface can be incised by a meandering 

channel or scoured during or an avulsion of an overlying channel, creating vertically and  
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Figure 17. Graphical comparison of connected-reservoir area (ft
2
), reservoir-area connectivity 

(%), and net-to-gross (%) measured from A) homogeneous and B) heterogeneous sandstone-

body polygon maps. Note that the vertical and horizontal scales are not the same between the 

two graphs. Net-to-gross is portrayed for each data point using color where “warmer” colors 

represent higher net-to-gross values. A) Data points for intervals at 40-acre pseudowell spacing 

(triangles) have higher connected-reservoir areas and lower reservoir-area connectivities 

compared to data points for intervals at 10-acre pseudowell spacing (squares). B) Both 

connected-reservoir area and reservoir-area are significantly reduced for intervals at 10-acre 

pseudowell spacing (no connected area at 40-acre pseudowell spacing). Curves and a line were 

fit to match the trend of datapoints in A) and B) respectively. The equations representing these 

curves/line are shown. Connected-reservoir area is linearly related to reservoir-area connectivity 

up to around 50% reservoir-area connectivity, above which the relationship is exponential. 

Higher net-to-gross intervals generally have greater connected-reservoir area and reservoir-area 

connectivity, but the relationship between each is not directly correlative. 
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laterally amalgamated sandstone bodies. The juxtaposed channel sandstones may have been 

deposited by the same river over a short period, or may represent the emplacement on the 

floodplain of a different river, perhaps after a long period (Miall, 1988). Either way, reservoir-

area connectivity is potentially increased when channels incise into each other (Pranter et al., 

2011) during episodes of low accommodation. It has been noted that crevasse channels and splay 

bodies (Type D and E), while being characteristically thin with limited lateral extents, may 

provide conduits to reservoir connectivity, which enhances reservoir drainage (Shanley, 2004; 

Hewlett, 2010; Pranter et al., 2014). In the study interval however, they are mostly isolated in 

floodplain fines and do not contribute significantly to measured reservoir-area connectivity. 

 

Conclusions 

The upper Mesaverde Group on the northern Douglas Creek Arch represents a fluvial 

succession deposited on an ancient alluvial plain. Channel and floodplain sandstone bodies 

consist of moderately-sorted, very fine- to medium-grained sandstone with occasional 

conglomeratic basal lags.  

Paleocurrent values (McFadden, N = 141) exhibit a unimodal distribution indicating an 

overall northeasterly direction of sediment transport (vector mean of 65.0° and a circular 

standard deviation of 54.0°). Values for paleomorphological characteristics for the interval were 

estimated using empirically-based equations from various authors. Using sandstone body 

dimensions (N=17) and paleocurrent data (N=163) as input parameters, a sinuosity range of 1.3 

to 1.9 was calculated (median=1.6). The results of these calculations, in addition to the range and 

relative abundance of architectural elements and sandstone body types seen across the outcrop 
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interval, reveal a fluvial system deposited by both low- and high-sinuosity rivers, but dominated 

by low- to moderately-sinuous, meandering rivers.  

Architectural elements present in the study area include undistinguished-channel 

elements, lateral-accretion elements, downstream-accretion elements, chute channels, levee 

deposits, crevasse channels, crevasse splays, abandoned channels, and floodplain fines. Lateral-

accretion elements are abundant within the study area, highlighted in outcrop by stark contrasts 

in grain size between high-stage, bed-load sandstones and low-stage mudstone drapes. The 

presence of these mudstone drapes can significantly reduce reservoir-area connectivity. Of the 

202 sandstone bodies identified, sinuous and compound-sinuous channels are the two most 

prevalent types. Sandstone-body widths seen of the study interval range from 86 ft (26 m) 

(interpreted as crevasse channels) to 3447 ft (1050 m) (interpreted as low-sinuosity, 

amalgamated channel sandstones) 

Nine outcrop photomosaics were interpreted to create “homogeneous” and 

“heterogeneous” sandstone-body polygon maps. These maps, which display in two dimensions 

the abundance and distribution of sandstone bodies and their associated internal surfaces, were 

assessed via pixel analysis to determine the net-to-gross, connected-reservoir area, and reservoir-

area connectivity of intervals between pseudowells at 10- and 40-acre pseudowell spacing. 

Between 11 pseudowells at 10-acre pseudowell spacing (lateral extent = 6,600 ft), the 

total area measured on the UPCW sandstone-body polygon maps is 2,707,812 ft
2
. The total area 

measured within sandstone-body polygons within this interval is 1,246,631 ft
2
.(net-to-gross = 

46%).
 
Assuming sandstone bodies are homogeneous flow units, total connected-reservoir area 

for the UPC outcrop window is 839,043 ft
2
 (reservoir-area connectivity = 67%) between 11 

pseudowells at 10-acre pseudowell spacing (lateral extent = 6,600 ft) and 562,028 ft
2
 (reservoir-
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area connectivity = 44%) between 6 pseudowells at 40-acre pseudowell spacing (lateral extent = 

6,600 ft). These results suggest that up to 67% of the reservoir area connected between wells at 

10-acre spacing can connected between wells at 40-acre pseudowell spacing assuming 

homogeneity of reservoir units. 

Internal heterogeneity of reservoir sandstone bodies, which can baffle or impede fluid 

flow, reduces measured connected-reservoir area of the UPC outcrop window to 191,949 ft
2
 

(reservoir-area connectivity = 15%) at 10-acre pseudowell spacing and 0 ft
2
 (reservoir-area 

connectivity = 0%) at 40-acre pseudowell spacing. 

The connectivity ranges in this analysis are meant to capture the two “extreme” ends of 

the spectrum from highest possible reservoir-area connectivity to potential lowest reservoir-area 

connectivity, respectively. Comparing local changes in net-to-gross ratio to connected-reservoir 

area and reservoir-area connectivity reveals that while connectivity is, in general, directly 

dependent on net-to-gross ratio, it is more reliant on the dimensions, spatial placement, and 

internal heterogeneity of sandstone bodies. Connected-reservoir area and reservoir-area 

connectivity are highest in the presence of sandstone bodies with greater apparent widths and 

thicknesses (Type C, L, and M). Assuming homogeneity, values for connected-reservoir area 

(ft
2
) are higher in intervals between pseudowells at 40-acre pseudowell spacing while reservoir-

area connectivity (%) is higher in intervals between pseudowells at 10-acre spacing. As internal 

heterogeneity significantly reduces reservoir-area connectivity, sandstone bodies with less 

preservation of internal mud drapes (Type L and M) have better reservoir connectivities. Since 

measured values for connected-reservoir area drop to zero in all 40-acre intervals if 

heterogeneity is considered, it is likely that there will be less connectivity than is portrayed in the 

homogeneous scenario.  
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Total and Spectral Gamma-Ray Data 

In an attempt to identify characteristic gamma-ray responses for lithologies and lithofacies 

present in the interval, total and spectral gamma-ray (SGR) data were acquired along each 

stratigraphic section every 1.0 ft (0.3 m) where exposed and every 5 ft (1.5 m) where covered. 

Using a Super-Spec RS-125 scintillometer (Radiation Solutions, Inc.), each measurement was 

acquired over a period of 60 seconds (1 measurement per second) to average a large sample of 

gamma-ray values. Total and Spectral gamma-ray measurements for each of the six measured 

sections (N= 1021) are presented in Appendix D. 

 

Determination of Sandstone-Body Dimensions 

Sandstone-body thicknesses were measured by hanging a thick rope marked every foot over the 

outcrop (at several intervals laterally) and taking magnified pictures from the opposite side of the 

canyon. In this way, thickness values were accurately generated from a known scale for the 

entire sandstone, as well as individual story elements within the sandstone. Apparent widths 

were measured using a combination of high-resolution photomosaics and GoogleEarth 

measuring software. Due to the weathered nature of the outcrop, sandstone-body termination 

points were often difficult to observe from close range. As such, termination points were 

identified in cross-canyon, high-resolution photomosaics, where the extent of sandstone 

geometries could be seen and mapped. Termination points for each sandstone body were marked 

in GoogleEarth, and the measurement tool was used to measure the distance (in ft) between 

them. 

 

Pixel Analysis 

In order to quantitatively assess the distribution of reservoir elements across the outcrop, net-to-

gross values were measured using pixel analysis of outcrop photomosaics. In the simplest form, 

this process consists of outlining sandstone bodies in photomosaics (time consuming), placing 

equally spaced, pseudowells across the photomosaics (Appendix E), and measuring pixels within 

sandstone bodies using Adobe Photoshop Extended area-measurement software between 

pseudowells. To measure the 2-D area of sandstones, it was helpful to distinguish outlined 

sandstone bodies from surrounding fines by color. Using the “quick selection” tool in Adobe 

Photoshop Extended, color-distinguished polygons were selected bounded between two 

pseudowells. Since photomosaics vary in resolution, a separate layer with a constant resolution 

(a monochrome box placed in a layer behind the mosaic) was used when measuring pixels within 

highlighted polygons. Then the number of pixels within the interval (including sandstone-body 

polygons and floodplain fines) was measured. Areas with intense colluvium or vegetation were 

also outlined with polygons so that they could be excluded from the “net” and “gross” 



73 
 

measurements (Appendix E). Dividing the number of pixels within sandstone polygons and the 

total number of pixels between pseudowells produced a net-to-gross value for that pseudowell 

interval. Elevation profiles (produced in Esri ArcMap) were used to estimate vertical scale of 

photomosaics. The horizontal scale however, was measured using the Google Earth 

measurement tool (Appendix B, Table B2). 
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APPENDIX B 

Supplementary Figures 
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Figure B1. Cretaceous stratigraphy from eastern Utah to central Colorado. Red bar approximates 

the study interval. Modified from Cole and Pranter (2010) and Molenaar and Rice (1988). 
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Figure B2. Composite measured section (above left) with outcrop gamma log correlated to 

nearby well, Northwest Philadelphia Cr. No. 37, which produces from a member of the Mancos 

Shale. Outcrop window is stratigraphically tied to the subsurface using the “Top Sego 

Sandstone” (highlighted). Well location is shown in Figure 1. The red numbers in the ‘Total 

Gamma Ray’ track are unique sandstone-body numbers associated with the sandstone body 

being measured at that height (Appendix F). The red arrows in between the ‘Total Gamma Ray’ 

and ‘Grain Size’ tracks indicate the measured paleocurrent direction at the associated height. Up 

is Magnetic North (0° and 360°), right is East (90°), down is South (180°) and left is West 

(270°).   

ft 

Total Gamma Ray 

(Counts per Second) 
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Figure B3. Termination points used in apparent-width calculation. A.) All termination points identified in 

Upper Philadelphia Creek, displayed to show the distribution and density of apparent width 

measurements in this study. Photomosaic extents (red) are shown for context. B.) Termination points for 

sandstone body #193 to show resolution of GoogleEarth satellite imagery. Red polygons are photomosaic 

extents and blue lines are elevation profiles for each photomosaic (Appendix C) 

A 

B 
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Figure B4. Method used to measure sandstone-body thicknesses. A known scale provided by a 

marked rope is hung over cliff face. Cutout shows close-up of rope. Each mark is 1.0 ft (0.3 m). 

From top to bottom, sandstone bodies seen in picture are #315, #295, and #366. They are only 

amalgamated at this location This contact can be seen in mosaic AW4 (upper right-hand corner). 
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Figure B5. A.) Grain-size proportions calculated from the total footage of all six measured 

sections combined. B.) Sandstone-lithofacies proportions calculated from the total footage of all 

six measured sections. Total footage in sections is 1,505 ft (458.7 m). Total sandstone lithology 

encountered in measured sections = 762 ft (232 m). 

A 

B 
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Figure B6. The hierarchy of depositional units in a fluvial system. Circled numbers indicate the 

ranks of bounding surfaces, using the classification of Miall (1996). 
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Figure B7: Paleocurrent measurements made on ripple-scale cross-lamination, low-angle and 

trough cross-bedding, and scour surfaces reveal the dominant paleoflow direction was to the 

northeast. Measurements are broken out by sedimentary structure. Quality, or reliability factors 

were given to each measurement. Paleocurrents measured on ripples had the least confidence, 

whereas those measured on low-medium angle had the most confidence.  
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Figure B8. Interpreted depositional model for the lower (sand-poor) Williams Fork Formation, 

as suggested by the observations in Coal Canyon. Depositional settings for type A, B, C, D, and 

E sandstone bodies are labeled. From Cole and Cumella, (2005). 
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Figure B9: Cross sections (outcrop slices) of a hypothetical high sinuosity fluvial system. 

Modified from Cole and Cumella (2005). Black arrow indicates an example of “meander 

wavelength” from text. 
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Figure B10. Paleoenvironment indicators seen in UPC study area. A.) Carbonaceous trace and 

body fossils: Top left: branching roots in sandstone body (SSB) #289 in UPCW4; Top right: 

pyrite haloes in SSB #295 in UPCW4; Bottom left: contorted bedding and large root trace in 

SSB #251 in Anadarko section; Bottom right: log encased in basal lag of SSB #251 in UPCW4. 

B.) Dinosaur bones encased in basal lag of sandstone body #315 between UPCW1 and UPCW2.   
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Table B1. Average lengths and areas represented by pixels for each outcrop photomosaic. Values for each photomosaic were 

calculated by measuring the number of pixels in a straight line between two known locations (i.e. one end of the photomosaic to the 

other along a relatively continuous sandstone body) and comparing that value to the distance measured between those same locations 

in GoogleEarth. These values are a rough approximation of the average dimensions represented by pixels in mosaics. Pixels near the 

edges of the mosaics represent larger areas of the outcrop than pixels at the center of the outcrop due to small effects of distortion. The 

amount of difference is not quantified in this study. The total number of pixels was measured for each photomosaic (row 5). and 

multiplied by associated ‘outcrop area represented by one pixel in ft
2
 and m

2
’ values to get values for total outcrop area represented by 

each photomosaic in ft
2
 and m

2
, respectively.  
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Table B2. Measurements of total area, total sandstone area, net-to-gross at 10- and 40-acre 

pseudowell spacing. Values acquired using pixel analysis of sandstone-body polygon maps. 

Measurements of connected-reservoir area and reservoir area connectivity are given for 

“homogeneous” and “heterogeneous” scenarios (described in text). Values for area were 

converted from pixels to square feet using Table B1. “Total area” is the entire area between two 

pseudo wells. “Total sandstone area” is the area within all sandstone-body polygons between two 

pseudowells. “N:G” stands for net-to-gross, or the “Total Sandstone Area” divided by the “Total 

Area” between two pseudowells. “Connected-Reservoir Area” is the area within sandstone-body 

polygons that is connected between adjacent pseudowells. “Reservoir-Area Connectivity” is the 

“Connected-Reservoir Area” divided by “Total Sandstone Area” between two pseudowells. 
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APPENDIX C 

Outcrop Measured Sections with Total Gamma-Ray Profiles 
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Figure C1. Legend for symbols used in the display of sedimentological descriptions in this 

report. Red numbers on sections next to sandstone bodies are unique sandstone body numbers. 
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The following figures (Appendix C) show drafted versions of the 6 measured sections acquired 

in this study. The red numbers in the ‘Total Gamma Ray’ track are unique sandstone-body 

numbers associated with the sandstone body being measured at that height (Appendix F). 

Sandstone-body numbers on the UPCE outcrop window have an apostrophe (‘) attached to them 

to distinguish them from UPCW sandstone-body numbers. The red arrows in between the ‘Total 

Gamma Ray’ and ‘Grain Size’ tracks indicate the measured paleocurrent direction at the 

associated height. Up is Magnetic North (0° and 360°), right is East (90°), down is South (180°) 

and left is West (270°).  
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Measured Section UPCW1 (Base) 

  

Figure C2-A. Sedimentological descriptions for measured section UPCW1 (0 – 100 ft). 
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Measured Section UPCW1

  

Figure C2-B. Sedimentological descriptions for measured section UPCW1 (100 – 200 ft). 
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Measured Section UPCW1

  

Figure C2-C. Sedimentological descriptions for measured section UPCW1 (200 – 300 ft). 
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Measured Section UPCW1 (Top)

 

Figure C2-D. Sedimentological descriptions for measured section UPCW1 (300 – 360 ft). 
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Measured Section UPCW2

  

Figure C3-A. Sedimentological descriptions for measured section UPCW2 (0 – 100 ft). 
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Measured Section UPCW2 (Top)

 

Figure C3-B. Sedimentological descriptions for measured section UPCW2 (100 – 152 ft). 
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Measured Section UPCW3 (Base)

 

Figure C4-A. Sedimentological descriptions for measured section UPCW3 (0 – 100 ft). 
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Measured Section UPCW3

 

Figure C4-B. Sedimentological descriptions for measured section UPCW3 (0 – 100 ft). 
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Measured Section UPCW3 (Top)

 

Figure C4-C. Sedimentological descriptions for measured section UPCW3 (200 – 260 ft). 
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Measured Section UPCW4 (Base)

 

Figure C5-A. Sedimentological descriptions for measured section UPCW4 (0 – 100 ft). 
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Measured Section UPCW4

 

Figure C5-B. Sedimentological descriptions for measured section UPCW4 (100 – 200 ft). 
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Measured Section UPCW4 (Top)

 

Figure C5-C. Sedimentological descriptions for measured section UPCW4 (200 – 244 ft). 
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Measured Section UPCE1 (Base)

  

Figure C6-A. Sedimentological descriptions for measured section UPCE1 (0 – 100 ft). 
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Measured Section UPCE1

  

Figure C6-B. Sedimentological descriptions for measured section UPCE1 (100 – 200 ft). 



104 
 

 

Measured Section UPCE1 (Top)

  

Figure C6-C. Sedimentological descriptions for measured section UPCE1 (200 – 225 ft). 
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Measured Section UPCE2 (Base)

  

Figure C7-A. Sedimentological descriptions for measured section UPCE2 (0 – 100 ft). 
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Measured Section UPCE2

  

Figure C7-B. Sedimentological descriptions for measured section UPCE2 (100 – 200 ft). 
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Measured Section UPCE2 (Top)

 

Figure C7-C. Sedimentological descriptions for measured section UPCE2 (200 – 228 ft). 
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APPENDIX D 

Total and Spectral Gamma-Ray Data 
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Figure D1. Spectral gamma-ray response for measured section UPCW1.  

Covered interval 
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Figure D2. Spectral gamma-ray response for measured section UPCW2. 
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Figure D3. Spectral gamma-ray response for measured section UPCW3. 

Covered interval 



112 
 

 

Figure D4. Spectral gamma-ray response for measured section UPCW4. 



113 
 

 

Figure D5. Spectral gamma-ray response for measured section UPCE1. 



114 
 

 

Figure D6. Spectral gamma-ray response for measured section UPCE2. 
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APPENDIX E 

Photomosaics with Sandstone-Body Types, Mudrock Content, and Architectural Elements 
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Figure E1. GoogleEarth view of extent of photomosaic AW1 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph.  
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Figure E2. GoogleEarth view of extent of photomosaic AW2 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph.  
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Figure E3. GoogleEarth view of extent of photomosaic AW3 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph.  
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Figure E4. GoogleEarth view of extent of photomosaic AW4 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph.  
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Figure E5. GoogleEarth view of extent of photomosaic AW5 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph.  
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Figure E6. GoogleEarth view of extent of photomosaic AW6 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph. 
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Figure E7. GoogleEarth view of extent of photomosaic AW7 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph. 
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Figure E8. GoogleEarth view of extent of photomosaic AE1 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph. 
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Figure E8. GoogleEarth view of extent of photomosaic AE2 (outlined in red). Yellow flag 

marks location of photomosaic acquisition. The lateral field of view, or opening angle, of the 

photomosaic (white dashed lines) is provided near the flag. Blue line indicates path of elevation 

profile seen in graph. 
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The following photomosaics (Appendix E) are presented in the following format: 

A. Uninterpreted photomosaic. Grey bounding box separates each photomosaic so there is no 

overlap. White arrow(s) at the top of each section are spaced 660 ft (201 m) apart and are 

continuous across mosaics. Measured section paths highlighted in respective colors from body. 

B. All visible sandstone bodies are outlined and assigned a unique sandstone body number (SSB 

#) (See Appendix F for descriptions of each sandstone body). Sandstone bodies are colored by 

mudrock content classification described in text. Changes in color within the bounds of a single 

sandstone body imply a notable change in grain size. Areas covered by colluvium or vegetation 

are highlighted by gray polygons. Measured section paths (also shown in A) are highlighted with 

black lines. Legend for mustone-content classification scheme below: 

 

C. Internal surfaces are traced in green to indicate highlighting erosional surfaces and/or mud 

drapes. Architectural elements, as described in text, are labeled. Psuedo-wells (vertical to near-

vertical black lines) are placed at white arrow to allow visualization of sandstone-body 

connectivity at 10-ac pseudowell spacing.  
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Figure E3. Photomosaic AW1. 

A 

B 

C 
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Figure E4. Photomosaic AW2. 

A 

B 

C 
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Figure E5. Photomosaic AW3. 

A 

B 
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Figure E6. Photomosaic AW4. 
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Figure E7. Photomosaic AW5. 

A 

B 

C 
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Figure E8. Photomosaic AW6. 

A 

B 
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Figure E9. Photomosaic AW7. 
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Figure E10. Photomosaic AE1. 
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Figure E11. Photomosaic AE2. 
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APPENDIX F 

Sandstone-Body Descriptions 
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blocky/ 

cover

slightly 

dipping to SW flaggy NA NA

23 AW1 NA NA 3,2 tabular flat, sharp flat, sharp pinchout none none NA NA

26 AW1 NA NA 2,3 tabular flat, sharp flat, sharp pinchout none none NA NA

27 AW1 NA NA 3,2 tabular flat, sharp flat, sharp pinchout none none NA NA

28 AW1 NA NA 1,1

tabular, 

short flat, sharp flat, sharp pinchout none none NA NA

29 AW1 NA NA 3,1 tabular

uneven, 

sharp flat, sharp pinchout

mostly flat, 

slightly 

dipping to NE flaggy NA NA

30 AW1 NA NA 1,1

tabular, 

short flat, sharp flat, sharp pinchout none none NA NA

31 AW1 NA NA 1,1 tabular flat, sharp flat, sharp pinchout none none NA NA

32 AW1 NA NA 1,1 tabular flat, sharp flat, sharp

pinchout/

cover none none NA NA

33 AW1 NA NA 3,2

tabular, 

slightly 

thicker 

toward 

center flat, sharp flat, sharp pinchout

dipping to the 

NE flaggy NA NA
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34 AW1 NA NA 2,1 lenticular mostly flat

concave up, 

sharp

pinchout/

cover

flat, slightly 

dipping to the 

NE flaggy NA NA

37 AW1 NA NA 1,1 lenticular flat

concave up, 

sharp

blocky to 

pinchout/

covered

mostly llat, 

dipping 

slightly to the 

SW flaggy NA NA

39 AW1 NA NA NA,2 tabular

flat, slightly 

eroded flat, sharp pinchout

horizontal to 

dipping to the 

NE

blocky to 

flaggy NA NA

40 AW1 NA NA 3,1

tabular, 

slightly 

thicker in 

center flat, sharp flat, sharp pinchout

dipping to the 

N-NE

blocky to 

flaggy NA NA

41 AW1 NA NA 2,4

lenticular, 

uneven

uneven, 

eroded

concave up, 

uneven

pinchout/

covered

flat to dipping 

to the SW flaggy NA NA

45 AW1 NA NA 1,1 lenticular flat concave up

pinchout/

covered

dipping to the 

N-NE

very flaggy, 

mostly 

eroded NA NA

46 AW1 NA NA 1,3 lenticular

uneven, 

eroded

uneven, 

concave up, 

scouring 

sand below

eroded to 

SW, 

pinchout 

to NE dipping to NE

flaggy to 

blocky in 

center NA NA

48 AW1 NA NA 4,1 tabular flat, sharp flat, sharp pinchout none

thin sand, 

none NA NA

49 AW1 NA NA 1,2 tabular mostly flat flat, sharp pinchout

dipping 

slightly to the 

SW

mostly 

blocky NA NA

50 AW1 NA NA 2,1 tabular mostly flat

uneven to 

flat

pinchout/

covered

mostly 

horizontal, 

slightly 

dipping to the 

NE flaggy NA NA

51 AW1 NA NA 3,3 tabular

slightly 

uneven

mostly flat, 

slightly 

uneven pinchout

dipping to the 

NE flaggy NA NA

54

AW1, 

AW2 NA NA 1,1 lenticular

slightly 

uneven, 

eroded 

concave up, 

sharp

pinchout 

to SW, 

eroded/ 

covered 

to NE

dipping to the 

NE

flaggy 

toward 

bottom, 

blocky 

toward top 

and NE NA NA

55

AW1, 

AW2 694 28 2,2

mostly 

lenticular 

to tabular

uneven, 

sharp to 

gradational

uneven to 

concave up, 

erosional, 

sharp pinchout

dipping to the 

NE

mostly 

blocky with 

a few 

identifiable 

surfaces NA NA

56 AW2 NA NA 2,2 tabular flat, sharp flat, sharp pinchout none thin sand NA NA

58

AW1, 

AW2 1048 22 3,3

lenticular 

to thick 

tabular

uneven, 

locally 

eroded

uneven to 

concave up pinchout

dipping to the 

NE

mostly 

blocky 

where well 

exposed 

with a few 

identifiable 

surfaces, 

flaggy to 

NE where 

covered NA NA
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66

AW1, 

AW2 NA NA 1,4

mostly 

tabular, 

thickens 

locally

mostly 

uneven

uneven, 

shallowly 

erosional 

locally

covered 

to SW, 

pinchout 

to NE

dipping to the 

NE

mostly 

flaggy, 

increasingl

y blocky to 

the NE NA NA

70 AW1 NA NA 1,3

mostly 

tabular, 

thins 

more to 

the NE mostly flat uneven

blocky to 

SW, 

pinchout 

to NE

mostly 

dipping to the 

NE

mostly 

flaggy, 

some 

sections 

covered NA NA

75 AW1 NA NA NA,1

mostly 

tabular, 

thickens 

locally mostly flat

flat to 

uneven pinchout

dipping 

slightly to the 

NE

mostly 

blocky, thin 

to the NE NA NA

77 AW1 NA NA 2,1 lenticular

uneven, 

eroded

uneven, 

concave up pinchout

horizontal, 

hard to see 

inclination

mostly 

blocky NA NA

78 AW2 NA NA 2,2 tabular flat, sharp flat, sharp pinchout horizontal thin sand NA NA

79 AW2 NA NA 2,3 tabular

uneven, 

sharp

uneven, 

sharp pinchout horizontal flaggy NA NA

80 AW2 NA NA 2,2 tabular

uneven, 

sharp

uneven, 

sharp pinchout none thin sand NA NA

81 AW2 NA NA 3,2 lenticular flat, sharp

concave up, 

scouring FP 

fines pinchout

dipping to the 

SW

flaggy to 

blocky NA NA

82 AW1 NA NA 4,1

lenticular, 

thickness 

varies

eroded and 

scoured 

locally, flat 

where not 

eroded

concave up, 

scouring 

sand below

pinchout 

to SW, 

eroded to 

NE

horizontal to 

slight dip 

direction to 

the NE

mostly 

blocky NA NA

83

AW1, 

AW2 NA NA 1,NA

thick 

tabular

eroded and 

scoured 

locally, flat 

where not 

eroded, 

gradational 

into fines

uneven, 

erosional 

into FF

varies from 

scoops to SW 

to dipping to 

the NE to the 

NE

blocky to 

the SW and 

flaggy to 

the NE NA NA

90 AW1 NA NA 2,2 lenticular

mostly flat, 

sharp

uneven, 

concave up

blocky to 

SW, 

pinchout 

to NE

horizontal, 

dipping 

slightly to the 

NE flaggy NA NA

94 AW1 NA NA 1,1

lenticular?

/ covered

uneven, 

eroded concave up

blocky, 

unknown 

pinchout

dipping 

slightly to the 

NE

flaggy and 

covered NA NA

95 AW1 NA NA 2,4 lenticular

slightly  

uneven

concave up, 

erosional 

into 

sandbody 

below pinchout

dipping to the 

SW

flaggy and 

covered NA NA

97

AW1, 

AW2 NA NA 1,1

tabular to 

lenticular

mostly flat, 

covered

uneven, 

slightly 

erosional pinchout

mostly 

horizontal, 

hard to see flaggy NA NA

101 AW1 NA NA 2,2 lenticular

mostly flat, 

sharp

uneven, 

concave up pinchout

horizontal, 

locally dipping 

to the SW

mostly 

flaggy NA NA

102 AW1 NA NA 2,1

lenticular, 

thicker 

toward NE 

side flat, sharp

flat to 

concave up pinchout

horizontal, 

slightly 

dipping to the 

NE

mostly 

flaggy NA NA
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108 AW2 NA NA 2,2 lenticular

eroded, 

slightly 

concave 

down flat, sharp pinchout

dipping to the 

NE flaggy NA NA

110 AW1 NA NA NA,4

tabular, 

slightly 

thicker in 

center flat, sharp

slightly 

uneven/ 

erosional 

,sharp pinchout

horizontal, 

slightly 

dipping to the 

NE

mostly 

flaggy 

where 

exposed NA NA

112 AW2 107 5.5 3,3

tabular, 

slightly 

thicker to 

the NE flat, sharp flat, sharp pinchout

may be 

dipping to the 

SW

slightly 

blocky, 

sand rich 

,thin sand NA NA

113 AW2 NA NA 1,1 tabular flat, sharp flat, sharp

pinchout, 

blocky

dipping to the 

NE

mostly 

flaggy, 

covered NA NA

119 AW1 NA NA 1,2

semi-

lenticular

flat, 

gradational 

into more 

flaggy to 

mudstone

concave up, 

erosional 

down into 

floodplain 

fines and 

channel 

sands

eroded to 

SW, 

pinchout 

to NE, 

poorly 

exposed

subparallel to 

horizontal to 

dipping to the 

SW

flaggy, 

poorly 

exposed NA NA

120 AW1 NA NA 1,3 tabular flat, sharp flat

eroded to 

SW, 

pinchout 

to NE none thin sand NA NA

125 AW1 NA NA 3,4

slightly 

lenticular

uneven, 

sharp

slightly 

uneven/ 

erosional 

into sand 

below,sharp pinchout

parallel to 

subparallel to 

horizontal

mostly 

blocky with 

several 

identifiable 

surfaces NA NA

126 AW1 NA NA 3,4

slightly 

lenticular

uneven, 

eroded, 

sharp

concave up, 

slightly  

erosional 

into sand 

below,sharp pinchout

horizontal, 

moderately 

continuous

mostly 

blocky with 

several 

identifiable 

surfaces NA NA

127 AW1 NA NA 1,4 tabular flat, sharp flat ,sharp

eroded to 

SW, 

pinchout 

to NE horizontal thin sand NA NA

129

AW1, 

AW2 NA NA 2,2

thick 

tabular

flat where 

not eroded

uneven, 

erosional 

into FF pinchout

mostly 

horizontal, 

slightly 

dipping to the 

SW

mostly 

flaggy NA NA

133

AW1, 

AW2 1693 34 1,1

thick, 

lenticular 

to tabular

flat and 

sharp where 

not eroded

uneven, 

erosional 

into sand  

and  FF 

below pinchout

surfaces are 

present, but 

diifficult to 

track due to 

cover; internal 

geometry 

where 

exposed is 

mostly 

horizontal, but 

surfaces dip 

opposite 

directions 

(dipping in 

toward each 

flaggy to 

blocky NA NA
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134 AW2 NA NA 2,2

tabular, 

thickens 

toward 

center

mostly flat, 

eroded 

locally

uneven, 

erosional 

into FF 

below pinchout

dipping to the 

SW NA NA

144 AW2 NA NA 4,2 tabular flat, sharp flat, sharp pinchout none visible thin sand NA NA

146 AW2 NA NA 2,1 lenticular

mostly flat, 

gradational

sharp, 

uneven, 

erosional

pinchout 

to SW, 

blocky to 

NE

dipping to the 

SW

flaggy, 

covered NA NA

149 AW1 NA NA 2,3

mostly 

tabular, 

thickens 

slightly in 

the center flat, sharp

slightly 

uneven, 

erosional pinchout

dipping to the 

SW flaggy NA NA

151 AW1 NA NA 1,2 tabular flat,sharp flat, sharp pinchout

horizontal, 

slightly 

dipping to the 

SW

thin sand, 

flaggy NA NA

152 AW1 NA NA 2,3 lenticular flat, sharp concave up pinchout

horizontal, 

slightly 

dipping to the 

SW

thin sand, 

flaggy NA NA

153 AW2 269 2.4 4,4 tabular flat, sharp flat, sharp pinchout none thin sand NA NA

157 AW2 NA NA 2,3 tabular flat, sharp flat,sharp pinchout none thin sand NA NA

158 AW3 376 25 3,3

strongly 

lenticular

mostly flat, 

some areas 

uneven, 

sharp

concave up, 

sharp pinchout

horizontal to 

dipping to the 

NE

blocky/san

dy, some 

mud 

drapes 

present

Trough-cross stratified 

(fU) at bottom to 

ripple cross laminated 

(mL) at the top. 

Multiple, inclined mud-

drapes present

bell shaped, 

32-24 cps

159 AW3 NA NA 1,1 tabular flat flat covered

identifiable 

surface looks 

horizontal thin sand NA NA

160 AW3 NA NA 1,2 tabular

flat, could be 

gradational, 

mostly 

covered flat, shap

pinchout/ 

covered

slightly 

dipping to the 

SW very flaggy

Bedforms are mostly 

covered, relict ripples 

above alternating low 

angle cross bedding 

present 

irregular 

spikes to 

thin 

irregular 

cylinder

161 AW3 420 10 1,1

thinly 

lenticular

mostly flat, 

sharp, locally 

gradational

concave up, 

erosive into 

carbonaceo

us FF below

pinchout/ 

covered

mostly 

horizontal, 

slightly 

dipping to the 

NE

flaggy, 

covered by  

fine 

colluvium

Low-angle cross bed 

sets (1-2 ft thick) 

inclined to the NE, 

overlain by 

reactivation surface 

below ripple cross-

lamination cylinder

163 AW3 NA NA 2,1

lenticular 

to tabular 

to the NE

uneven, 

sharp

uneven, 

erosional 

into FF 

below

pinchout 

to SW, 

eroded by 

190 to NE

dipping to the 

NE

covered to 

SW, blocky 

to NE

Relict low angle cross 

bedding throughout 

with one significant 

reactivation surface 

closer to base in 

section, middle 

covered by fine 

colluvium in measured 

section

semi-

irregular 

cylinder to 

bell shaped, 

high 

gamma 

reading 

from 

colluvium/c

over
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166

AW1, 

AW2, 

AW3 2823 37 2, 4

thick, 

tabular

mostly flat, 

eroded

mostly flat 

to uneven, 

erosional 

into FF 

below pinchout

mostly flat, 

some low 

angle scoops

very thick, 

very sandy 

and blocky, 

surfaces 

are 

continuous 

to NA NA

169 AW2 105 2.5 3,3 tabular flat, sharp flat, sharp pinchout

surfaces 

dipping to the 

NE

thin sand, 

covered NA NA

170 AW4 NA NA 1,1 tabular flat, sharp flat, sharp

pinchout/ 

covered none

thin sand, 

covered NA NA

173

AW3, 

AW4 861 29 1,3 lenticular

concave up, 

eroded by 

192, 

gradational 

to the NE

concave up, 

erosive into 

FF below

pinchout/

eroded to 

the SW, 

covered 

to the NE

intercalted 

sand, sandy 

mud, and 

muddy sand 

layers dipping 

to the NE 

inclined 

heterolithic 

strata, 

abundant 

diagenetic 

gypsum 

(powder 

and 

crystalline) 

in lower, 

muddy 

intervals, 

some 

hematite 

present. 

Abundant 

pyrite in 

low angle 

crossbeds 

to the NE 

(UPCW3)

Intercalated sand (fU), 

sandy mud and 

muddy sand layers. 

Identifiable sand 

intervals are 0.5-3.5 ft 

and thick and display 

variable connectivity. 

Bulbous shape of sand 

layers, non-linear 

mixture of sand and 

mud, and contorted 

bedding interpreted as 

water escape indicate 

rapid deposition. 

Other sedimentary 

structure in sandy 

intervals include low-

angle and trough cross 

bedding and ripple-

cross lamination. 

Transitions to blockier 

to the NE (UPCW3).  

Low angle cross beds 

overlain by ripple 

cross lamination. Top 

is mostly covered bell shaped

178 NA NA not visible

Extremely 

covered, 

assumed to 

be flaggy 

from 

outcroping 

segments

180 AW4 NA NA 1,1 tabular flat, sharp flat, sharp pinchout not visible thin sand

182 AW4 NA NA 1,1 tabular flat, sharp flat, sharp

covered/ 

pinchout not visible

thin, 

narrow 

sand

Ripple cross 

lamination throughout

183 AW4 NA NA 1,1 tabular flat, sharp flat, sharp

covered/ 

pinchout

unable to 

distinguish dip 

direction of 

surfaces

thin, 

narrow 

sand

Ripple cross 

lamination throughout

186

AW1, 

AW2 2238 11 4, 1

Irregular 

thickness, 

think and 

tabular

eroded with 

mud filled 

scours, sharp

uneven, 

erosional 

into sand  

166 below

pinchout 

to SW, 

blocky to 

NE

continuous 

surfaces, 

slightly 

dipping to SW

mostly 

blocky, 

sand rich NA NA
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188 AW3 NA NA 2, 3 lenticular flat, sharp

concave up, 

erosional 

into 166 

locally

pinchout, 

extensivel

y thin to 

the NE

continuous 

surfaces 

dipping to the 

SW, some 

noncontinuou

s horizontal 

surfaces blocky NA NA

189

AW2, 

AW3 NA NA 1, 1

slightly 

lenticuar mostly flat

uneven, 

could be 

erosional 

into 188 

below pinchout

identifiable 

surfaces are 

horizontal

flaggy and 

covered 

with 

vegetation NA NA

190 AW3 NA NA 2,1 lenticular

eroded by 

193, sharp

concave up, 

erosional 

into FF 

below

pinchout, 

eroded

surfaces 

dipping to the 

NE

heterolithic 

mixture of 

sand and 

mud

Inclined alternation of 

sand and mud layers, 

ripples and low-angle 

cross beds in sandy 

layers

symmetrica

l extended 

spike

191 AW3 NA NA 2,2 lenticular

eroded by 

193, sharp

concave up, 

erosional 

into FF 

below

pinchout, 

eroded

surfaces 

dipping to the 

NE

heterolithic 

mixture of 

sand and 

mud

Inclined alternation of 

sand and mud layers, 

contorted low-angle 

cross beds and ripples 

in sandy layers

irregular 

bell shaped

192

AW3, 

AW4 NA NA 1,2

thick 

tabular to 

slightly 

lenticular

eroded by 

193 to the 

SW, mostly 

flat to the 

NE, 

gradational 

where not 

eroded

concave up, 

erosional 

into FF 

below

eroded to 

SW, 

pinchout 

to NE

surfaces 

difficult to 

identify and 

track to the 

NE where 

covered by 

fine colluvium. 

identifiable 

surfaces are 

mostly 

horizontal, but 

some 

demonstrate 

heterolithic

, covered 

by 

vegetation 

and fine 

colluvium

Intercalated sandy (fU) 

mud and muddy sand 

layers. Low-angle to 

trough cross bedding 

in somewhat inclined 

sandy layers. Ripple-

cross lamination more 

dominant in upper 

sandy layers

irregular, 

no 

characterist

ic shape

193

AW3, 

AW4 1154 32 5,3 lenticular

mostly flat, 

sharp to 

gradational

concave up, 

sharp, 

erosioal 

(deep scour) 

into FF 

below pinchout

continuous to 

non-

continuous, 

mostly 

horizontal, 

subparallel 

surfaces

surfaces, 

blocky, 

sand rich NA NA

194 AW3 102 102 3,2 tabular flat, sharp flat, sharp pinchout

dipping to the 

SW where 

exposed thin sand NA NA

195 AW2 NA 2,2 tabular flat, sharp flat, sharp pinchout

dipping to the 

SW where 

exposed thin sand

Relict low-angle cross 

bedding overlain by 

visible ripple-cross 

lamination; thin mud 

drape in middle, then 

more relict ripple-

cross lamination up to 

top 

not enough 

data to 

confidently 

identify a 

shape - 

maybe 

funnel 

shaped

199 AW3 NA 2,2 lenticular flat, sharp

concave up, 

sharp pinchout

covered, may 

dip to the NE thin sand NA NA

201 AW3 94.9 95 2,1 tabular flat, sharp flat, sharp pinchout

horizontal?, 

covered thin sand NA NA
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202

AW2, 

AW3 847 26 2,3 lenticular

uneven, 

lower to the 

NE, sharp

concave up, 

sharp pinchout

wavy, mostly 

horizontal, 

non-

continuous 

surfaces, some 

are dipping to 

the NE

blocky 

where 

exposed, 

abundant 

vegetation 

cover 

locally

Mudchips at distance 

SW from measured 

section, trough cross 

bedding is dominant 

from base up to 

ripples in upper 

middle, reactivation 

surface above overlain 

by low-angle to 

contorted bedding, 

structureless at very 

top

irregular 

funnel, 

anomolousl

y low 

readings 

high in U 

and Th, 

possibly 

sampling a 

organic-rich 

mud drape

203 AW2 NA NA 2,1 tabular flat, sharp flat, sharp pinchout

dipping to the 

NE thin sand NA NA

204 AW3 176 2.6 2,2

mostly 

tabular, 

slightly 

thicker in 

center flat, sharp mostly flat pinchout

mostly 

horizontal thin sand NA NA

205 AW3 NA NA 1,1 tabular flat, sharp flat, sharp

pinchout/ 

covered none

ripple-cross 

laminated 

thin sand NA NA

206 AW2 NA NA 1,2

tabular, 

slightly 

thicker in 

center

uneven, 

eroded

slightly 

concave up pinchout unknown

blocky, 

mostly 

covered NA NA

210

AW2, 

AW3 NA NA 1,1 tabular flat, sharp flat, sharp pinchout

dipping to the 

NE thin sand NA NA

211 AW3 NA NA 1,3

varying 

thickness

uneven, 

sharp

uneven, 

sharp

eroded to 

the SW, 

pinchout 

to the NE

easily visible 

surfaces 

dipping to the 

SW flaggy

Low angle crossbeds 

to contorted 

crossbeds at base,  

trough crossbedding 

in center, ripple cross 

lamination at top, 

mud drapes < 1 inch 

thick

irregular 

cylinder

212

AW2, 

AW3 457 31 NA, 3

lenticular, 

thins 

significantl

y to NE

slightly 

uneven, 

sharp eroded 

post uplift

uneven, 

eroision, 

sharp

pinchout/ 

outcrop 

extent to 

the SW, 

pinchout 

to the NE

dipping to the 

NE/E

blocky 

throughout

, NA NA

213 AW3 NA NA 2,1 tabular flat, sharp flat, sharp pinchout

dipping to the 

SW where 

exposed thin sand NA NA

216 AW4 742 25 3,1 lenticular

uneven, 

lower to the 

NE, sharp

concave up, 

erosional 

into FF 

below, 

sharp

pinchout/ 

covered

dipping to the 

NE

mostly 

flaggy, fine 

colluvium 

cover 

separating 

from 224 

above

Low angle cross beds 

overlain by ripple-

cross-laminated 

bedding, very thin 

mud drapes (about 

the thickness of a 

pencil lead to 1/4 

inch) thin funnel
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224

AW3, 

AW4, 

AW5 2237 32 3,1 lenticular

mostly flat, 

more 

gradational 

to the NE

concave up, 

erosional 

into FF 

below, 

sharp

pinchout 

to SW, 

outcrop 

extent to 

the NE

horizontal to 

dipping to the 

NE

flaggy, 

abundant 

continuous 

muddy 

surfaces 

throughout

, upper, 

finer 

portions 

more 

covered to 

the NE

UPCW3: Vertical, 

contorted bedding at 

base (pyrite nodules in 

contorted bedding), 

low angle cross beds 

above contorted beds, 

abundant mud drapes 

between .5 - 1.5 ft 

ripple laminated sand 

packages toward top. 

UPCW4:  Low-angle, 

semi-contorted cross 

bedding at base with 

some rip-up mud 

clasts present. 

Contorted bedding 

above up to fL to vfU 

low-angle cross beds 

again. 3rd order suface 

above overlain by fU-

fL low-angle, semi-

contorted cross beds. 

Colluvium cover 

hinders observation of 

the upper reaches of 

the sandstone

230 AW4 905 11 1,3

mostly 

tabular

dipping to 

the NE, 

gradational

concave up 

local, 

erosional 

into FF 

below, 

sharp pinchout

sparse, could 

be dipping to 

the NE

covered, 

blocky

low angle cross beds 

(some contorted) 

overlain by assymetric 

ripples

235 AW5 NA NA 2,1 lenticular

mostly flat, 

gradational

concave up, 

sharp, 

erosional 

into FF 

below

pinchout 

to SW, 

covered 

to the NE

mostly 

dipping to the 

NE, some 

horizontal in 

the SW extent

flaggy, 

mostly 

covered NA NA

239 AW5 NA NA 2,2 tabular

mostly flat, 

slightly 

raised to the 

NE

mostly flat, 

slightly 

raised to the 

NE pinchout NA NA

240 AW5 NA NA 1,1 tabular flat, sharp flat, sharp pinchout

may be 

dipping to the 

NE thin sand NA NA

241 AW3 NA NA 1,1 tabular flat, sharp flat, sharp pinchout horizontal thin sand

geometry dipping to 

the SW

243 AW3 NA NA 1,1 tabular

lays below 

thicker sand, 

flat, sharp flat, sharp pinchout none thin sand NA NA

244 AW3 NA NA 1,1 tabular flat, sharp flat, sharp pinchout none thin sand NA NA

245 AW3 NA NA 1,1 lenticular

erosional, 

concave up, 

sharp

erosional 

into FF 

below

pinchout/ 

eroded

slightly 

dipping to the 

SW

very flaggy, 

muddy NA NA

246 AW3 NA NA 1,1 tabular flat, sharp flat, sharp pinchout horizontal thin sand NA NA
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248 734 15 2, NA lenticular

dipping to 

the NE, 

gradational

concave up 

local, 

erosional 

into FF 

below, 

sharp

pinchout 

to SW, 

eroded to 

NE

dipping to the 

NE

covered, 

blocky

mud chips at base, low 

angle cross beds 

above (some 

contorted) overlain by 

assymetric ripples NA

255

AW2, 

AW3, 

AW4, 

AW5 2904 39 1,2

thick to 

thin, 

lenticular 

to thick 

tabular, 

highly 

varying 

thickness

uneven, mud-

filled scoops, 

sharp

very uneven 

to the SW, 

mostly flat 

to the NE pinchout

dipping to the 

NE/E to the 

SW and 

horizontal to 

inclined to the 

SW to the NE, 

some 

"scoops" 

present blocky

Mud chip 

conglomerate and 

reactivation surfaces 

above ripple cross 

stratification at 

bottom, overlain by 

low angle cross 

stratification and 

ripple-cross 

lamination at top NA

256 NA NA NA NA

257 AW3 NA NA 2,1 tabular flat, sharp flat, sharp pinchout

slightly 

dipping to the 

SW thin sand ripples spike

258 AW3 NA NA 1,1 tabular

slightly 

uneven, 

sharp flat, sharp pinchout

mostly 

covered 

(vegetation), 

slightly 

dipping to the thin sand NA NA

259 AW3 NA NA 1,1 tabular flat, sharp flat, sharp pinchout

slightly 

dipping to the 

SW thin sand NA NA

260 AW3 713 11 1,1

mostly 

tabular

slightly 

uneven, 

sharp

slightly 

uneven, 

sharp pinchout

difficult to 

track surfaces, 

may be 

horizontal or 

dipping to the 

NE

mostly 

covered, 

flaggy, thin 

sand NA NA

266 AW4 NA NA 1,1

lenticular, 

eroded

eroded by 

266, flat 

where not 

eroded

concave up, 

erosive into 

FF below

pinchout/

covered 

to SW, 

eroded to 

NE NA NA

267 AW4 NA NA 1,1 tabular flat, sharp flat, sharp

covered, 

pinchout too covered

flaggy, thin 

sand NA NA

268 AW4 NA NA 1,1 tabular flat, sharp flat, sharp

covered, 

pinchout

may be 

dipping to the 

SW

flaggy, thin 

sand NA NA

269 AW5 160 1.9 2,2 tabular

mostly flat, 

sharp

mostly flat, 

sharp

covered, 

pinchout

may be 

dipping to the 

NE

flaggy, thin 

sand NA NA

270

AW5, 

AW6 NA NA 1,1

tabular, 

thickens 

to the NE

mostly flat, 

sharp

concave up, 

sharp

covered, 

pinchout

may be 

dipping to SW

flaggy, 

covered NA NA

271 AW5 208 1.1 2,2 tabular flat, sharp flat, sharp pinchout none visible thin sand

ripple cross-laminated, 

small-scale 

burrowing/rooting

272 AW5 NA NA 1,1 tabular flat, sharp flat, sharp

covered, 

pinchout

may be 

horizontal thin sand NA NA

274

AW5, 

AW6 NA NA 1,1

tabular, 

thickens 

to the NE

mostly flat, 

sharp

concave up, 

sharp

covered, 

pinchout

horizontal, 

may be 

dipping to SE

flaggy, 

covered NA NA



146 
 

 

275 AW6 NA NA 1,1 lenticular flat

concave up, 

sharp

covered, 

pinchout

unable to 

distinguish 

internal 

geometry

flaggy, 

covered NA NA

278 AW6 NA NA 1,1

tabular 

(covered)

flat, lower to 

the NE

flat, lower 

to the NE

covered, 

pinchout horizontal

flaggy, thin 

sand NA NA

279 AW6 NA NA 1,NA

lenticular 

(covered)

slightly 

uneven concave up

covered, 

pinchout

may be 

dipping to the 

NE covered NA NA

281 AW6 NA NA 1,1

tabular 

(covered) flat flat

covered, 

pinchout not visible

flaggy, thin 

sand NA NA

283 AW6 NA NA 1,1

lenticular 

(covered) flat

flat, slightly 

concave up

pinchout 

to SW, 

eroded to 

NE not visible

flaggy, 

covered NA NA

285 AW6 NA NA 1,1

slightly 

lenticular

mostly flat, 

sharp

concave up, 

sharp

covered, 

pinchout none visible

flaggy, 

covered NA NA

287

AW3, 

AW4 1490 21 3,1

varying 

thickness, 

lenticular 

to tabular

mostly flat, 

sharp, 

incised by 

295 to the 

NE

uneven, 

sharp

pinchout 

to SW, 

eroded by 

295 to NE

difficult to 

track surfaces 

due to 

colluvium and 

vegetation 

cover, dipping 

to SW and NE 

and horizontal 

in various 

places

covered, 

blocky

Medium to low angle 

cross beds overlain by 

contorted bedding 

(interpreted as 

rooting),  low angle 

cross beds overlain by 

ripple cross lamination 

above reactivation 

surface NA

292 AW6 NA NA 1,1 tabular flat, sharp flat, sharp

covered, 

pinchout too covered thin sand NA NA

293 AW6 NA NA 1,1

tabular 

(covered) flat flat

covered, 

pinchout not visible

flaggy, thin 

sand NA NA

294 AW6 NA NA 1,1

semi-

lenticular 

(covered) flat

slightly 

concave up

covered, 

pinchout 

to SW, 

eroded to 

NE not visible

flaggy 

where 

exposed NA NA

297

AW6, 

AW7 477 22 2,2 lenticular

mostly flat, 

mostly sharp

concave up, 

sharp pinchout

mostly 

horizontal, 

discontinuous 

surfaces, some 

dip to the NE

mostly 

blocky NA NA

298 AW3 NA NA 3,1 flat, sharp flat, sharp tabular pinchout unknown thin sand NA NA

315

AW3, 

AW4, 

AW5, 

AW6 3447 49 NA, 4

surfaces are 

very 

discontinuous 

and display a 

variety of dip 

directions 

including 

scoops and 

swales

extremely 

blocky, no 

flaggy 

areas NA NA

317 AW5 NA NA 1,1 tabular flat,sharp flat,sharp pinchout not visible

flaggy, thin 

sand NA NA

318 AW5 NA NA 3,1

mostly 

tabular, 

thickens in 

one area mostly flat uneven pinchout

may dip to the 

SW thin sand NA NA
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319 AW5 NA NA 1,1

mostly 

tabular, 

thickens in 

one area mostly flat

mostly flat, 

sharp

covered, 

pinchout

unable to 

distinguish 

dipping 

direction

thin sand, 

covered

Ripple cross laminated 

with mud drapes NA

320 AW5 NA NA 1,1

tabular, 

thicker to 

the SW flat

flat, sharp, 

slopes down 

to the SW

covered, 

pinchout

surfaces dip to 

the SW

flaggy, 

covered NA NA

322 AW5 NA NA 1,2

slightly 

lenticular flat

slightly 

concave up

covered, 

pinchout

surfaces may 

dip to the SW

flaggy, 

covered NA NA

324 AW5 NA NA 1,2 tabular flat flat, sharp

covered, 

pinchout not visible thin sand NA NA

326 AW6 NA NA 1,1 tabular mostly flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

327 AW6 NA NA 1,1 tabular mostly flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

328 AW7 NA NA NA NA NA NA NA NA NA NA NA

330

AW6, 

AW7 911 24 NA NA NA NA NA NA NA NA NA

333 AW6 NA NA 1,1 tabular mostly flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

335

AW5, 

AW6 NA NA

NA,N

A lenticular scoured concave up pinchout flaggy NA NA

341

AW5, 

AW6 NA NA 2,3 lenticular

mostly flat, 

scoured 

locally

concave up, 

sharp pinchout

semi-

concentric, 

may be 

dipping to the 

NE blocky NA NA

348 AW7 NA NA 1,1

tabular, 

sandbody 

dipping to 

the NE mostly flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

349 AW7 NA NA 1,1 tabular mostlyflat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

351 AW7 NA NA 1,1 tabular flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA

352 AW7 NA NA 1,NA

tabular, 

increases 

thickness 

slightly to 

the NE flat flat, sharp

covered, 

pinchout not visible thin sand? NA NA


