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ABSTRACT
Lithofacies, architectural-element abundance, and estimates of
dune-bedform height and channel sinuosity from borehole images
(BHIs) and well-exposed outcrops allow for an expanded interpretation of the fluvial stratigraphic architecture of the Upper
Cretaceous Williams Fork Formation. Sedimentologic and stratigraphic data from outcrops and detailed core descriptions of the
Williams Fork Formation, Piceance Basin, Colorado, were used
to compare attributes of fluvial architectural elements to BHI characteristics and spectral-gamma-ray (SGR) log motifs. Results
show a distinct set of criteria based on BHIs that aid in the interpretation of lithofacies and fluvial reservoir architecture. In contrast, a practical correlation does not exist between outcrop- and
core-derived SGR log motifs or thorium and potassium abundances and fluvial lithofacies or architectural elements.
Four electrofacies based on BHI characteristics (e.g., dip type,
dip pattern, and color scheme) represent the most common fluvial
lithofacies and are identified through comparison of paired, calibrated BHIs and core. Cross-bed-set thickness values from BHIs
are used to calculate dune height as a proxy for flow energy. The
lower and middle Williams Fork Formation represent low-energy
meandering and higher energy braided systems, respectively, as
evident by changes in channel sinuosity and architectural-element
type. The upper Williams Fork Formation is divided into two intervals based on lithofacies, architectural elements, channel sinuosity,
and net-to-gross ratio. The subdivision for the upper Williams Fork
Formation represents a change from a lower energy, meandering
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fluvial system to a higher energy, lower sinuosity braided system as
related to changes in accommodation through time.

INTRODUCTION
The Upper Cretaceous Williams Fork Formation (Mesaverde
Group) is a major producer of natural gas in the Piceance Basin
of northwestern Colorado. The main reservoir units in the
Williams Fork Formation consist of isolated to amalgamated fluvial channel sandstone bodies with low porosity (6%–12%) and
permeability (0.1–2 μD). The Williams Fork Formation consists
of interbedded sandstones, mudstones, and coals deposited in
alluvial, coastal plain, and marine settings. The discontinuous
nature and stratigraphic variability of these deposits makes mapping and correlating these units very difficult, even with a close
well spacing of 10-ac (4 hectare area; associated distance between
wells is 201 m [660 ft]) (Johnson, 1989; Hemborg, 2000; Cumella
and Ostby, 2003; Ellison, 2004; Cole and Cumella, 2005; Pranter
et al., 2007, 2008, 2009, 2014). Numerous studies, both at a reservoir and basinal scale, have been conducted on the Williams Fork
Formation. Detailed sedimentology and stratigraphy studies conducted by Collins (1970, 1976), Lorenz (1989), Tyler and
McMurry (1995), Hettinger and Kirschbaum (2002, 2003),
Patterson et al. (2003), and Cole and Cumella (2005) integrated
outcrop and core data to better understand the environment of
deposition and sequence-stratigraphic framework of these deposits.
Studies of fluvial sandstone-body architecture and distribution
of the Williams Fork Formation were conducted in a series of
studies by Ellison (2004), Cole and Cumella (2005), Panjaitan
(2006), Pranter et al. (2007, 2009), Pranter and Sommer (2011),
and Sharma (2013). These studies present characteristics and classification of observed sandstone-body types, dimensional statistics (e.g., width, thickness, and width-to-thickness ratio), and
paleocurrent data that helped further understand the depositional
system as well as variations in static connectivity of the lower
Williams Fork Formation. Although extensive work has been conducted in the lower Williams Fork Formation, less information
regarding the fluvial stratigraphic architecture has been documented on the middle and upper Williams Fork Formation
(Patterson et al., 2003; German, 2006; Foster, 2010; Leibovitz,
2010; Keeton, 2012; Sharma, 2013).
To further explore the stratigraphic variability of the Williams
Fork Formation fluvial architecture, this study evaluates paired
borehole images (BHIs) and corresponding cores, as well as spectral-gamma-ray (SGR) logs tied to detailed outcrop descriptions.
The BHI analyses were conducted on a well located in Parachute
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Field, a significant natural-gas field in the southern
part of the basin (Figure 1). Outcrop measured sections of this study are located near Palisade,
Colorado in Plateau Creek Canyon and Coal
Canyon (Figures 1, 2).
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Figure 1. Map of the Piceance Basin. Outcrops of the Mesaverde Group are exposed along the basin margin. The approximate locations of the maps in Figure 2 (parts A and B) are shown. Reprinted from Pranter et al. (2009); used with permission from AAPG.
Modified from Johnson (1989), Tyler and McMurry (1995), and Hoak and Klawitter (1997).
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Figure 2. Locations of
measured sections in
(A) Coal Canyon and
(B) Plateau Creek
Canyon. See Figure 1 for
map locations of parts A
and B within the Piceance
Basin. Measured section 1
(part 2A) represents an
interval of the lower
Williams Fork Formation.
Measured sections 2, 3,
and 4 (part B) represent
the lower (upper interval), middle, and upper
Williams Fork Formation,
respectively. Modified
from the U.S. Geological
Survey Cameo, Colorado
7.5 minute Quadrangle,
1955, courtesy of U.S.
Geological Survey.

interpretation of logged intervals. Although commonly
used for structural analysis such as fractures, faults,
and folds (Schlumberger, 1981; Serra, 1984; Trice,
1999), BHIs can provide invaluable information for
stratigraphic analysis. Slatt and Davis (2010) presented several case studies on deep-water deposits in
which fine-scale sedimentary structures were identified in BHIs, and in many cases, the image log provided far more detail than what was evident in the
corresponding core. Additionally, BHIs, along with
dip patterns can be used to determine the depositional
axis of the system and to differentiate between reservoir architectural elements (Witton, 1999; Donselaar
and Schmidt, 2005; Slatt and Davis, 2010). Outcrop
gamma-ray (GR) logging with a portable spectrometer
is commonly used in stratigraphic studies for correlations between outcrop sections as well as for log-shape
1932

trends associated with changes in grain-size and depositional environments (Provo et al., 1977; Myers and
Bristow, 1989; Rider, 1990; Cant, 1992; Slatt et al.,
1992; Martinius et al., 2002; Šimíček et al., 2012).
Additionally, SGR data can be useful for facies identification, sequence-stratigraphic correlations, mineralogy (mainly clays, feldspars, and heavy-mineral
identification), and paleoclimate studies (Adams and
Weaver, 1958; Van Wagoner et al., 1990; Davies and
Elliott, 1996; Parkinson, 1996; North and Boering,
1999; George, 2000; Ruffell et al., 2003; Hampson
et al., 2005).
Using these methods, this study shows (1) how
lithofacies and fluvial architectural elements in core
and outcrop relate to BHIs and SGR responses,
respectively; (2) how stratigraphic attributes and
the associated BHI and SGR responses vary
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stratigraphically within the Williams Fork Formation;
and (3) how the data and results are used to interpret
the stratigraphic variability in fluvial architecture.
The results provide characteristic BHIs that serve as
a basis for fluvial interpretations. The BHI and
outcrop-based data and analyses allow for an
expanded interpretation of the characteristics of the
fluvial architecture of the Williams Fork Formation.

TECTONIC AND STRATIGRAPHIC SETTING
The Piceance Basin in northwestern Colorado is an
asymmetrical foreland basin that is elongated in a
northwest-southeast orientation and has its axis along
the eastern margin adjacent to the White River uplift
(Grand Hogback) (Tweto, 1975; Johnson and Rice,
1990; Johnson and Flores, 2003; DeCelles, 2004).
The basin formed during the Laramide orogeny
(∼75–40 Ma) and is bounded by the Gunnison uplift
and Elk Mountains to the south, the Uncompahgre
uplift to the southwest, the Douglas Creek arch to
the west (which separates the basin from the Uinta
Basin), the Axial arch and Uinta Mountains to the
north, the White River uplift to the east, and the
Sawatch uplift to the southeast (Johnson, 1989)
(Figure 1). Before the Laramide orogeny began in
the Late Cretaceous, the area now occupied by the
Piceance Basin was part of the much larger Rocky
Mountain foreland basin system that was created by
the Sevier orogeny approximately 140–150 Ma. The
Laramide uplifts segmented the Colorado Plateau into
smaller basins and uplifts that are present today
(Johnson and Flores, 2003; DeCelles, 2004). The
White River uplift created the Grand Hogback along
the eastern margin of the Piceance Basin. The Grand
Hogback is believed to be underlain by a deep-seated
thrust fault. In this area, the strata are steeply dipping
and sharply overturned, in contrast to the study area
located on the western flank where the strata are gently dipping (2°–5°) into the basin (Gries, 1983;
Johnson, 1989).
During the Late Cretaceous, the study area was
located along the western margin of the Western
Interior seaway, an epeiric sea that extended from
the Gulf of Mexico through the central part of North
America to the Arctic Ocean (Johnson, 1989). The

tectonic uplift of the Sevier orogenic belt (now central
Utah and southwest Wyoming) sourced the sediment
that was transported eastward toward the western
margin of the seaway and deposited in alluvial
plain, coal-forming wetlands in coastal plain, and
marine environments (Johnson, 1989; Tyler and
McMurry, 1995).
The stratigraphic terminology of Hettinger and
Kirschbaum (2002, 2003) and Carroll et al. (2004) is
used herein for the Mesaverde Group in the southern
Piceance Basin (Figure 3). The Iles Formation and
the overlying Williams Fork Formation comprise the
Mesaverde Group. The Iles Formation consists of
three regressive marine sandstones (in ascending
order) known as the Corcoran, Cozzette, and Rollins
Sandstone Members, which are separated by transgressive Mancos Shale tongues (Young, 1955;
Johnson, 1989; Hettinger and Kirschbaum, 2002).
The three sandstone members of the Iles Formation
were deposited in inner shelf, deltaic-estuarine,
and coastal plain environments (Hettinger and
Kirschbaum, 2002, 2003). The Williams Fork
Formation conformably overlies the Rollins
Sandstone Member and is disconformably overlain
by the Wasatch Formation (Paleogene). The
Williams Fork Formation has an approximate thickness of 1524 m (5000 ft) near the Grand Hogback
on the eastern flank of the basin and 365 m (1200 ft)
near the Colorado-Utah state line (Johnson, 1989;
Hettinger and Kirschbaum, 2002, 2003). The
Williams Fork Formation consists of highly heterogeneous intervals of interbedded sandstones, shales,
and coals that were deposited in alluvial-plain,
coastal-plain, and marginal-marine settings
(Patterson et al., 2003; Cole and Cumella, 2005;
Pranter et al., 2007, 2009, 2014; Harper, 2011;
Hlava, 2011; Pranter and Sommer, 2011). These
deposits represent five composite sequences in which
lowstand deposits are defined based on the presence
of thick, laterally extensive high net-to-gross intervals, whereas transgressive and highstand deposits
tend to have more isolated channels and lower netto-gross ratio (Patterson et al., 2003).
In the southwestern part of the basin, the Williams
Fork Formation is informally divided into lower
(sandstone poor: net-to-gross sandstone ratio ≅
15%), middle (net-to-gross sandstone ratio ≅ 50%),
KEETON ET AL.

1933

SOUTHWEST

SOUTHEAST

GRAND MESA FORMATION

PALEOGENE

Miocene

Unnamed Unit

UINTA FORMATION

Eocene

GREEN RIVER FORMATION
Shire Member

Paleocene

WASATCH
FORMATION

Molina Member

Atwell Gulch Member

en

tia

te

d

Lower
Middle to Upper
(Sand-roor)
(Sand-rich)

Undifferentiated

nd

iff

er

Paonia Shale Member

U

Bowie Shale Member

Coal

Cameo

Zone

d
te
tia
en
er
nd

iff

Cozzette Sandstone Member

U

ILES FORMATION

Rollins Sandstone Member
(Mount Garfield Formation)

Campanian

MESAVERDE GROUP

UPPER CRETACEOUS

Maastrichtian

WILLIAMS FORK FORMATION
(Hunter Canyon Formation)

Ohio Creek Member

MANCOS SHALE

Corcoran Sandstone Member

Figure 3. Stratigraphic nomenclature of Upper Cretaceous and Paleogene strata of the southern Piceance Basin. Reprinted from
Pranter and Sommer (2011); used with permission from AAPG. Modified from Young (1955, 1966), Fisher et al. (1960), Donnell
(1961), Collins (1976), Johnson and May (1980), Tyler et al. (1996), Hettinger and Kirschbaum (2002, 2003), Johnson and Roberts
(2003), Patterson et al. (2003), Cole and Cumella (2005), German (2006), Burger (2007), and Pranter et al. (2009).

and upper (sandstone rich: net-to-gross sandstone
ratio ≅ 80%) intervals based on lithology and net-togross sandstone ratio. The lower Williams Fork
Formation as exposed in Coal Canyon consists of
mainly mudstone with interbedded sandstones and
coal (Cole and Cumella, 2005; Pranter et al., 2009,
2014; Pranter and Sommer, 2011), which were
deposited by anastomosing to meandering fluvial
systems within a coastal-plain to marginal-marine setting (Lorenz and Rutledge, 1987; Johnson, 1989;
Hemborg, 2000; Patterson et al., 2003; Cole and
1934

Cumella, 2005; Pranter et al., 2007, 2009, 2014;
Harper, 2011; Hlava, 2011; Pranter and Sommer,
2011). In the southeastern part of the basin, the lower
Williams Fork Formation consists of the Bowie Shale
Member and the Paonia Shale Member. The Bowie
Shale Member was deposited in coastal-plain to
shallow-to-marginal marine setting (Johnson,
1989; Tyler and McMurry, 1995; Hettinger and
Kirschbaum, 2002). The marine sandstones and mudstones interfinger with coastal-plain deposits. The
lower part of the Bowie Shale Member consists of

Stratigraphic Architecture of Fluvial Deposits from Borehole Images

the Cameo coal zone, a major coal-bearing interval of
the Mesaverde Group. The Cameo coal zone deposits
consist of interbedded coal (6-m [20-ft] to 18-m
[60-ft] thick) and carbonaceous mudstone and sandstone that were deposited in paludal environments
of the lower coastal plain (Lorenz, 1983, 1989;
Cumella and Ostby, 2003; Carroll et al., 2004). The
change from mostly coal-bearing paludal intervals in
the Cameo to the overlying fluvial deposits in the
middle and upper portions (the Paonia Shale
Member) of the lower Williams Fork Formation is
interpreted to be the result of an increase in the gradient of the coastal plain and a resulting drop in the
water table landward of the swamps (Tyler and
McMurry, 1995).
The middle and upper Williams Fork Formation
consist of relatively thick, laterally extensive sandstones (Cole and Cumella, 2005; German, 2006;
Sharma, 2013). The sandstones are amalgamated,
sheetlike bodies with high width-to-thickness ratios
(average W:T = 34:1) (German, 2006; Sharma,
2013). These deposits have previously been interpreted as being the result of low-sinuosity braidedriver systems in an alluvial-plain setting (Patterson
et al., 2003; Cole and Cumella, 2005; German,
2006). However, this study further characterizes the
stratigraphic variability of the interval. The depositional environment of these sandstones is not well
understood, and additional work is needed to better
document the changes in fluvial architecture in the
middle and upper Williams Fork Formation.

METHODOLOGY AND DATA SET
The BHIs were directly compared to core to determine the BHI signature of fluvial lithofacies and
architectural elements. The BHIs and corresponding
cores (N = 5, total footage 134.4 m [441 ft]) from
Williams PA-424-34 well at Parachute Field were
analyzed in this study. Detailed core descriptions in
terms of grain size, lithology, sedimentary structures,
and bedding characteristics were conducted on each
core. Distribution of lithofacies, grain size, bed boundaries, and sandstone-body thickness were used to
identify architectural elements or sandstone-body
types.

The microresistivity borehole-imaging device
used in this study generates a high-resolution image
of the borehole from electrical-conductivity measurements. The electrical microimaging tool consists of
six independent articulating arms extending from the
main body, each of which contains a pad with 25
electrodes and a sampling rate of 2.5 mm (0.1 in.).
The oriented image log has a resolution of up to
5 mm (0.2 in.) under optimal conditions and 60%
borehole coverage (based on an 21.5 cm [8.0 in.]
borehole diameter). Static and dynamic images are
generated during processing. A static image uses the
entire logged data set to find the highest and lowest
resistivity values and divides them into a 42-color
histogram. In contrast, the dynamic image uses the
same histogram but over a smaller sliding window.
In this study, the sedimentary structures and bioturbation are more easily observed on the dynamically normalized images, whereas the static images assist in
identifying stratigraphic boundaries, grain size, and
lithology trends. The BHI is displayed as an oriented
unrolled image on a vertical depth grid and a horizontal grid of compass bearings (left and right margins
represent north, as 0° and 360°, respectively).
Horizontal features are observed as flat in the imagelog format, and true vertical features will appear vertical. However, dipping features will be displayed as
sine waves with the amplitude being indicative of
the dip and the lowest point of the wave will indicate
the dip direction. An interactive BHI analysis program, Recall (Petris Technology), was used to establish the core-to-BHI calibration. The software is
capable of displaying standard open-hole logs (for
this study, GR and dipmeter logs were used), along
with dip types, dynamic and static images, core photos, core descriptions, and interpreted electrofacies
(definition in section on BHI signatures) and architectural elements (Figure 4). Dips were interpreted as
sine waves on image features and classified into five
categories (cross bedding, lamination, slump, major
erosional surfaces, and shale breaks). Each interpreted sine-wave feature is displayed as a tadpole
showing true-dip angle and azimuth as well as dip
type. The comparison of the BHIs and core allows
for a set of image-log characteristics (dip angle, dip
direction, color scheme, and electrofacies) to be
established for each architectural element.
KEETON ET AL.
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Figure 4. Borehole-image-log display in the interactive dip and electrofacies picking screen of Recall (Petris Technologies).
(A) Gamma-ray profile. Cored intervals are shown as black vertical bars (colored squares: green = lower Williams Fork Formation; purple = middle Williams Fork Formation; blue = upper Williams Fork Formation). The red horizontal bar highlighted in part A marks the
interval that is displayed in parts B and C. Sine-wave picks (C) are displayed as tadpoles (B) with true dip angle, azimuth, and dip type by
color. (C) Statically normalized borehole image (BHI), core images, and dynamically normalized BHI. Picks are displayed as sine curves
color coded by type. Note the cross-bedded interval from the base of image to approximately 1424 m (4672 ft), followed by faint, scarce
cross beds with mudstone clasts (dark conductive spots). GR = gamma-ray.

The SGR data were compared to outcrop
measured sections (Figure 2) to determine the SGR
signatures for architectural elements and lithofacies.
Field SGR data were collected using a portable
hand-held spectrometer (RS-125 Super Spec–
Radiation Solutions, Inc., Canada) with a 103 cm3
1936

ð6.3 in:3 Þ sodium-iodide (NaI) crystal (Løvborg and
Mose, 1987). Approximately 90% of the radioactivity
measured by the spectrometer is derived from a hemispherical volume of rock with a diameter and depth of
investigation of 0.5 to 1 m (1.6 to 2.9 ft) and 0.15 to
0.34 m (0.5 to 1.1 ft), respectively (Løvborg et al.,
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1971; Doveton, 1994). The spectrometer records
counts per second that are automatically converted
to concentrations of the potassium (K, %), thorium
(Th, ppm), and uranium (U, ppm) based on calibrations made using test pads with known elemental
composition (Šimíček et al., 2012). The SGR data
were collected along four measured sections (total
footage of 453 m [1485 ft]) of the Williams Fork
Formation located in Coal Canyon (lower Williams
Fork Formation) and Plateau Creek Canyon (middle
and upper Williams Fork Formation). The SGR measurements, along with detailed sedimentary descriptions (grain size, lithology, and sedimentary
structures), were recorded at every section at a
30.4-cm (1-ft) increment. Lithofacies, sandstonebody dimensions, and architectural elements were
documented for each section.

OUTCROP ANALYSIS OF LITHOFACIES AND
ARCHITECTURAL ELEMENTS
Sedimentary descriptions (lithology, grain size, sedimentary structures) of outcrop measured sections
were used to determine lithofacies and architectural
elements to investigate their signature with respect to
SGR data. Because of the nature of this study, SGR
data were acquired only on sandstone lithofacies;
SGR data were not acquired on mudrock lithofacies
(see Cole and Cumella (2005) and German (2006)
for mudrock lithofacies descriptions). Eight sandstone
lithofacies are commonly found in lower and middle
Williams Fork Formation as described in Coal and
Plateau Creek Canyons and they include (1) fine-tomedium grained, planar to tangential cross-stratified
sandstone; (2) fine-to-medium grained, trough-crossstratified sandstone; (3) fine-to-medium grained,
structureless sandstone; (4) medium-to-coarse
grained, slightly conglomeratic (mudchips and
carbonate-replaced mudchips) sandstone; (5) fine-tomedium grained, planar-laminated sandstones;
(6) fine-to-medium grained convoluted sandstone;
(7) very fine to fine-grained ripple-laminated sandstone; and (8) very fine to fine-grained slightly carbonaceous, convoluted silty sandstone. Lithofacies one
through six are most commonly associated with fluvial channel sandstone bodies, whereas lithofacies

seven and eight are mainly found in crevasse splays
and levees. Lithofacies eight is rare and is not
described in detail in this study. Based on lithofacies
characteristics and successions, and width and thickness variations, the following sandstone-body types
are interpreted in the lower and middle Williams
Fork Formation: (1) crevasse splays, (2) single-story
channel bodies, (3) multistory channel bodies, and
(4) amalgamated channel bodies (Figure 5).
Crevasses splays (thickness: average = 0.79 m
[2.6 ft]; range = 30.4 cm–3.1 m [1–10 ft]) consist of
very fine-to-fine grained deposits that tend to coarsen
upward and are usually interbedded in floodplain
mudstones. These deposits have a broadly lenticular
form in cross-section view and are commonly ripple
laminated and often convoluted (bioturbated)
(Figure 5A).
Single-story channel bodies (thickness: average =
2.95 m [9.7 ft]; range = 0.9–4.3 m [3–14 ft]), usually
represent isolated point-bar deposits (Ellison, 2004;
Cole and Cumella, 2005; Pranter et al., 2007, 2009;
Pranter and Sommer, 2011) and are fine-to-medium
grained, cross-stratified to ripple-laminated sandstones, with common mud clasts at the base
and lateral-accretion deposits (Figure 5B). Other
single-story deposits consist of poorly defined
lateral-accretion deposits, with fine-to-medium
grained and cross-stratified to ripple-laminated sandstones. These sandstone bodies are typically narrow
and have well-defined wings or levees and splays
(Cole and Cumella, 2005).
Multistory channel bodies (thickness: average =
4.23 m [13.9 ft]; range = 1.8–6 m [6–20 ft]) are
fine-to-medium grained, cross-stratified to ripplelaminated sandstones that tend to display a
fining-upward grain-size trend. These deposits are
characterized by vertically and laterally stacked channel bodies that contain multiple scours often with
mudrock clasts present (Figure 5C) (Cole and
Cumella, 2005; German, 2006).
Amalgamated channel bodies (thickness: average =
7.92 m [26 ft]; range = 4.5–24.3 m [15–80 ft]) consist of sheetlike sandstone bodies and associated
mudrocks (German, 2006; Pranter et al., 2009;
Pranter and Sommer, 2011). They are characterized
by stacked single-story and multistory channel bodies
and are typically thicker and more laterally extensive
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Figure 5. Sandstone-body classification of the Williams Fork Formation. Images of (A) crevasse splay, (B) single-story channel body,
(C) multistory channel body, and (D) amalgamated channel bodies are shown along with a schematic map view of the depositional setting and a cross-sectional view of the sandstone body. Crevasse splays and single story channel bodies are common in the lower
Williams Fork Formation and the lower part of the upper Williams Fork Formation. Multistory and amalgamated channel bodies are
prevalent in the middle Williams Fork Formation and the upper part of the upper Williams Fork Formation. From Pranter et al.
(2009), used with permission of AAPG.
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(average width of 265 m [870 ft]) than multistory
channel bodies (German, 2006; Keeton, 2012).

BOREHOLE-IMAGE SIGNATURES OF
FLUVIAL DEPOSITS
Detailed core description in terms of grain size, lithology, sedimentary structures, and bedding characteristics were conducted on each core (N = 5, total footage
134.4 m [441 ft] from Williams PA-424-34 well).
Distributions of lithofacies, grain size, bed boundaries, and sandstone-body thickness were used to identify architectural elements or sandstone bodies. In
general, similar lithofacies and architectural elements
as those observed in outcrop are present in cores. An
additional architectural element observed in core is
the tidally influenced channel. Tidally influenced
channels are defined as any channel body characterized by abundant mud drapes, bidirectional ripples,
the presence of mud couplets, and bioturbation
indicative of brackish water (i.e., Teichichnus,
Planolites, etc.) (Dalrymple and Rhodes, 1995;
Dalrymple and Choi, 2007).
Throughout the Williams Fork Formation, distinct BHI signatures or electrofacies are present.
Electrofacies are defined as typical looks on the log
that are sufficiently distinctive to be able to be recognized over useful intervals of log (Rider, 1990). For
this study, electrofacies are also defined in terms of
lithology, their ability to fit a sine curve, resistivity
contrast, and overall appearance. Four main electrofacies are observed in the Williams PA-424-34 well and
were compared to their associated core to determine
the lithofacies association (Figure 6).
Electrofacies-A is composed of fine-to-mediumgrained sandstone, characterized by an overall
appearance of continuous sine waves. This electrofacies usually has excellent resistivity contrast; however, this is dependent upon the amount of
cementation and clay content. When compared to
the corresponding core, electrofacies-A represents
high (>15°) to low (<15°) angle cross-stratified sandstone and large-to-medium scale convoluted or
“slumped” sandstone (where dip angles are >29°)
(Figure 6A). Electrofacies-A is prevalent in the
middle and upper Williams Fork Formation.

Electrofacies-B is present in very fine to finegrained sandstones and displays an overall
“speckled” appearance with few to no sine curves
present. This speckled appearance represents ripplelaminated sandstones. The scarcity of sine waves is
because ripples are smaller than the borehole diameter; and hence, no sine waves can be interpreted.
Resistivity contrast and changes in resistivity vary
depending on the amount of mudrock present (flaser
versus wavy bedding) (Figure 6B). Electrofacies-B
is common in the cores of the lower Williams Fork
Formation.
Electrofacies-C is present in very fine-to-medium
grained sandstone, and it is characterized by low resistivity contrast and a homogenous or massive appearance. Three different lithofacies display this image
response: (1) structureless sandstone, (2) faint crossstratified sandstone, and (3) convoluted sandstone.
This electrofacies is caused by the lack of lamination
(structureless and convoluted sandstone) as well as
the lack of a grain-size difference (faint crossstratified sandstone) (Figure 6C). Electrofacies-C is
common throughout the Williams Fork Formation.
Electrofacies-D is found in siltstone and very fine
grained sandstone and displays a moderate contrast
with an overall discontinuous contorted appearance
and no sine waves present. This electrofacies represents convoluted mudrock and sandstone as well as
convoluted sandstone and is usually caused by bioturbation or tidal processes (Figure 6D). Electrofacies-D
is common in the lower Williams Fork Formation.
Architectural elements described in core were
directly compared to the corresponding BHIs.
Through this comparison, a set of BHI characteristics
(thicknesses, color scheme, dip type, dip pattern)
were documented for each architectural element (crevasse splay, single-story, multistory, amalgamated
channel bodies, and tidally influenced channels).
Distinct BHIs for crevasse splays (N = 5) in the
Williams Fork Formation consist of 0.3-m (1-ft) to
2.1-m (7-ft) thick, yellow to orange intervals interbedded in thick dark-brown intervals (Figure 7A).
The abrupt change from dark brown to yellow is
interpreted as the erosional surface between the crevasse-splay sandstone and the underlying floodplain
mudrock. Often, BHIs of crevasse splays will appear
nearly white because of the high resistivity contrast
KEETON ET AL.
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Figure 6. Electrofacies classification and lithofacies correlation for the Williams PA-424-34 well. Most electrofacies represent two or more
lithofacies. (A1) Representative borehole image (BHI) of electrofacies-A. (A2) Static BHI, core photo, and dynamic BHI of low-to-high angle
cross-stratified sandstones. High sinusoids at top of BHI represent convoluted or “slumped” sandstone. (B1) Representative BHI and (B2)
Static BHI, core photo, and dynamic BHI of electrofacies-B. Changes in color from base to top of image are due to increase in mudrock content as lithofacies change from flaser bedded (less mudstone) to wavy bedded sandstone (more mudstone). Note that Planolites borrows
(~5 mm [0.19 in.] in diameter) in the core are resolved on the borehole images. (C1) Representative BHI of electrofacies-C.
(C2) Structureless (1-top of BHI) and faint cross-stratified sandstone (two base of BHI) are present in the core and represented by an overall
massive appearance on the BHI. (D1) Representative BHI of electrofacies-D. (D2) Interbedded bioturbated sandstone and mudrock. The
convoluted nature of this BHI is caused by bioturbation, which is evident in the core photo.
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Figure 6. Continued.

between the resistive crevasse sandstone and highly
conductive floodplain mudrocks. Crevasse-splay
images are usually characterized by electrofacies-B
and are frequently overlain by electrofacies-C or -D.
Thinner deposits (usually >0.6 m [2 ft]) can consist

entirely of electrofacies-D. These electrofacies are
interbedded in thick intervals of electrofacies-D.
This succession of electrofacies represents ripplelaminated sandstones, present throughout most of
the deposit, with convoluted or structureless
KEETON ET AL.
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sandstone at the top caused by bioturbation. The thinner deposits consisting of convoluted sandstone and
mudrock are due to intense bioturbation (mostly rooting). Sine curves are difficult to pick because of the
convoluted and ripple-laminated (ripples are smaller
than borehole) nature of the deposits. Those dips that
were obtained were on low angle (1°) mudrock lamina with a north–southwest orientation.
The BHI signatures for tidally influenced channels (N = 5) consist of 4.6-m (15-ft) to 6.7-m (22-ft)
thick intervals of dark orange and browns (staticimage log) and relatively discrete cycles of alternating white to yellow and dark brown to orange
(dynamic-image log) (Figure 7B). The overall darker
colors in the static-image log are due to an increase
in clay content in the form of mudrock drapes,
mudrock couplets, and bioturbated mudrock and
sandstone due to tidal processes. The cyclical nature
observed in the dynamic-image log is a characteristic
of tidal influence. The white to yellow represent the
channel sandstone and the dark brown to orange represent periods of low-energy slack water, where the
mudrock drapes and bioturbated mudrock and sandstones form. The electrofacies present in the BHI also
display the tidal cyclicity. Alternating intervals of
electrofacies-B (representing ripple-laminated sandstones) and electrofacies-C (representing bioturbated
mudrock and sandstones) are observed throughout
these BHIs. Because of the intense bioturbation and
the presence of mostly ripple-laminated sandstones,
sine-curve dips were not obtained for many of these
architectural elements. Most were picked on thin
cross-stratified intervals and mudrock lamina. These
dips display a scatter in orientation (due to bioturbation and tidal influence) or an east–northeast

orientation. Dip angles are usually low (2°–8°). It is
important to notice that the high level of heterogeneity (due to the bioturbated sandstones and
mudrocks) that is observed in the BHIs is not clearly
portrayed in the GR log.
The BHIs for single-story channel bodies (N = 1)
consist of 2.1-m (7-ft) thick intervals of alternating
dark orange and brown colors with a change from
dark orange to yellow at the base and progressively
darker orange upward (more clearly seen in the static
image) (Figure 8A). This color change is interpreted
as the erosional surface between the channel and the
floodplain mudrocks. The upward darkening represents an increase in finer more conductive material.
The color trend is also characterized by the increase
in GR values and an overall finer grain size compared
to the other channel bodies (multistory and amalgamated channel bodies). The electrofacies succession
present in the single-story channel body BHIs consist
of electrofacies-A overlain by electrofacies-D.
This succession represents a fining-upward, crossstratified point-bar deposit, with a convoluted top
due to bioturbation (mostly root traces). Sine-curve
dips are mostly unidirectional (northwest) with a
slight scatter at the base (due to erosion) and top
(due to bioturbation). Dip angles tend to increase
upward from approximately 8°–28°.
Multistory channel-body BHIs (N = 3) consist of
3.6-m (12-ft) to 5.2-m (17-ft) thick intervals of
alternating browns and yellows in the dynamically
normalized image and yellow to white throughout
the statically normalized log (Figure 8B).
Alternating colors in the dynamic image are attributed to small changes in grain size at a lamina scale,
whereas the static image remains yellow due to a lack

Figure 7. (A) Resistivity-based borehole image of a crevasse splay (yellow to orange) interbedded in floodplain deposits (brown).
Yellow to orange colors in the static image represent an upward fining grain-size trend that is portrayed in the gamma-ray (GR) log.
Electrical microimaging consists of electrofacies-B (ripple-laminated sandstone) interbedded in electrofacies-D (convoluted mudstone
with sandstone). Electrofacies-D is the result of bioturbation, usually at the top of crevasse splays. Sine curves were not picked on ripples
because ripple size is smaller than the borehole diameter. Dips are variable and were picked on mudrock lamina. (B) Resistivity-based
borehole image of a tidally influenced sandstone body. Static image consists of thick intervals of dark orange and brown whereas
dynamic image displays relatively discrete cycles of alternating white to yellow and dark brown to orange. Borehole image consists of
alternating intervals of electrofacies-B (ripple-laminated sandstones) and electrofacies-C (convoluted mudrock and sandstone). Dips
consist of shale breaks and mudrock lamina. Dip angle remains low (2° to 8°) with a southeast to scattered dip orientation. Note that
the level of heterogeneity observed in the borehole image is not evident on the GR log. For both images, sine-wave picks are displayed
as tadpoles with true dip and azimuth along with dip type by color (lamination = green; cross bedding = purple; shale break = red;
erosion surface = blue; slump = orange).
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Figure 8. (A) Resistivity-based borehole image of a single-story sandstone body. Changes in color from yellows at base to dark orange
in the statically normalized image indicate an increase in clay content (this is supported by the gamma-ray [GR] values). Borehole image
consists of electrofacies-A (cross-stratified sandstone) at base with electrofacies-D at top (bioturbated to rooted). Dips are mostly unidirectional (northwest) increasing in angle with a slight scatter at base (due to channel erosion) and at top (due to bioturbation).
(B) Resistivity-based borehole image of a multistory sandstone body. Static image remains mostly yellow from base to top indicating
the absence of a grain-size trend. This trend is supported by uniform GR values. Borehole image consists almost entirely of electrofacies-A (cross-stratified sandstone) with some electrofacies-D (convoluted mudrock and sandstone) at top. Dips at base are unidirectional
with a strong east orientation and transition into dips with greater scatter upward (red box). These dips can be grouped into smaller
packages with unidirectional dips. A trend interpreted as trough-cross-stratified sandstone. Note that base of channels or reactivation
surfaces are marked by red lines on the architectural element (Ar) column and are seen on image as major truncation surfaces often
with mudrock clast present. For both images, sine-wave picks are displayed as tadpoles with true dip and azimuth along with dip type
by color (lamination = green; cross bedding = purple; shale break = red; erosion surface = blue; slump = orange). See Figure 7 for the
key to electrofacies (El) and architectural (Ar) elements.
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of a significant grain-size trend. The GR values
remain uniform throughout the entire interval, providing further evidence for the lack of a grain-size
trend. Thick intervals of electrofacies-A with smaller
intervals of electrofacies-C and D characterize this
BHI. This electrofacies succession is interpreted as
cross-stratified sandstone with smaller intervals of
structureless and convoluted sandstone (due to sediment dewatering and to a lesser extent bioturbation).
Dip direction displays a large scatter with sparse
smaller intervals that are unidirectional (east). The
dips that display a large scatter, however, can be
grouped into smaller packages (15.2 cm (0.5 ft) to
30.5 cm [1 ft]) of unidirectional dips (east–northeast)
and somewhat constant dip angle. These intervals are
interpreted as trough cross-stratified sandstone, a
common lithofacies in this stratigraphic interval
(middle Williams Fork Formation). Channel reactivation surfaces, which mark the base of the sandstone
stories, are evident in the BHI log by the presence of
mudrock lamina, mudchips, and an abrupt change in
dip direction and truncation with the underlying lamina. Based on these criteria, multistory channel body
BHIs usually display three to four stories that are
0.9 m (2 ft) to 1.5 m (5 ft) thick.
The BHIs for amalgamated channel bodies
(N = 3) consist of 7.9 m (26 ft) to 10.4 m (34 ft) intervals of alternating brown and yellows in the dynamically normalized image and yellow throughout the
statically normalized image log (Figure 9). The alternating browns and yellows are attributed to thin
layers of alternating sandstone and siltstones.
Yellow colors (static-image log) from base to top are
due to coarser-grained sandstones with less clay content and a relatively uniform grain-size trend. This
lack of grain-size trend is evident by the uniform
GR values throughout the interval. A typical BHI
for amalgamated channel bodies is portrayed by thick
intervals of electrofacies-A and electrofacies-C (usually toward the top of the channel body). This electrofacies succession represents thick intervals of
cross-stratified sandstones and large-scale-contorted
sandstone, and structureless sandstones. Dips have a
strong east–northeast orientation and exhibit successive cycles (approximately 0.3 m [1 ft] to 0.6 m
[2 ft]) of upward increase followed by decrease in
dip angle (usually 10°–30° followed by 30°–10°).

This dip pattern is interpreted as unidirectional,
tabular-tangential bedding.
Dune Height and Channel Sinuosity
Subaqueous dunes are some of the most common
bedforms in fluvial environments and the cross stratification that results from the migration of dunes represents the most common sedimentary structures
found in modern and ancient fluvial deposits
(Leclair and Bridge, 2001). Cross stratification can
therefore aid in the reconstruction of fluvial paleomorphology (i.e., dune height, flow depth, channel
width). Dune height can provide insight into the flow
strength of the system, which in turn can aid in determining the fluvial style. In general, larger dune
heights typically represent higher flow velocities
(Flemming, 2000) and depth of water. Leclair and
Bridge (2001) using flume and river data (Calamus
and Mississippi Rivers) developed a method of
extrapolating dune height from cross-bed-set thickness. Their work suggests that dune height is approximately three times the mean cross-bed-set thickness.
Sine curves on BHIs that were interpreted as cross
stratification provide an opportunity to determine the
thickness of the cross-bed sets and reconstruct dune
height using the Leclair and Bridge (2001) method.
A total of 75 cross-bed-set thickness values from
BHIs were used to determine the dune height for the
lower, middle, and upper Williams Fork Formation
(Table 1). The lower Williams Fork Formation exhibits the smallest dune-height values (average dune
height, 0.7 m [2.2 ft]), whereas the middle and upper
Williams Fork Formation has the greatest dune
heights (average dune height, 0.9 m [3.0 ft] and
0.7 m [2.4 ft], respectively). The highest dune heights
values (3.6 and 2.5 m [11.7 and 8.2 ft]) are documented in the upper and middle Williams Fork
Formation, respectively. The maximum dune height
present in the lower Williams Fork Formation is
1.8 m (4.2 ft). Stratigraphic changes in dune height
might suggest an increase in the flow strength from
the lower to the middle and upper Williams Fork
Formation.
Paleocurrent data extracted from sine waves interpreted as cross stratification were used to calculate
sinuosity using an method proposed by Bridge et al.
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Figure 9. Resistivity-based borehole image of an amalgamated sandstone body. Static image remains mostly yellow from base to top
indicating the absence of a grain-size trend. This is supported by the relatively uniform gamma-ray (GR) values. Borehole image consists
of electrofacies-A (cross-stratified sandstone) mostly at the base and electrofacies-C (structureless sandstone) at top. Dips have a strong
east-northeast orientation and exhibit successive cycles of upward dip increase followed by decrease in dip angle. This is interpreted as
downstream current tangential bedding. Note that base of channels or reactivation surfaces are marked by red lines on the architectural
element (Ar) column and are seen on the image and core as major truncation surfaces often with mudstone clast present. Sine-wave
picks are displayed as tadpoles with true dip and azimuth along with dip type by color (lamination = green; cross bedding = purple;
shale break = red; erosion surface = blue; slump = orange). See Figure 7 for the key to electrofacies (El) and architectural (Ar)
elements.
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Table 1. Cross-Bed-Set Thickness and Calculated Dune Height for the Lower, Middle, and Upper Williams Fork Formation
Cross-Bed-Set Thickness (ft)

Upper
Middle
Lower

Dune Height (ft)

N

Minimum

Mean

Maximum

Standard Deviation

Minimum

Mean

Maximum

42
16
17

0.2
0.1
0.15

0.82
1.02
0.73

3.9
2.75
1.4

0.72
0.7
0.34

0.6
0.3
0.45

2.46
3.07
2.2

11.7
8.25
4.4

(2000) and modified by McLaurin and Steel (2007)
(sinuosity = 4.84/4.84 − ø2, where ø is the circular
standard deviation in radians). The lower Williams
Fork displays a scatter in paleocurrent data (N = 63),
with a vector mean of 93.8°, a circular standard
deviation of 143.2°, and a calculated sinuosity of 3.9.
The middle Williams Fork Formation displays a
strong northeastern paleocurrent (N = 148), orientation with 63.5° vector mean, a circular standard
deviation of 37.5°, and a calculated sinuosity of 1.1.
Paleocurrent data (N = 174), for the upper Williams
Formation a north-northeastern orientation with a vector mean of 15.5°, a circular standard deviation of 67°,
and a calculated sinuosity of 1.4. Because the
Williams PA-424-34 well is located approximately
48 km [30 mi] east of outcrop measured sections,
it is difficult to correlate the upper Williams
Fork Formation from the core to outcrop. Based on
lithofacies, sinuosity, and high net-to-gross sandstone
ratio, the upper Williams Fork Formation as observed
in core most likely correlates to the upper interval of
the upper Williams Fork Formation observed in
outcrop.

SPECTRAL-GAMMA-RAY SIGNATURES OF
FLUVIAL DEPOSITS
Myers and Bristow (1989) presented a detailed SGR
study on a lower Carboniferous fluvial-deltaic
succession that demonstrated the usefulness of Th:K
ratios in discrimination of certain facies and deltaic
architectural elements. Martinius et al. (2002) used
log motifs and SGR cross plots and cluster analysis
to differentiate between different fluvial facies and
environments. However, North and Boering (1999),
after an extremely detailed study on a mixed fluvialeolian succession, concluded that SGR data analysis

such as Th:K cross plots were not useful in discriminating lithofacies or depositional environments.
Rider (1990, 1996), Hurst (1990), and Hurst et al.
(1996) also highlighted that an overly generalized
use of GR data (both total and spectral) can lead to
misguided interpretations. Various factors can affect
the behavior and distribution of K, Th, and U
abundance, and these are not well understood or documented and can vary by sedimentary and diagenetic
setting (Hurst, 1990; Hurst et al., 1996; Martinius
et al., 2002).
Similar to the findings from North and Boering
(1999), the results from this study indicate that there
is no statistical correlation between SGR data (log
motifs or cross plots) and fluvial architectural elements or lithofacies of the Williams Fork Formation.
Log motifs for crevasse splays and single-story and
multistory channel bodies vary widely often with no
apparent correlation to grain size (Figure 10).
Similarly, Th versus K cross plots for lithofacies and
architectural elements display a large overlap in
values with no distinct clustering (Figure 11).
Amalgamated channel bodies in the upper Williams
Fork Formation display faint clustering.
When using SGR data for lithofacies and
architectural-element analysis, the assumption is
made that GR values are related to changes in clay
content and that these changes, in turn, mirror grain
size. This relationship does not always hold true and
several factors can complicate this correlation and
cause a lack of consistent log-motifs for architectural
elements as well as the absence of distinct clusters
in Th:K cross plots. In this study, the ideal relationship between grain size and GR values is believed to
be primarily affected by textural changes because
of weathering, compositional changes, and lateral
compositional heterogeneity (see Keeton [2012] for
details).
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Figure 10.
Outcrop-based
gamma-ray-log motif
proportions for architectural elements in
the lower, middle, and
upper Williams Fork
Formation (WFF). Log
motifs are highly variable for each architectural element and
often are not correlated with grain size.

Architectural
Element

Lower WFF

Middle WFF

Upper WFF

Total
5% 3%

7%
13%

Crevasse
Splay

100%
Funnel

N/A
92%

80%

N=15

N=22

N=37

11%
30%

Single-story
Channel Body

N/A
50%

32%

22%

47%

20%
67%

21%

N=9

N=7

N=19

20%

Multistory
Channel Body

100%
Cylinder

45%

45%

50%

50%

80%

N=4

N=5

N=2

10%

N=11

20%

Amalgamated
Channel Body

N/A

29%
50%

80%

71%

N=5
Gamma-ray-log
Motif

STRATIGRAPHIC VARIABILITY OF FLUVIAL
ARCHITECTURE
Small cross-bed-set thickness values (from BHIs;
Table 1) combined with high proportions of lowflow-regime lithofacies (45%), crevasse splays
(62%), and single-story channel bodies (25%; with
lateral-accretion bedding) interbedded in mudrock
indicate that the lower Williams Fork Formation was
deposited by a lower energy, high-sinuosity (values
between 2.5 and 2.9), meandering fluvial system
(Lorenz and Rutledge, 1987; Johnson, 1989;
1948

50%

Funnel

N=2
Bell

N=7
Cylinder

Hemborg, 2000; Patterson et al., 2003; Cole and
Cumella, 2005; Pranter et al., 2007, 2009; Harper,
2011; Hlava, 2011; Keeton, 2012) (Figure 12).
Paleocurrent data from BHIs and outcrop point
toward a high-sinuosity system as they display a wide
range of orientations (Figure 12). Based on these features and the aggradational nature of the deposits, the
lower Williams Fork Formation was likely deposited
during periods of relatively high accommodation
space, when the fluvial profile of equilibrium was
less steep, which caused the system to trend toward
a more suspended load and meandering type.
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Figure 11. Outcrop-based Th versus K cross plots of architectural elements and lithofacies of the lower, middle, and upper Williams Fork Formation. Note the large overlap in values
for each architectural element and lithofacies.
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Figure 12. Summary diagram for key characteristics (lithofacies and architectural-element distribution, outcrop and core paleocurrent data and calculated sinuosity) and interpreted fluvial style for the lower, middle, and upper Williams Fork Formation. μ = paleocurrent vector mean azimuth value.

Patterson et al. (2003) suggested that the lower
Williams Fork Formation was deposited as part of a
transgressive to highstand system tract.
The middle Williams Fork Formation was
deposited by a relatively high-energy, low-sinuosity
(possibly braided) fluvial system. The middle
Williams Fork Formation exhibits large crossbed-set thickness values (from BHIs; Table 1), an
abundance of multistory and amalgamated (79%)
channel bodies, and a high net-to-gross ratio.
Deposits also show a more narrow range of paleocurrent values (from BHIs and outcrop) with a calculated low sinuosity of 1.1 (Figure 12). The
middle Williams Fork Formation was likely deposited during periods of relatively low accommodation
space associated with a lowstand system tract in
which the profile of equilibrium steepens and the
fluvial system erodes downward (Patterson et al.,
2003; Keeton, 2012).
Although previous studies suggest that the upper
Williams Fork Formation was deposited by a lowsinuosity braided system (Patterson et al., 2003;
German, 2006), this study divides the upper
Williams Fork Formation, as exposed in Plateau
Creek Canyon, into a lower interval (Flaco) and overlying interval (Ges) based on significant differences
in fluvial architecture and net-to-gross ratio (Keeton,
2012). The Flaco interval (net-to-gross ratio = 59%)
is composed of abundant crevasse splays (55%) and
single-story channel bodies (often heavily bioturbated and displaying abundant low-flow-regime sedimentary structures) interbedded in overbank fines.
The architectural-element and lithofacies distributions are similar to the meandering fluvial system of
the lower Williams Fork Formation. However, the
single-story channel bodies do not exhibit obvious
lateral-accretion deposits. Paleocurrent data are also
similar to the lower Williams Fork Formation in that
they display a range of orientations with a relatively
high calculated sinuosity of 1.9 (Figure 12). Based
on existing braided-system models (Miall, 1977,
1996; Cant, 1992; Nanson and Croke, 1992), it is
unlikely that deposits such as these (i.e., abundant
crevasse splays, high proportion of low-flow regime
lithofacies, abundant interbedded mudrock deposit,
etc.) were created by a braided system, but instead,
these findings suggest a moderate-to-high sinuosity,

possibly meandering, fluvial system. Although it is
possible to encounter braided deposits with abundant
overbank deposits (Mack and Seager, 1990; Bentham
et al., 1993; Lorenz and Nadon, 2002), these examples often exhibited additional features that indicated
braided, such as coarser-grained sediments, highflow-regime sedimentary structures, and multistory
channel bodies (unlike the very fine-to-fine-grained
deposits of the Flaco interval). Architectural-element
and lithofacies distributions change significantly
from the Flaco interval to the overlying Ges interval.
Net-to-gross ratio increases (Ges net-to-gross ratio =
83%) and the deposits are characterized by coarsergrained large multistory, and amalgamated channel
bodies, that display abundant planar-laminated sandstone and large-scale cross beds with limited ripple
lamination. On average, the amalgamated channel
bodies present in the Ges interval are thicker than
those of the middle Williams Fork Formation and
range in thickness from 12 to 24 m (40 to 79 ft).
Paleocurrent values become relatively unidirectional
(north-northeast orientation) with a calculated lowto-intermediate sinuosity of 1.1–1.4 (Figure 12).
This evidence likely suggests that from the Flaco to
Ges intervals, fluvial architecture changes from lower
energy, higher sinuosity (meandering) to a higher
energy, lower sinuosity braided system. The observations are interpreted to reflect a change in accommodation space where the Flaco interval was deposited
during a period of relatively high accommodation
space that allowed deposits to aggrade, whereas the
Ges interval was deposited during a period of low
accommodation where deposits eroded into each
other and are mostly amalgamated (Keeton, 2012;
Sharma, 2013). The low net-to-gross ratio Flaco
interval is interpreted to represent deposition during
a transgression to highstand when the equilibrium
profile was less steep. The higher net-to-gross ratio
Ges interval most likely represents deposits that
formed during a relative lowstand with common
channel incision (Keeton, 2012).
CONCLUSIONS
Through this study, BHIs are shown to be very useful
for in-depth characterization of fluvial deposits in
terms of cross stratification, paleocurrent, dip angle,
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lithofacies, and architectural elements that can aid in
the reconstruction of paleomorphology, flow regime,
and fluvial architecture. Four main electrofacies are
identified in the Williams Fork Formation. These
electrofacies represent the most common lithofacies
observed in core (cross-stratified sandstone, ripplelaminated sandstone, convoluted sandstone and
mudrock, structureless sandstone, and convoluted
sandstone). Certain lithofacies such as convoluted
sandstone and structureless sandstone are often
observed in more detail on BHIs than in core. Dip
patterns from BHIs can be used to further identify
sedimentary structures such as trough cross stratification and tangential bedding. Sine waves interpreted as
cross stratification were used to determine cross-bedset thickness from which dune height was calculated
and used as a proxy for flow energy. Through the
comparison of BHIs and core, a set of characteristics
(dip type, dip pattern, color scheme, and electrofacies) was established for each architectural element.
The BHIs allow for the identification of fine-scale
heterogeneity that may act as baffles and barriers to
flow and may not be obvious in GR logs (i.e., mud
drapes in tidally influenced channels).
Results indicate that there is no statistical correlation between SGR data (log motifs or cross plots) and
fluvial architectural elements or lithofacies of the
Williams Fork Formation. Log motifs for crevasse
splays and single-story and multistory channel bodies
vary widely often with no apparent correlation to
grain size. Th versus K cross plots for lithofacies
and architectural elements display a large overlap in
values with no distinct clustering. Results suggest
that using SGR log motifs as a proxy for architectural
elements in fluvial systems such as the Williams Fork
Formation could potentially lead to inaccurate interpretations and reservoir models. Weathering, compositional changes, and significant lateral heterogeneity
are factors that affect the SGR signature that can lead
to the limited correlation with lithofacies and architectural elements.
The lower and middle Williams Fork Formation
represent low-energy meandering and high-energy
braided systems, respectively. This change in fluvial
style is evident by a change from high-sinuosity
channels, high proportion of low-flow-regime sedimentary structures, and an abundance of crevasse
1952

splays and single-story channel bodies in the lower
Williams Fork Formation, to amalgamated and
multistory sandstone bodies associated with lowsinuosity channels. A similar relationship is
observed in the upper Williams Fork Formation.
The upper Williams Fork Formation is divided into
two intervals (Flaco and Ges) based on lithofacies,
architectural elements, and net-to-gross ratio. The
upper Williams Fork Formation represents a change
from a lower energy, meandering fluvial systems
(represented by the Flaco interval) to a higher
energy, lower sinuosity, possibly braided system
(represented by the Ges interval). This change in
fluvial style is supported by abundant, very
fine-grained, ripple-laminated crevasse splays, and
single-story channel bodies associated with relatively high-sinuosity channels in the Flaco interval,
to coarser-grained, amalgamated sandstone bodies
associated with low-sinuosity channels. The change
in fluvial architecture is related to changes in accommodation through time.
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