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Abstract
This study describes the stratigraphic characteristics and distribution of fluvial deposits of the
Upper Cretaceous Williams Fork Formation in a portion of Rulison Field and addresses 3D
geologic modelling of reservoir sand bodies and their associated connectivity. Fluvial deposits
include isolated and stacked point-bar deposits, crevasse splays and overbank (floodplain)
mudrock. Within the Williams Fork Formation, the distribution and connectivity of fluvial
sandstones significantly impact reservoir productivity and ultimate recovery. The reservoir
sandstones are primarily fluvial point-bar deposits interbedded with shales and coals. Because
of the lenticular geometry and limited lateral extent of the reservoir sandstones (common
apparent widths of ∼500–1000 ft; ∼150–300 m), relatively high well densities (e.g. 10 acre
(660 ft; 200 m) spacing) are often required to deplete the reservoir. Heterogeneity of these
fluvial deposits includes larger scale stratigraphic variability associated with vertical stacking
patterns and structural heterogeneities associated with faults that exhibit lateral and reverse
offsets. The discontinuous character of the fluvial sandstones and lack of distinct marker beds
in the middle and upper parts of the Williams Fork Formation make correlation between wells
tenuous, even at a 10 acre well spacing. Some intervals of thicker and amalgamated sandstones
within the middle and upper Williams Fork Formation can be correlated across greater
distances. To aid correlation and for 3D reservoir modelling, vertical lithology proportion
curves were used to estimate stratigraphic trends and define the stratigraphic zonation within
the reservoir interval. Object-based and indicator-based modelling methods have been applied
to the same data and results from the models were compared. Results from the 3D modelling
indicate that sandstone connectivity increases with net-to-gross ratio and, at lower net-to-gross
ratios (<30%), differences exist in the cumulative volume of connected sandstone bodies
between the indicator- and object-based lithology models. Therefore, the types of
lithology-modelling methods used for lower net-to-gross ratio reservoir intervals are important.
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Characterization and modelling of the Williams Fork

1. Introduction

The Rulison Field (figure 1) produces gas from the Upper
Cretaceous Williams Fork Formation (Upper Mesaverde
Group) at measured drilling depths ranging from 6000 to
9000 ft (1830 to 2745 m). Because wells are generally
not deviated, these measurements correspond to true vertical
depths. The Williams Fork Formation at the Rulison Field
includes a gas-saturated interval that is approximately 2500 ft
(760 m) thick. The reservoir interval consists of highly
discontinuous fluvial sandstones and associated siltstones,
shales and coal deposits. The main reservoir sandstones
are point-bar deposits that are highly lenticular, with lateral
dimensions of 500–1000 ft (∼150–300 m) (Cole and Cumella
2003, Cumella and Ostby 2003). In addition, internal
permeability barriers such as accretionary bedding and scour
surfaces are present. Crevasse-splay deposits comprise a
relatively lower proportion of the overall sandstone volume and
are generally of lower reservoir quality. Because the matrix
permeability is very low (microdarcy), the Williams Fork
sandstone reservoirs require both natural and hydraulically
induced open fractures to enhance production.

Cores from wells located 1.5 miles (2.4 km) south of the
study area in the Rulison Field (figure 2) show that natural
extension fractures present within reservoir sandstones do
not extend beyond the sandstones into the adjacent shales
(Lorenz 1989, 2003). In addition, the density of fractures
is closely related to faulting and to the lithology and thickness
of the sandstones in the Williams Fork Formation. Therefore,
an understanding of the structure as well as the thickness,
distribution and connectivity of the sandstone deposits is
important for development well planning. This is especially
true given that a 10 acre well density (distance of 660 ft
(200 m) between wells) is often necessary to effectively deplete
the reservoir given the limited lateral extent of the fluvial
sandstones. Currently, 10 and 20 acre well spacings are
used at the Rulison Field in different areas of the field. Even
with intensive development of the Williams Fork Formation
at Rulison Field on 20 acre well spacing, bottomhole pressure
tests revealed that only 3 of 72 sandstones tested in four wells
were in pressure communication showing partial pressure
depletion (Kuuskraa and Ammer 2004).

The primary objectives of this study are (1) to interpret
the primary stratigraphic and structural framework of the
Williams Fork interval within the study area at Rulison Field,
(2) characterize and model the lithology distribution
(sandstone, shale, coal) for a selected area of the field and (3)
describe the impact of modelling methods for predicting fluvial
sand-body static connectivity in low and high net-to-gross
ratio (sandstone volume per cent) systems. Most siliciclastic
reservoirs consist of sandstones, shales and other lithologies.
The sandstones commonly exhibit reservoir-quality properties,
and the shales and mudrocks are generally of low reservoir
quality (non-reservoir rock). Net-to-gross ratio, as used
herein, is defined as the fraction (or percentage) of sandstone
(reservoir rock) within the stratigraphic interval of interest
(the volume of sandstone within the gross interval divided by
the gross interval volume). To accomplish these objectives, a

combination of 3D seismic and well data, outcrop-analogue
information and 3D stochastic indicator- and object-based
reservoir modelling methods was used.

The chosen study area is within the northern portion of
Rulison Field (figures 1 and 2) and includes well information
and data from a 3D p-wave seismic survey that was acquired
in 1996 by the US Department of Energy (figure 2). The
seismic survey covers an area of 4.5 mi2 (11.7 km2), has
a receiver spacing of 220 ft (67 m) and bin size of 110 ft
(34 m) × 110 ft (34 m). A 1 mi2 (2.6 km2) area was selected
for detailed 3D reservoir analysis and modelling (figure 2)
based on infill drilling activity in that area by the operator
at Rulison Field, and with the interest to better understand
the distribution of reservoir-quality fluvial sandstones in that
specific area for development well planning. Well data consist
of digital wireline logs for 67 wells. Wireline logs for most
of the wells include gamma ray, resistivity, density, neutron
and sonic logs (limited to a few wells) that were used for
stratigraphic correlations, to create synthetic seismograms and
to generate lithology logs for conditioning reservoir models.
Core information was available from three wells that are
located 1.5 miles (2.4 km) to the south of the study area
(figure 2). The interval of interest for this study approximately
coincides with the main gas-productive interval at the Rulison
Field and includes a 2500 ft (760 m) thick interval of the
Williams Fork Formation.

2. Geologic setting

The Piceance Basin in northwestern Colorado was formed by
Laramide tectonism from Late Cretaceous through Paleocene
time (Johnson 1989). The basin is bounded by the Uinta
Mountain Uplift and Axial Arch on the north, the White
River Uplift on the east, the Douglas Creek Arch on the west,
and the Uncompahgre, Gunnison and Sawatch uplifts on the
south (figure 1). The Piceance Basin is asymmetrical and
has gently dipping western and southwestern flanks and an
upturned eastern flank, the Grand Hogback. Johnson (1989)
suggests that earliest Laramide deformation in the Piceance
Basin coincided with deposition of the uppermost portion of
the Mesaverde Group. However, Cumella and Ostby (2003)
present seismic and well data that indicate thickness changes
and structural growth at the time of the Cameo-Wheeler coal
zone (early Williams Fork Formation) deposition (figure 3)
implying that Laramide tectonism predates the timing
suggested by Johnson (1989).

During the Cretaceous, the area now occupied by the
Piceance Basin was situated on the western margin of the
Western Interior Seaway of North America. This epeiric
seaway extended from the Gulf of Mexico to the Arctic
Ocean. During Turonian through Campanian time, tectonic
uplift of the Sevier Orogenic (fold and thrust) Belt located in
central Utah and southern Wyoming produced sediments that
were transported eastward and formed a broad piedmont of
coalesced alluvial fans that graded eastward into braid-plain,
upper and lower coastal-plain, deltaic and strandline settings
that rimmed the epeiric seaway (Cole and Cumella 2003,
Patterson et al 2003). Several thousand feet of non-marine
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Figure 1. Piceance Basin and Rulison Field location map. Modified from Hoak and Klawitter (1997).

and shallow-marine sediments were eventually deposited in
these environments. Lower coastal-plain swamps developed
landward (westward) of the Cretaceous shorelines. Sediments
that were deposited in these environments form the coal-
bearing strata of the Cameo-Wheeler coal zone and the
overlying coal intervals in the Williams Fork Formation.

3. Williams Fork stratigraphy

The Mesaverde Group is comprised of the Iles and Williams
Fork Formations (figure 3, Hettinger and Kirschbaum 2002).
The Iles Formation corresponds to the lower part of the
Mesaverde Group and in the Rulison area consists of three
regressive marine sandstones: the Corcoran, Cozzette and
Rollins members (figures 3 and 4). The three members of
the Iles Formation were deposited in inner shelf, deltaic,
shoreface, estuarine and lower coastal-plain settings (Hettinger
and Kirschbaum 2002, 2003). The Williams Fork Formation
corresponds to the upper part of the Mesaverde Group and

consists of interbedded sandstones, shales and coals that were
deposited in alluvial-plain, lower coastal-plain and marginal-
marine (eastern Piceance Basin only) settings (Cole and
Cumella 2003).

In the Rulison Field and in the Coal Canyon outcrops,
the Williams Fork Formation is not subdivided into formal
members. However, two gross subdivisions are informally
recognized on the basis of the lithology and depositional
environment. The lower one-third of the Williams Fork
Formation, including the Cameo-Wheeler coal zone, is
characterized by a relatively lower net-to-gross ratio (∼30–
60% sandstone; figures 4 and 5) compared to the upper two-
thirds of the Williams Fork Formation and was deposited in a
coastal-plain setting with meandering streams and peat swamp
environments. The Cameo-Wheeler coal zone overlies the
Rollins Sandstone Member and comprises approximately the
lower 900 ft (275 m) of the Williams Fork Formation in
the subsurface at the Rulison Field (figure 4) and
approximately 240 ft (75 m) in Coal Canyon (figure 5). The
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Cameo-Wheeler coal zone consists of distinct coal intervals
separated by sandstones and carbonaceous shale (Cole and
Cumella 2003, Cumella and Ostby 2003, Patterson et al
2003). The coals can be correlated across the study area.
The upper two-thirds of the Williams Fork Formation has a
relatively higher net-to-gross ratio (50–80% sandstone) with
minor shales, conglomerates and essentially no coals (Cole and
Cumella 2003). The depositional setting of this upper interval
is less clear. Cumella and Ostby (2003) note that, superficially,
the sandstones would appear to be braided-stream deposits,
but the presence of scour- and lateral-accretion surfaces with
vertical relief of 20 ft (6 m) or more complicates a braided-
stream interpretation. German (2006) suggests that these
deposits could represent a braided-fluvial system within an
alluvial-plain setting. Although inconclusive, the evidence
German (2006) uses to support this interpretation includes
(1) most sandstone bodies lack observable lateral-accretion
surfaces typically preserved in meandering systems (Lorenz
and Nandon 2002) and (2) paleocurrent data indicate unimodal
flow with low variance (standard deviation = 14◦), which is
more typical of a braided depositional system (Miall 1974).

Between the top of the Mesaverde Group and the Cameo-
Wheeler coal zone, distinct stratigraphic units are difficult to
identify and correlate due to the discontinuous nature of the
fluvial deposits and the lack of laterally continuous coal beds
or other stratigraphic units. However, one key stratigraphic
horizon about 500–800 ft (150–245 m) below the top of
the Mesaverde Group at Rulison Field, the Upper Williams
Fork Shale Marker (UWFSM; figure 4), can be confidently
correlated in wells and on seismic data throughout the southern
Piceance Basin (Cumella and Ostby 2003). The horizon

corresponds to a distinct seismic reflector and is associated
with a thin (∼20 ft (6 m)) shale interval that has a high gamma-
ray signature. The UWFSM interval in core from well MWX-1
(figure 2) exhibits pedogenic structures throughout the zone,
indicating that it formed as a thick soil horizon, possibly above
a sequence boundary (Cumella and Ostby 2003).

The Williams Fork Formation outcrops in Coal Canyon
(figures 1 and 5) show that the sand bodies in the lower 600 ft
(180 m) of the Williams Fork Formation vary considerably in
thickness and lateral extent. The range of sand-body thickness
based on 136 sand-body observations by Cole and Cumella
(2003, 2005) is 0.5–29 ft (0.2–9 m) (average 9.3 ft (3 m)),
and the range of apparent sand-body width is 40–2791 ft
(12–850 m) (average 528 ft (160 m)). The majority of the sand-
body types observed in the outcrop appear to be isolated to
stacked point-bar deposits, several with characteristic lateral-
accretion surfaces (figure 6). Observed lithofacies include
trough cross-bedded sandstone, current-rippled sandstone,
nodular siltstone, laminated siltstone, conglomeratic mud-
chip sandstone, and coal and bentonite beds (Ellison 2004).

Because of the lenticular geometry and limited lateral
extent of the sand bodies, high well densities are required to
deplete the reservoirs. In addition, to improve ultimate well
recoveries, operators often complete and stimulate multiple
sandstone intervals (4–6 zones) in a single well (Kuuskraa and
Ammer 2004).

4. Structural setting

The Rulison Field is characterized by a subtle northwest-
trending anticline (figure 7) and structures that exhibit left-
lateral transpression with some vertical displacement (reverse
or thrust) (Cumella and Ostby 2003, Vargas 2004). The
lateral and vertical displacements along prominent northwest-
trending faults are observed in vertical seismic sections and
time slices from 3D seismic data (figures 8 and 9). These
features are believed to have developed through east–west-
directed Laramide compression that produced left-lateral slip
along pre-existing northwest-trending faults (Cumella and
Ostby 2003). A time slice through the Cameo-Wheeler
coal zone (figure 9(A)) shows northwest-trending faults with
a range of lateral displacements. The faults exhibit minor
reverse offsets (approximately 1 ms of offset (∼13 ft, ∼4 m))
at the top Cameo-Wheeler coal zone (figure 8(B)). Lateral
displacements are observed in the 3D seismic data through
this interval and the underlying Rollins Sandstone. Above
the Cameo-Wheeler coal zone, the faults are more difficult to
interpret and in some areas appear to exhibit a lower dip angle.
Faults that cut the top Rollins horizon often exhibit reverse
offset. Lateral displacements exist but are less pronounced
within the Rollins interval.

The faults present in the Rollins Sandstone Member
and Cameo-Wheeler coal zone intervals appear to terminate
up-section in the fluvial sandstones of the Williams Fork
Formation. At the tip-line terminations of these faults,
fault splays (fracture clusters) have been interpreted, based
on reflector offset, amplitude dimming and generally poor
amplitude coherency (Kuuskraa et al 1997). These inferred
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Figure 3. Stratigraphic nomenclature used in the Piceance Basin. Modified from Cole and Cumella (2003).

fracture clusters are believed to greatly enhance permeability
in these intervals (Kuuskraa et al 1997, Cumella and Ostby
2003). However, it is suggested here that, where the faults
appear to splay in the middle portion of the Williams Fork
interval, variable and discontinuous seismic amplitudes could
result from discontinuous lenticular fluvial sand bodies.

5. Reservoir framework

To develop a stratigraphic and reservoir model framework
for this study, the primary stratigraphic horizons and faults
at the Rulison Field were interpreted using the 3D seismic
and well data. Four stratigraphic horizons (top of Mesaverde
Group, Upper Williams Fork Shale Marker (UWFSM), top of
Cameo-Wheeler coal zone and top of Rollins Member) were
mapped across the survey area. These horizons were selected
because they have high lateral continuity, can be confidently
identified on the seismic data, and because two of them define
the top and base of the primary Williams Fork reservoir interval
(UWFSM and Rollins). Time structure maps were constructed
for these key stratigraphic horizons and subsequently depth
converted for use in the modelling, together with 37 wells
in the survey area. These horizons were used, with others
discussed below, to define the stratigraphic framework for 3D
reservoir modelling.

Because the vertical offsets of faults (�13 ft, �4 m) in
the reservoir interval are not significant relative to the overall
thickness of the stacked fluvial sandstones, faults were not

directly incorporated into the 3D reservoir model framework.
However, the locations of faults in the reservoir interval
could correspond to regions of more intense fracturing and
higher permeability. Although not the focus of this study,
an understanding of fault locations is essential to improve
permeability models of the reservoir interval. The shallower
horizons, at the top of the Mesaverde Group and UWFSM, dip
gently to the north and are not significantly faulted.

6. Lithology modelling

Three-dimensional reservoir models based on seismic, well
and outcrop information are used to evaluate probable
distributions of reservoir sand bodies, to aid in characterizing
the reservoir and for development well planning. All
modelling was conducted using IRAP-RMS software (Roxar).
Lithology models were constructed using two different
stochastic modelling methods, sequential-indicator and object-
based simulations (Deutsch 2002). The three main lithologies
of the Williams Fork reservoir (sandstone, shale and coal) were
modelled to produce 3D static geologic models.

It is important to note that individual sandstone facies were
not modelled because of the absence of core data in the specific
study area and the difficulty in interpreting depositional facies
solely from well logs. In addition, the outcrop sand-body
dimensional statistics from Cole and Cumella (2003) that were
used for modelling are based on general fluvial sand-body
dimensions within the lower Williams Fork Formation and
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Figure 4. Type log for the Mesaverde Group at the Rulison Field.
The Mesaverde Group includes the Williams Fork and Illes
Formations. The interval of interest for the reservoir modelling is
between the UWFSM (Upper Williams Fork Shale Marker) and the
C2 horizon of the lower Cameo-Wheeler coal zone.

do not distinguish between different genetic fluvial sand-body
types (e.g. point bar, splay, medial bar, etc). Statistical data
that distinguish the fluvial sand-body type and characteristics
(e.g., point bars versus crevasse splays) are limited in the
Williams Fork Formation. These data are currently being

collected for the Williams Fork Formation as part of ongoing
studies (Pranter et al 2007b). Because point bars are the
dominant ‘reservoir elements’ in the productive interval,
‘sandstone’ (versus shale or coal) intervals based on well-log
signatures were defined as ‘sandstone bodies’ and modelled
as point-bar objects (for object-based modelling) and defined
as ‘sandstone lithology’ for indicator-based simulation (to be
discussed). We recognize that crevasse splays and other types
of fluvial bars exist and can differ from point bars in regard to
their geometries, dimensions and internal facies architecture,
and these factors can affect reservoir connectivity, fluid-flow
communication and per well recoverable volumes (Anderson
2005). We also note that Cole and Cumella (2005) and
Anderson (2005) show that, in some cases, the dimensions
and characteristics of point-bar and crevasse-splay deposits
are comparable. As a result, some of the ‘sandstone’ intervals
defined through log analysis do correspond to more sandy
crevasse-splay deposits; however, most of these intervals
represent isolated or stacked point-bar sandstones within the
Williams Fork Formation.

6.1. Modelling grid and constraints

The reservoir model area comprises 1 mi2 (2.6 km2) and
includes 37 wells that were used for conditioning (figure 2).
For the 3D lithology models, seismic-derived structure maps
were used to define the base and the top of each important
stratigraphic interval. The top of the model is the UWFSM,
and the base of the model is the top of the lowest distinct
coal zone within the Cameo-Wheeler coal zone, the top
C2 horizon, which is located approximately 50–200 ft (15–
60 m) above the top of the Rollins Member (figure 4). The top
Rollins Member was not used as the model base because few
wells penetrate this horizon. In general, horizon C2 exhibits
the same structural trend and features as the Rollins horizon.

Between the reservoir top (UWFSM) and base (top C2),
24 total reservoir zones were defined in an approximately 2500
ft (760 m) thick reservoir interval (figure 10) based on the
well-log data. It was essential to define these zones within the
reservoir interval to accurately model the lithologic variability
within the reservoir. The lowest six zones (reservoir zones 1–6
in figure 10) are defined between the top of the Cameo-Wheeler
coal zone (top Cameo) and the top C2 horizon based on the
occurrence of coal beds in the Cameo-Wheeler coal zone. The
tops of these zones primarily correspond to coal intervals in
the Cameo-Wheeler coal zone. The upper 18 reservoir zones
were defined between the UWFSM and the top of the Cameo-
Wheeler coal zone (reservoir zones 7–24 in figure 10) using
a single vertical lithology proportion curve derived from the
well data in the model area. The process used to create the
vertical proportion curve is discussed below.

A vertical proportion curve (figure 10) is a cumulative
probability plot that shows the percentage of, in this case,
lithology (horizontal axis in figure 10) versus depth (vertical
axis in figure 10) based on all wells in the reservoir model area.
To create the vertical proportion curve, first, on each well log,
the interval between the UWFSM and the top Cameo was
subdivided into an equal number of approximately 1 ft (0.3 m)
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Figure 5. Outcrop photograph of a portion of Coal Canyon. The image shows the Rollins Member of the Iles Formation and the Williams
Fork Formation. The uppermost portion of the Williams Fork Formation is not present in this outcrop. The lower 500–700 ft (152–213 m)
of the Williams Fork Formation is characterized by shale with isolated lenticular channel-form sand bodies and a low net-to-gross ratio
(generally less than 50%). The upper portion of the Williams Fork Formation is characterized by a higher net-to-gross ratio (generally greater
than 50%) and more amalgamated sandstones that form laterally extensive sand bodies. Refer to figure 1 for the location of Coal Canyon.

South                                                                                                                                           North

7 m
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Crevasse SplayMudstone IntervalLateral-Accretion Surfaces

Basal Scour
Erosional SurfaceMain Point Bar Older Point Bar
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South                                                                                                                                           North

7 m
(23 ft)

7 m
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Figure 6. Fluvial deposits in the Cameo-Wheeler coal zone of Coal Canyon. The upper point bar is a lens-shaped sand body defined by a
sharp, basal-scour and top-truncated surface. It is separated from an older point bar by an erosional surface. Both point bars have
well-defined lateral-accretion surfaces. The overlying crevasse splay has a sheet-like geometry with a sharp base. Modified after Ellison
(2004).

thick layers. That is, proportional layers were defined within
this stratigraphic interval on the well logs. The proportional
layers have an approximate thickness of 1 ft (0.3 m), but the
thickness varies laterally, from well to well, to give the same
number of layers per reservoir zone on each well log. For each

layer, the percentage of each lithology (sandstone, shale, coal)
in that interval is determined from the well logs. The original
well-log data are used in this analysis. By combining the
well-log data for each layer in this way, a vertical proportion
curve is created that provides a 1D vertical trend to show how
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the lithology percentages vary versus depth in this area of the
field. The upper 18 reservoir zones were defined based on
deflections in the vertical proportion curve that correspond to
the maximum change in the percentage of sandstone or shale
in an interval (figure 10). The 18 zones were then identified in
each well. The larger scale vertical trend in the proportion of
sandstone and shale (see arrows in figure 10) could correspond
to periods of flooding or abandonment and could be equivalent
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To create the 3D model grid, first isopach maps were
generated for each of the 24 reservoir zones. The isopach maps
were added to a single reference surface (top C2 horizon) in the
model to create the additional structure maps (reservoir model
surfaces) needed to define the 3D model grid or framework.
This process ensures that all structure maps have consistent
structural trends and do not intersect.

A detailed grid of 6.2 million cells was created for
3D lithology modelling. Fine-scale layers were distributed
proportionally between the key stratigraphic surfaces. Each
fine layer is approximately 5 ft (1.5 m) thick to capture
the stratigraphic detail of the fluvial deposits. Lateral cell
dimensions of 25 ft (7 m) × 25 ft (7 m) are used to capture the
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To honour the lithologic variability in wells, lithology logs
were created for each well and subsequently upscaled to the
resolution of the model grid and used in the modelling process.
To create the lithology logs for the 37 wells, various cutoffs for
the well-log data were used for each lithology. Sandstone and
shale cutoffs were defined based on log calibration with cores
that exist south of the study area within Rulison Field (Cumella
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Figure 8. Uninterpreted (A) and interpreted (B) seismic profiles that
show minor vertical offsets (�13 ft, �4 m) in the Cameo-Wheeler
coal zone and Rollins Sandstone Member. The offsets are associated
with left-lateral strike-slip faults that also have reverse components
of slip. See figure 2 for the location of seismic line. A: away;
T: towards.

2004; figure 2). In the study area, values less than 70 API units
on the gamma-ray log define sandstone. Values greater than
70 API units on the gamma-ray log define shale. Coal was
defined based on the combination of cutoffs (also calibrated to
core data) using gamma ray, neutron porosity, density porosity
and resistivity logs (Cumella 2004). It is important to note
that the log cutoffs for lithology were calibrated to available
core data. However, care should be taken before applying
these cutoffs elsewhere in the basin for the Williams Fork
Formation.

For each of the 24 reservoir model zones, a net-to-gross
ratio map was constructed based on the well information.
The net-to-gross ratio maps represent the sandstone volume
compared to the gross interval volume for the reservoir model
zone. The 24 net-to-gross ratio maps were used to create
a 3D net-to-gross volume. The 3D volume was created by
assigning values taken from the net-to-gross ratio map for a
reservoir zone to the cells in that reservoir zone. In doing
so, the values of net-to-gross ratio in the reservoir zones vary
laterally according to the different maps; however, vertically,
all the values of the net-to-gross ratio are the same within
a given zone. Next, to account for the vertical variability
in net-to-gross ratio within a reservoir zone, the net-to-gross
ratio volume was scaled using the vertical proportion curve.
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Figure 9. Time slices for the (A) top of the Cameo-Wheeler coal
zone and (B) Rollins Sandstone. Both time slices show the
northwest-trending strike-slip faults and associated lateral
displacements. See figure 2 for the location.

During the modelling process, the scaled net-to-gross ratio
volume was used as a conditioning parameter (3D net-to-gross
property) to control the spatial distribution of sandstone bodies
or sandstone lithology within the 3D models. As a result,
if a stratigraphic interval within the Williams Fork reservoir
exhibits a high percentage of sandstone, the corresponding
reservoir layer in the 3D model will have a high percentage of
sandstone. For this study, an overall target of 35% for the final
sandstone percentage in the model was used for the Williams
Fork Formation, based on the well data.

For the object-based lithology (sandstone, shale, coal)
models, the dimensions of sand bodies were derived from
outcrop studies (Cole and Cumella 2003). For the indicator-
based modelling, the spatial correlation of the lithologies of the
Williams Fork Formation was quantitatively analysed through
variogram analysis. Experimental variograms were calculated
separately for each reservoir zone and lithology and were fitted
with exponential and spherical variogram models. Correlation
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Figure 10. Vertical lithology proportion curve that shows the
percentage of lithology (horizontal axis) versus depth (vertical axis)
based on all well-log data in the study area. The curve is used as a
vertical constraint during the indicator- and object-based
lithology-modelling processes to control the placement of sandstone
bodies. Arrows indicate overall trends of reduced accommodation.
There are 24 reservoir zones in the modelled interval between the
UWFSM and C2 (thin horizontal grey lines separate the zones): 18
reservoir zones are above the top Cameo and 6 zones are within the
Cameo-Wheeler coal zone (between the top Cameo and C2).

lengths of the model variograms range from approximately
418–807 ft (127–246 m) parallel to paleoflow (∼west to east)
(600 ft (180 m) average), 177–562 ft (55–170 m) perpendicular
to paleoflow (300 ft (90 m) average) and 9.7–26.9 ft (3–8 m)
vertically (16 ft (5 m) average). The few zones with longer
vertical correlation lengths appear to correspond to stacked
point-bar deposits (multistory channel-fill deposits) rather
than individual point bars. It is important to note that the
correlation lengths do not directly provide information on the
dimensions, geometry and sinuosity of the fluvial deposits.
A limitation of pixel-based modelling methods is that they
cannot produce the sharp boundaries between sand and shale
(or channel and non-channel) like object-based methods. In
addition, the variograms are based on well data that provide
limited information regarding the lateral continuity of the
fluvial sandstone deposits. Thus, care should be taken in
constructing lithology or facies models based solely on well
data and without the additional information from analogous
outcrops or high-resolution seismic data. This is especially
true for the discontinuous lenticular fluvial deposits of the
Williams Fork Formation.

166



Characterization and modelling of the Williams Fork

6.2. Indicator simulation of lithology

We used sequential-indicator simulation (Deutsch and Journel
1998) to generate a 3D lithology model for the interval
between the UWFSM and the C2 horizon. A value for
lithology was simulated in each cell of the model based
on probabilities calculated from well data and user-defined
inputs. The percentages of each lithology were defined for
each zone based on well data and the net-to-gross volume.
For the sequential-indicator simulation model (indicator-based
model), the global volume fraction for sandstone was 35%,
with 60% for shale, and 5% for coal. The indicator-based
model honours the lithology information from all wells and
the scaled net-to-gross volume (vertical and lateral lithology
trends).

Because indicator-based simulation uses variograms (a
two-point statistic) to incorporate the spatial correlation of the
reservoir lithologies, the geometries of point bars were, as
expected, not reproduced using this method. However, the
general distribution of sandstone honours all the constraints.
The lower 600–700 ft (160–315 m) of the indicator-based
model is composed primarily of discontinuous sandstones,
shales and coals whereas stacked and more continuous
sandstone and interbedded shale intervals are more common
in the upper Williams Fork Formation (figure 11). Relatively
small and discontinuous sand bodies are observed throughout
the modelled interval. The overall target percentages for each
lithology are honoured.

6.3. Object-based simulation of lithology

Object-based simulation involves defining lithology (or facies,
architectural element) objects with a range of dimensions and
characteristic shapes that are used to populate the 3D model.
This method honours geologic rules for stacking patterns
and erosion and user-defined shapes that, in some cases,
can produce more geologically realistic models than other
modelling methods. We also used object-based simulation
to generate a 3D lithology model for the reservoir interval
between the UWFSM and the C2 horizon. The stochastic
object-based modelling approach is a method in which
objects or bodies of different lithologies (e.g., sandstone
or coal) are modelled within a background lithology (e.g.,
shale).

For this study, the modelled elements are crescent-shaped
objects that represent the main reservoir elements (point bars)
within the Williams Fork Formation. The characteristics
of the point-bar objects such as apparent width, thickness
and orientation are based on outcrop studies of the Williams
Fork Formation (Lorenz et al 1985, Lorenz 1989, Cole and
Cumella 2003, 2005). The thickness of individual point bars
is modelled using a triangular distribution with values ranging
from 5 to 18 ft (1.5 to 5.5 m) with an average of 9 ft (2.7 m).
Individual point-bar widths range from 100 to 2000 ft (30 to
610 m) with an average of 500 ft (150 m). The point-bar
shape was modelled as a scalable crescent-shaped body based
on the study of paleo-channel reconstructions of point bars
(Willis 1989). For coal, an ellipsoid shape was arbitrarily
selected with an aspect ratio in plan view of 1.0 and used to

0 0.25 mi

0.25 km

Sandstone

Shale

Figure 11. Vertical section and layer view of the indicator-based
lithology model of the Williams Fork Formation. The interval from
the UWFSM to the C2 horizon is shown. A model layer near the top
of the Cameo-Wheeler coal zone is shown. Each fine layer is
approximately 5 ft (1.5 m) thick to capture the stratigraphic detail of
the fluvial deposits. Lateral cell dimensions of 25 ft (7 m) × 25 ft
(7 m) are used to capture the details of the lateral distribution of the
fluvial deposits and in order to have several cells between wells.

produce layered coal zones that are not completely continuous
across the entire model domain. In this case, to model coal,
the input shape of the object was not critical to produce the
desired layered output. For this method, we used the net-to-
gross volume, volume target percentages for each lithology and
lithology logs as conditioning parameters during the modelling
process. The volume target percentages were estimated based
on the sandstone per cent averages calculated for each zone
from the net-to-gross volume. A lithology probability function
was used to relate the net-to-gross volume values to the
desired lithology percentages in the object-based model so that
those spatial trends were honoured. The volume percentages
for the final object-based lithology model were 35% for
sandstone, 60% for shale and 5% for coal. Because this
method uses objects with distinct shapes to control the spatial
continuity and distribution of lithologies (i.e., variograms are
not used), the resulting models often appear more geologically
realistic as compared to the corresponding indicator-based
models.

To simplify the modelling process, separate stochastic
object-based models were generated for each lithology and
then merged to create the final lithology model. Two lithology
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models included only sandstone and shale and one model
included coal and shale. The two sandstone and shale
models were constructed using the same ranges of object
dimensions for the sandstone bodies but used different object
orientations. These models were then merged to create a
final model with point orientations that are consistent with
outcrop measurements. During the merging process, if point-
bar objects from the different models partially overlapped and
occupied the same merged-model cells, the cells for the object
from one model would overwrite the cells in the second model.
The merged models were checked to confirm that the volume
fractions for each lithology matched the desired volume
fractions. A range of point-bar object orientations between 75
and 105◦ and 255 and 285◦ (horizontal orientation of the point-
bar objects) was used to produce model results that simulate
deposits of a meandering stream system with an approximate
paleoflow direction to the east. The orientations are consistent
with the approximate paleoflow direction of the Williams Fork
Formation at Rulison Field (∼west to east) (Cumella and Ostby
2003) and paleocurrent measurements of fluvial deposits in
Coal Canyon (Ellison 2004, Cole and Cumella 2005). The
range in orientations produces crescent-shaped and lenticular
objects that represent point-bar deposits on opposite sides of
a sinuous meandering stream system. Using this approach,
crescent-shaped point-bar objects are modelled, not the fluvial
channels; therefore, the sinuosity, amplitude and wavelength
of the inferred channels that deposited the sandstones are
not input into the modelling process. The sinuosity of
Williams Fork Formation fluvial channels in Coal Canyon
is estimated to be approximately 1.7–1.9 based on sandstone-
body width-to-thickness ratios and paleocurrent measurements
of well-exposed point-bar deposits (Ellison 2004, Cole and
Cumella 2005). This relatively high sinuosity is reflected
by the range of azimuths from paleocurrent measurements.
Although channel amplitude and wavelength are not modelled
explicitly, the modelled point-bar object dimensions and
orientations are consistent with the outcrop-based statistics
and subsurface control. Because the indicator- and object-
based models are well constrained by well data, seismic picks
and outcrop statistics, and given the size of the 3D model grid
(6.2 million cells) for this study, running multiple scenarios and
multiple realizations was not practical. Therefore, a separate
assessment of uncertainty in the modelling results is not
presented.

Maps that show intervals from the object-based lithology
model show the geometry and distribution of the modelled
fluvial deposits (figures 12(A) and (B)). In low net-to-gross
ratio intervals of the lower Williams Fork Formation, the
point bars are discontinuous and have limited lateral extent
(figure 12(A)), and in intervals with higher net-to-gross ratio
the deposits are stacked, amalgamated and relatively well
connected (figures 12(B) and (13)). Vertical sections from the
object-based model show that the sandstone volume per cent
trends (vertical and lateral) are honoured (figure 13).

Based on visual examination, the object-based models
indicate that wells drilled on 160 acre spacing will only
intersect and deplete a very small percentage of the reservoir
sand bodies (figure 12). Wells drilled on 10 and 20 acre

0 0.25 mi

0.25 km0

NCoal

Sandstone

Shale

160-acre well spacing

10-acre well spacing

Current gas well

(A)

(B)

Figure 12. Plan view of object-based model intervals from (A) low
and (B) high net-to-gross ratio zones of the Williams Fork reservoir.
Individual point-bar objects are visible. Schematic channel-form
elements are shown to illustrate how the point-bar deposits might
relate to fluvial channels in the Williams Fork Formation. For
reference, a 10 acre well spacing grid is superimposed on the
northwest portion of the modelled intervals. The solid dots represent
the well locations of a 10 acre well spacing and the solid square
represents the location for a 160 acre well spacing. The existing gas
well locations are shown.

spacings will intersect significantly more reservoir sand
bodies. However, in low net-to-gross ratio intervals, isolated
sand bodies will still exist (figure 12(A)). Given that multiple
pay zones are generally necessary to improve ultimate well
recovery, a 10 acre well spacing could be used to recover new
reserves in lower net-to-gross ratio intervals and to accelerate
production in higher net-to-gross ratio intervals.
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Figure 13. Vertical section from the object-based reservoir model
illustrates the interval from the UWFSM to the C2 horizon.
Intervals of low and high net-to-gross ratio are present.

7. Discussion

The Williams Fork Formation in outcrop and wells exhibits
alternating intervals of varying net-to-gross ratio that suggests
varying rates of generation of accommodation space during
Williams Fork deposition. Periods of low accommodation
are characterized by amalgamated sandstone intervals that are
more laterally extensive, whereas more isolated, discontinuous
sandstones are associated with periods of high accommodation
space. In the gas-productive interval, most of the sandstones
are highly discontinuous; however, lateral continuity increases
in the higher net-to-gross intervals of the upper Williams Fork
Formation.

Sand-body connectivity is a key parameter that controls
fluid movement in a reservoir and the reservoir volume that
could potentially be drained by a well. Sand-body connectivity
depends on size, shape and orientation of the sand bodies
and the overall sandstone volume per cent (Frorup et al
2002). In general, high sand-body connectivity allows greater
fluid movement and recovery efficiency. However, within
the Williams Fork Formation, this is also complicated by
internal stratigraphic and petrophysical heterogeneity (e.g.,
lateral-accretion surfaces, shale drapes and spatial variability
in grain size; Ellison 2004, Pranter et al 2007a) and structural
heterogeneity (e.g., faults and fractures). Pranter et al
(2007a) present results of outcrop modelling of lithologic
and petrophysical heterogeneity and streamline simulations of
fluid flow within point bars of the Williams Fork Formation.
Their results show that shale drapes on lateral-accretion
surfaces can either (1) direct fluid flow downward within a
point-bar deposit and decrease sweep efficiency if the shale
drapes are discontinuous or (2) significantly impede fluid flow,
compartmentalize the reservoir and increase breakthrough
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Figure 14. Cross plots of net-to-gross ratio versus the largest
connected sand-body volume expressed as a per cent of the bulk
model volume. These are shown for (A) the object-based model and
(B) the indicator-based model.

times if the shale drapes are laterally continuous (Pranter
et al 2007a). As a result, reservoir sweep efficiency can
be reduced and fluid breakthrough times can be shorter or
longer than expected (relative to point bars without distinct
shale drapes or other heterogeneities). Although natural and
induced fractures are essential to increase producibility in
the Williams Fork Formation, targeting zones with greater
sand-body connectivity is equally important for improved well
recoveries.

The indicator- and object-based models were analysed
and compared in terms of the static connectivity or connected
volumes of the fluvial sandstones within them. The
connected volumes (sometimes referred to as geobodies) were
calculated for the sandstones in each reservoir zone for each
model. To be considered as a connected sandstone body in
the study area, two cells of the same lithology code must have
at least one common cell side. To calculate the connected
volumes, only sandstone was considered in the final lithology
models. New discrete 3D parameters of the connected
sandstone geobodies were created for the 24 reservoir zones.
Volumes of the connected geobodies were computed for each
zone. The largest sandstone geobody is assigned the code 1,
the second largest sandstone geobody is assigned the code 2
and so on.

Positive correlations are observed between the volume of
the largest connected sand body (geobody) and net-to-gross
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Figure 15. Graphs of (A) body number versus net-to-gross ratio for
five intervals from the indicator- (solid line) and object-based
(dashed line) reservoir models and (B) net-to-gross ratio versus
sand-body connectivity for the indicator- (solid line) and
object-based (dashed line) reservoir models. For (A), the graphs
represent five different reservoir zones, each with a different
net-to-gross ratio (e.g., 20%, 25%, 30%, etc). The largest five
geobodies (one being the largest in volume, five being the smallest
of the five in volume) for each of the reservoir zones are presented
in (A) (they correspond to the body number of the x-axis).
Connectivity is presented as a percentage by dividing the volume of
the largest connected sand body by the total sandstone volume. At
or above approximately 30% net-to-gross ratio, the largest
connected sandstone bodies for indicator- and object-based models
are similar. Below approximately 30% net-to-gross ratio, there are
differences between the indicator- and object-based models that are
primarily related to differences in the modelling methods.

ratio (figure 14) for both the indicator- and object-based
models (coefficients of determination = R2 = 0.83 and
0.99 for indicator- and object-based models, respectively).
At higher net-to-gross ratios (i.e., >30%), there is generally
a single large connected sand body that provides the

majority of the overall connected sand volume in a zone
(figure 15(A)). The remainder of the connected sand bodies
are small, isolated and do not significantly contribute to the
overall cumulative sandstone volume for the higher net-to-
gross ratio intervals. A comparison of the net-to-gross ratio
versus the sand-body connectivity (defined as the volume of the
largest geobody divided by the total sandstone volume) shows a
characteristic increase in connectivity with net-to-gross ratio,
especially in the range between approximately 10 and 30%
(figure 15(B)). Because net-to-gross ratio values below 20%
are not presented herein, the lower bound is an approximation
based on the available data and previous studies. These
observations are consistent with the work of King (1990) and
Allard and HERESIM Group (1993) on 2D connectivity using
simple body shapes and more recently summarized by Larue
and Hovadik (2006) in addressing 3D connectivity through
studies with more complex sand-body geometries (elongate
channel bodies). These studies show that above a net-to-
gross ratio threshold (∼66% for 2D and ∼30% for 3D), the
sand bodies are highly connected, and below this threshold
sand bodies are more isolated. Because these studies are
all based on different object shapes and dimensions, it is
possible that the proportion of sand bodies rather than their
specific shape is a more critical parameter that controls the
net-to-gross ratio threshold in which sand-body connectivity
rapidly increases. Comparison between the indicator- and
object-based models shows that at lower net-to-gross ratios
(e.g., <30%) differences exist in the cumulative volume of
connected sandstone bodies or the sandstone connectivity
(figure 15). This is most likely related to differences in
how the sand bodies are modelled either as distinct objects
with certain dimensions or as interconnected cells. Therefore,
the type of modelling methods that are used for lower net-
to-gross ratio reservoirs is important in regard to estimating
sand-body connectivity. As the net-to-gross ratio within a
zone reaches and exceeds 30%, the maximum connected body
volume is essentially the same for both indicator- and object-
based models (figure 15).

8. Conclusions

Significant gas reserves are concentrated in stacked lenticular
fluvial sandstones of the Upper Cretaceous Williams Fork
Formation at Rulison Field and surrounding fields in the
Piceance Basin. The Williams Fork Formation includes a
lower interval that is characterized by low net-to-gross ratio
and highly discontinuous sand bodies and an upper interval
that is characterized by high net-to-gross ratio and more
amalgamated and laterally extensive sand bodies. Reservoir
connectivity is directly related to variability in net-to-gross
ratio, sand-body dimensions and sandstone stacking patterns.

The discontinuous character of the fluvial sandstones
makes it difficult to define and correlate stratigraphic units
between wells. Sandstone distribution and connectivity are
important, especially for intervals with lower net-to-gross
ratio. These intervals often require high well densities (e.g.,
10 acre (660 ft; 201 m) spacing) to effectively drain the
reservoir. A comparison of the net-to-gross ratio versus
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the sand-body connectivity shows a characteristic increase in
connectivity with net-to-gross ratio, especially in the range
between approximately 10 and 30%. At higher net-to-gross
ratios (i.e., greater than 30%), there is generally a single large
connected sand body that provides the majority of the overall
connected sand volume in an interval. At lower net-to-gross
ratios (less than 30%), sand bodies are more isolated and
differences exist in sand-body connectivity as modelled using
indicator- and object-based methods. Therefore, the type of
modelling method that is used for reservoirs with lower net-
to-gross ratios is important. Although at and above a net-
to-gross ratio of approximately 30%, many of the reservoir
sand bodies are interconnected, higher ultimate recoveries
require that individual wells be completed and stimulated in
multiple sandstone intervals throughout the Williams Fork
Formation interval. Because of the lenticular geometry and
limited lateral extent of the fluvial sandstones of the Williams
Fork Formation, it is essential to integrate outcrop-based sand-
body statistics with subsurface data to construct 3D models for
evaluating reservoir connectivity.
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