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ABSTRACT: The distribution and orientation of faults, fracture intensity and
seismic-reflection characteristics of the Mesaverde Group (Williams Fork and
Iles formations) at Mamm Creek Field vary stratigraphically, and with lithol-
ogy and depositional setting. For the Mesaverde Group, the occurrence of faults
and natural fractures is important as they provide conduits for gas migration,
and enhance the permeability and productivity of the tight-gas sandstones. The
Upper Cretaceous Mesaverde Group represents fluvial, alluvial-plain, coastal-
plain and shallow-marine depositional environments.

Structural interpretations based on three-dimensional (3D) seismic-ampli-
tude data, ant-track (algorithm that enhances seismic discontinuities) seismic
attributes and curvature attributes are utilized jointly to understand the complex
fault characteristics of the Williams Fork Formation. This study reveals that
the lowermost lower Williams Fork Formation is characterized by NNW- and
east—west-trending small-scale thrust and normal faults. Study suggests that the
uppermost lower Williams Fork Formation, and the middle and upper Williams
Fork formations, exhibit NNE- and east-west-trending arrays of fault splays
that terminate upwards and do not appear to displace the upper Williams Fork
Formation. In the uppermost Williams Fork Formation and Ohio Creek Mem-
ber, NNE-trending discontinuities are displaced by east—west-trending events
and the east—west-trending events dominate.

Fracture analysis, based on borehole-image logs, together with ant-track and
attenuation-related seismic attributes, illustrates the spatial variability of fracture
intensity and lithological controls on fracture distribution. In general, higher frac-
ture intensity occurs within the southern, southwestern and western portions of
the field, and fracture intensity is greater within the fluvial sandstone deposits
of the middle and upper Williams Fork formations. More than 90% of natural
fractures occur in sandstones and siltstones. In situ stress analysis, based on
induced-tensile fractures and borehole breakouts, indicates a NNW orientation of
present-day maximum horizontal stress (S, _), an approximate 20° rotation (in a
clockwise direction) in the orientation of S, ~with depth and an abrupt stress
shift below the Williams Fork Formation within the Rollins Sandstone Member.

INTRODUCTION

The Piceance Basin of NW Colorado produces natural gas from
an interval of lenticular, relatively discontinuous, tight-gas fluvial
sandstones of the Upper Cretaceous Mesaverde Group (Fig. 1).
Through the US Department of Energy (DOE) Multiwell
Experiment (MWX) project (1981-1988 at Rulison Field: Fig. 1),
cores, borehole-image logs, well tests and other data indicated that
the low-permeability sandstone reservoirs of the Williams Fork
Formation were naturally fractured at depth (Lorenz 2003). The
poor correlation between net pay and estimated ultimate recovery
also suggests that fractures contribute to productivity. Since the
1980s, studies by Lorenz & Finley (1991), Grout & Verbeek
(1992), Hoak & Klawitter (1997), Kuuskraa et al. (1997a, b),
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Lorenz (1997), and others have focused on fracture characteristics
and their controls on gas production. Decline in well productivity
from 2.2x10°ft (BCF (billion cubic feet)) of gas (wells drilled
from 1996 to 2000) to 1BCF of gas (wells drilled from 2003 to
2005) per well shows the importance of additional studies to eval-
uate fracture characteristics, and their distribution and role in
unconventional gas plays (Kuuskraa 2007).

This study explores the distribution and characteristics of frac-
tures and faults and controls on fracture distribution through
analysis of borehole images, three-dimensional (3D) seismic data,
and relationships between seismic attributes and fracture intensity
(Baytok 2010). The study area is located approximately 7.5 miles
(12km) SE of Rifle, Colorado (Figs 1 and 2). The dataset
includes 10 borehole-image (Formation Microlmager (FMI))
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logs, core (and associated data including FMI logs) from one
well, a three component (3C), 3D seismic survey in depth and
time domains, and well logs (gamma ray (GR), neutron porosity
(NPHI) and density porosity (DPHI)) and formation tops for 617
wells (Fig. 2). Most wells in the area penetrate the Cretaceous
Rollins Sandstone Member (stratigraphically below the Williams
Fork Formation) and have a total vertical depth (TVD) range
from 6700 to 9600 ft (20422926 m). The 3D seismic survey cov-
ers an area of approximately 48miles? (125km?), an with inline
length of 31790ft (9689.5m), a cross-line length of 42350ft
(12908 m), and 110ft (33.5m) inline and cross-line spacing.
Depth conversion of the seismic was conducted using interval
velocities. The time and depth volumes have sample rates of
0.5ms and 4ft (1.2m), respectively, and both surveys have the
same XY Universal Transverse Mercator system co-ordinates and
trace-bin geometry (Fig. 2). Acquisition parameters and the pro-
cessing sequence of seismic data used in this study are given in
Tables 1 and 2.

GEOLOGICAL BACKGROUND

The Piceance Basin is an elongate, NW-SE-trending basin
formed by Laramide tectonism from latest Cretaceous through to
Palaeocene time. The basin has a highly asymmetrical profile
with gently dipping western and southwestern flanks, and a
steeply dipping eastern flank. Exposure of strata on the eastern
flank of the basin is almost vertical at the Grand Hogback (Fig.
1), which is a steep Laramide monocline underlain by a low-
angle basement-involved thrust fault (Tweto 1975; Grout et al.

0 kilometres 32

Hoak & Klawitter (1997) and Pranter et al.
(2009).

1991). The Piceance Basin is bounded by the Uinta Mountain
uplift on the NW, the Axial Arch on the north, the White River
uplift on the east, the Elk Mountains and Sawatch uplift on the
SE, the Gunnison uplift on the south, the Uncompahgre uplift on
the SW, and the Douglas Creek Arch on the west (Fig. 1). The
structural development of the Piceance Basin began near the end
of the Cretaceous and continued during the Tertiary period, and
was influenced by two major tectonic events: the Sevier Orogeny
and the Laramide Orogeny (Johnson 1989; Grout et al. 1991).
Even though both tectonic events played a role in the develop-
ment of the Piceance Basin, the Laramide Orogeny formed the
present shape and configuration of the Piceance Basin as one of
a number of structural depressions in the Rocky Mountain
region (Johnson 1989).

The stratigraphic nomenclature for the Mesaverde Group in
the eastern and southeastern Piceance Basin (Carroll et al
2004) is used herein (Fig. 3). In the eastern part of the Piceance
Basin, the Mesaverde Group includes the Iles Formation, the
Williams Fork Formation and the Ohio Creek Member. The
lowermost part of the Mesaverde Group is the Iles Formation
(also called the Mount Garfield Formation in the Grand
Junction area), which comprises three regressive marine sand-
stone cycles (from base to top: the Corcoran, Cozzette and
Rollins Sandstone members) separated by ‘tongues’ of the
marine Mancos Shale. Hettinger & Kirschbaum (2002, 2003)
described the three members of the Iles Formation as having
been deposited in inner-shelf, deltaic, shoreface, estuarine and
lower coastal-plain settings.
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The Williams Fork Formation unconformably overlies the
lles Formation, and varies in thickness from approximately
5000ft (1524m) to 1200ft (365m) throughout the basin
(Hettinger & Kirschbaum 2002, 2003). The thickness variation
is thought to be due to the combination of a regional erosional
surface at the top of the Williams Fork Formation and/or subsid-
ence during deposition (Johnson & Roberts 2003; Cole &
Cumella 2005). In the Piceance Basin, the Williams Fork
Formation forms the main reservoir sandstones and was depos-
ited in alluvial-plain, lower coastal-plain, and shallow-marine
settings, and contains interbedded sandstone, shale and coal
(Cole & Cumella 2005; Pranter ef al. 2008; Shaak 2010). The
individual sandstone reservoirs are 20-60ft (618 m) in thick-
ness, have porosity values from approximately 5% to in excess
of 8% and permeability values of 0.01-0.1mD (Pitman &
Spencer 1984; Tremain 1993; Spencer 1996; Johnson & Roberts
2003). The Williams Fork Formation comprises (from strati-
graphic base to top): (1) the Bowie Shale Member, which
includes (from base to top) the Cameo-Wheeler coal zone, the
South Canyon coal zone, the middle Sandstone and the upper
Sandstone; (2) the Paonia Shale Member, which includes the
Coal-Ridge coal zone; and (3) the undifferentiated middle and
upper Williams Fork Formation (Figs 3 and 4) (Collins 1976;
Hettinger & Kirschbaum 2002, 2003; Carroll et al. 2004). In the
study area, the lower 1200—1500ft (365-457m) of the Williams
Fork Formation consists of coal-bearing coastal-plain deposits,
marine shale and marginal-marine sandstones of the Bowie
Shale and Paonia Shale members that were deposited in inner-
shelf, shoreface and coastal-plain settings (Hettinger & Kirschbaum
2003; Shaak 2010). The Bowie Shale Member ranges in thick-
ness from 680 to 1000 ft (207-305m), and consists of two super-
imposed coal-bearing coastal-plain stratagraphic units overlain
by marine shale and marginal-marine sandstone (Collins 1976;
Hettinger & Kirschbaum 2002, 2003; Shaak 2010). Collins
(1976) named the two marginal-marine sandstones the middle
and upper Sandstones, respectively. The middle and upper
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Fig. 2. Study area base map. The location
of the base map is shown on Figure 1.
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Sandstones are only present in the easternmost part of the basin
(Fig. 3). The Paonia Shale Member is 560 ft (170m) in thickness
and is characterized by coal-bearing coastal-plain deposits. The
middle and upper intervals of the Williams Fork Formation
combined are approximately 2000-4000ft (610-1220m) in
thickness, and are characterized by fluvial deposits, conglomer-
atic sandstones, conglomerate, siltstone, minor shales and the
lack of coal (Hettinger & Kirschbaum 2002, 2003; Pranter et al.
2008). In the upper Williams Fork Formation, a basin-wide thin
(thickness of c¢. 20ft (c¢. 6m) and higher gamma-ray values)
shale interval known as the upper Williams Fork Shale marker
(UWFSM) is thought to be a top seal for vertical gas migration.
The UWFSM is about 50ft (15m) below Price Coal. Price Coal
is a thin coal (typically less than 5ft (1.5m)) and is present from
the Parachute to the Mamm Creek fields. The UWFSM also has
significance because it has a distinct seismic response over much
of the Piceance Basin (Cole & Cumella 2005). In the study area,
Price Coal can be thought of as a marker for the UWFSM. The
uppermost 50—400ft (15-122m) of the Mesaverde Group is the
Ohio Creek Member (also referred to as the Ohio Creek
Conglomerate elsewhere), which consists of kaolinite-rich beds
of sandstone, conglomeratic sandstone and conglomerate of flu-
vial origin (Johnson & May 1980; Hettinger & Kirschbaum
2002, 2003; Johnson & Flores 2003).

Fracture formation has been related to high pore-fluid pres-
sure that developed during hydrocarbon generation, and to tec-
tonic stress associated with uplift and erosion (Pitman & Sprunt
1986). Numerous studies in the central and eastern Piceance
Basin relate natural fractures, regional structure and fault char-
acteristics to gas production in the Williams Fork Formation.
Lorenz & Finley (1991) identified a regional set of WNW
extension fractures as an example of load-parallel extension
fracturing and basinwide dilatancy at depth, under conditions of
high pore pressure and anisotropic horizontal stress. Fracture
height and spacing are highly variable, and fractures occur fre-
quently in sandstones and siltstones (more than 95% in core)
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Table 1. Gibson Gulch 3C survey acquisition parameters

Survey name: Gibson Gulch 3C
Township/range: Piceance Basin, Garfield County, COLORADO
Coverage: 24sqmiles Survey type: Slant — 26.565 Fractionated: Yes

Acquisition parameters

Recording
No. of sample intervals: 1800
Record: 8.0s

Geometry (all distances are either parallel or perpendicular to
receiver lines)

Source: 220 ft Receiver interval: 220 ft Receiver line interval: 1100 ft
Source Line: 1100 ft Receiver line: ENE

Patch
No. of receivers/line: 100 Roll inline: Yes
No. of receiver lines: 18

Source and receiver (source counts are estimates only)
Vibrator points: 2281 Buggy holes: 182
Heliportable holes: 0 Conventional: 0

Source parameters (mixed)

Dynamite
Hole depth: 60 m
Charge size: 20kg

Vibroseis

Vibrator type: buggy No. of vibrators: 4 Vibrator weight: 50000 lbs
Sweep type: Non-linear Start taper: 0.5s No. of sweeps: 7

End taper: 0.3s Sweep length: 14s Minimum sweep: 6.0 Hz

Sweep listen: 8s Maximum sweep: 112.0Hz

Attributes

Nominal fold: 90 Inline offset: 10890 ft
Inline fold: 10.0 Cross-line offset: 9350 ft
Cross-line fold: 9.0 Maximum: 14353 ft

Inline fold taper: 4125 ft Inline patch size: 18700 ft
Cross-line Fold Taper: 4895 ft Cross-line patch size: 21780 ft

Inline fold rate: 24.0 fold/line Inline/cross-line ratio: 86%
Cross-line fold rate: 20.2 fold/line Patch channels: 1800
Source density design: 115/sq. mile

Receiver density design: 115/sq. mile

and commonly terminate vertically at lithological boundaries
(Lorenz & Finley 1989, 1991; Northrop & Frohne 1990).
Fracture sets and areas of enhanced permeability within the
Williams Fork Formation have also been linked to basement-
involved thrust faults (Verbeek & Grout 1984; Grout & Verbeek
1992). In a study of structural-related production trends, Hoak
& Klawitter (1997) suggested that basement-involved thrust
faults terminate up-section in the coals and fluvial sandstones
of the Mesaverde Group, and produce fracture-related permea-
bility at fault tip-line terminations. Hoak & Klawitter (1997)
also interpreted intense thrusting in the eastern Piceance Basin
with a significant component of Mancos-level detachment on
the faults. In contrast, Cumella & Ostby (2003) suggested a
left-lateral transpressional structural style based on seismic data
in the Parachute and Rulison fields (Fig. 1). They interpreted
left-lateral, near-vertical faults trending approximately N45°, an
eastwards rise of the Williams Fork Formation towards the
Mamm Creek Field, abrupt thickness changes in the Cameo-
Wheeler coal zone near faults that could indicate structural
growth during Cameo deposition and major fault zones in the
Mesaverde Group that are related to deep-seated faults. The
present-day maximum horizontal, compressive-stress orientation
has been interpreted to range from N52°W to N80°W in the
paludal interval, from N58°W to N88°W in the coastal interval

and from NS55°E to NI103°E in the fluvial interval (Nelson
2003).

METHODS
1D fracture analysis

Well-based fracture analysis was based on 10 resistivity-
based borehole-image logs. Ten borehole-image (Formation
Microlmager) logs were a primary source of fracture informa-
tion. Core (and associated data) from one well (Last Dance
43C-3-792) were used to evaluate the reliability of borehole
images, and to compare fracture occurrence to lithology and
deposit type (Fig. 2). The borehole-image data and associated
fracture interpretations, including fracture type, classification,
description (open, sealed, etc.), apparent dip and apparent
azimuth, were used together with depth information to con-
duct further analyses.

Borehole-image-based fracture interpretations were used to
generate fracture-intensity logs. Fracture-intensity logs show the
density of fractures per unit length, and were used to investigate
the relationships between lithology, architectural elements and
fracture intensity, and for seismic analysis of fractures. Even
though seismic reflection data alone may not quantify fracture
properties, highly fractured areas (fracture sweet spots) can be
identified indirectly by measuring certain seismic attributes such
as velocity, impedance, AVO (amplitude v. offset), dip magni-
tude, dip azimuth, coherence, volumetric curvature and attenua-
tion-related attributes. Cumulative fracture-intensity logs were
also generated and were useful to divide the reservoir into
mechanical zones. Fracture orientations of conductive and non-
conductive (resistive) fractures, as well as measured dip-angle
and dip-azimuth values from borehole-image logs, were dis-
played on equal-angle (Schmidt) stereographic-net projections
and rose diagrams (dip azimuth and strike azimuth). Borehole-
image logs were also used to evaluate present-day in situ stress
directions on the basis of wellbore failures, which comprise both
borehole breakouts as compressive failures and drilling-induced
tensile fractures as tensile failures (Moos & Zoback 1990;
Tezuka et al. 2002).

To examine the controls on fracture distribution, lithology
and architectural-element logs were created for the 10 wells with
borehole-image logs. Four lithologies were determined based on
gamma-ray, density-porosity and neutron-porosity logs using the
following criteria: (1) clean sandstone <70 API gamma-ray cut-
off; (2) shaley sandstone >70 API and <96 API gamma-ray cut-
off; (3) shale >96 API gamma-ray cut-off; and (4) coal <96 API
gamma-ray cut-off, and >0.25 for density-porosity and neutron-
porosity readings. The criteria used to interpret architectural-ele-
ment logs are: (1) channel bars and point bars <96 API on
gamma-ray log, ‘upwards-fining’” gamma-ray log signature,
0.05-0.25 density-porosity log values, sharp base and thickness
values of 2-30ft (c. 0.5-9m); (2) crevasse splay <96 API
gamma-ray cut-off, ‘upwards-coarsening’ gamma-ray log signa-
ture, <0.05 density-porosity log response and thickness values of
approximately 1-15ft (c¢. 0.3-4.5m); (3) floodplain >96 API
gamma-ray cut-off; and (4) coal <96 API gamma-ray cut-off and
>(0.25 density- and neutron-porosity log values. After creating
lithology and architectural-element logs, further analyses were
conducted to investigate the occurrence and amount of fractures
by lithology and architectural element.

3D seismic analysis of faults and fractures

Seismic horizon interpretation was conducted using a depth seis-
mic volume, whereas structural interpretation was performed
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Table 2. Gibson Gulch 3C survey processing sequence (processed by
WesternGeco Geophysical Services)

PROCESSING SEQUENCE
P-Wave Pre-Migration Processing

e Reformat data to processing format

e Input shot data with geometry in the trace headers or input field
tapes

e Load data to disk/display shot records and edit bad traces

e Define geometry — compute field static corrections, if not supplied

e Geometry quality control

e Instruments and sensors de-phasing, if necessary

e Resample to 4ms as needed

e First break picking and Miser reflection statics

e Spherical Divergence Correction

e Surface Consistent Deconvolution

e Frequency-Dependent Noise Attenuation (FDNA) — evaluate and
apply if needed

e Noise Attenuation: (ANA, SWATT, other) (based on testing)

e Zone Anomaly Processor to remove noise (ZAP)

e Surface Consistent Amplitude Correction (SCAC)

e Offset Relative Amplitude Anomaly Corrections (ORAAC) if needed

e Residual Statics and velocity analysis (maximum of two passes)

e Surface Consistent Amplitude Correction (SCAC) — if required

e Additional noise attenuation, if necessary (AANA, SWATT, other)

e Prepare data for migration (filtering, remove scaling, as required)

Isotropic Pre-Stack Kirchhoff Time Migration

e Derive a Kirchhoff PSTM velocity field on a 2square mile grid by
target 3D migrations onto full inline and cross-line profiles. Velocity
analyses to be picked in migrated space on this grid.

e Full 3D Isotropic Kirchhoff PSTM including curved rays

- Input approximately 26sq. miles and output approximately
265sq. miles

- Grid — 110x110ft input and output

- Other parameters to be determined through testing

- VTI parameter estimation and correction available as needed

e RAAC (Offset Dependent Residual Amplitude Compensation)

e Residual Velocity Analyses on ‘2mile grid, including eta scans if
needed

e NMO (fourth-order correction as required)

e Final full fold stack — unscaled to tape

e Final full fold stack with post stack noise attenuation and filters —
unscaled and scaled to tape

e Final NMO-corrected gathers to tape

using both time and depth seismic volumes (Fig. 5). Seven key
stratigraphic surfaces were interpreted in the study area (from
stratigraphic top to base): (1) top Mesaverde Group (also
referred to as top Ohio Creek Member); (2) top Williams Fork
Formation (also referred to as base Ohio Creek Member); (3)
Price Coal; (4) top Paonia Shale Member (also referred to as
base middle Williams Fork Formation); (5) middle Sandstone;
(6) Cameo-Wheeler coal zone; and (7) Rollins Sandstone
Member (Fig. 5). Each stratigraphic surface and interval differs
in regard to reflection configuration, reflection strength, and
reflection continuity.

Evaluation of the occurrence, type, distribution and orienta-
tion of faults was conducted using 3D seismic P-wave data
with curvature and ant-track (algorithm that enhances seismic
discontinuities) attributes. A combination of both manual and
auto-track interpretation was used with an integrated workflow
that merged the analysis of the seismic-amplitude and ant-track
attribute volumes. The ant-tracking algorithm is developed
based on the idea of ant colony systems to highlight disconti-
nuities in seismic data. The ant-tracker uses the principles of
swarm intelligence, which describes the collective behaviour of
social insects; for example, how ants find the shortest path
between the nest and a food by communicating via a chemical

substance (Pedersen er al. 2002). Intelligent agents, also
referred as ‘artificial ants’, trace or extract discontinuous fea-
tures in a 3D seismic-derived, edge-detection attribute volume
(such as chaos, variance or coherence attributes). Non-
structural features such as noise and channels are less likely to
be highlighted with the ant-tracking algorithm because they
commonly exhibit more spatially random characteristics with
relatively lower continuity.

The ant-track workflow includes three main steps: (1) seismic
conditioning (structural smoothing) and generation of an edge-
detection volume; (2) application of ant-tracking on the edge-
detection volume to generate an ant-track volume to highlight and
extract potential faults; and (3) interactive interpretation so that the
faults can be evaluated, edited and filtered to obtain a final fault
interpretation. Seismic conditioning improves data signal-to-noise
ratio. Structural smoothing uses principle component dip and azi-
muth computation to determine the local structure; then, Gaussian
smoothing is applied parallel to the orientation of the structure so
as to enhance the results of edge-detection algorithms (e.g. vari-
ance, chaos) to better image spatial discontinuities in the seismic
data. It is valuable to apply structural smoothing as it helps edge
detection to capture discontinuities. Ant-tracking creates a new
fault attribute that highlights fault-surface features. Interactive
interpretation involves traditional 3D seismic interpretation and
auto-tracking methods or automatic-fault extraction. This step is
necessary to validate extracted surfaces as surfaces that are not
faults can also be highlighted and extracted (Pedersen ef al. 2002).

The detection of subsurface fractures and the estimation of
fracture parameters from seismic data have a great importance in
hydrocarbon recovery because significant amounts of hydrocar-
bons are trapped in tight reservoirs, where natural fractures have
great impact on production (Sava et al. 2007). Although bore-
hole-image logs, cores, outcrops and conventional well logs
provide direct observations of fractures and fracture properties,
they commonly do not provide adequate information about how
fracture orientation, intensity and distribution change spatially
with respect to distance from the wellbore. In order to investigate
fracture intensity between wells, seismic attributes were used.
Seismic-based fracture analysis involved comparison of ant-track
and attenuation-related seismic attributes with fracture-intensity
logs generated from borehole-image-log interpretations. Detail
regarding the ant-track methodology used for fracture analysis is
described by Baytok (2010). In addition to ant-track seismic
attributes, frequency-dependent attenuation of amplitudes can be
used as a fracture indicator (Najmuddin 2001). Haugen &
Schoenberg (2000) discussed scattering caused by fractures and
its relationship to wavelength. Schoenberg & Douma (1988) ana-
lysed the preferential attenuation of higher-frequency seismic
amplitudes by fractures, and Liu e al. (1997) and Gibson et al.
(2000) showed fracture-generated diffraction using synthetic seis-
mic data derived from theoretical and physical models. The #*
attenuation attribute is based on P-wave seismic frequency data
and is used to delineate fractures that can attenuate higher fre-
quencies (Najmuddin 2003). The #* attribute was evaluated as an
additional qualitative attribute for fracture intensity. It is sug-
gested by Najmuddin (2003) that higher ¢* values indicate higher
fracture intensity, larger thickness of the fractured layer or a
combination of the two. This fracture indicator produces a quali-
tative attribute to indicate intensely fractured areas (production
sweet spots). However, the #* attribute does not promise to give
a quantitative measure of the number of fractures (Najmuddin
2001). The #* parameter calculated from seismic data measures
the change in the frequency spectra using a small time window
above and below the fractured layer. In order to calculate #* val-
ues, amplitude values related to specific frequencies from the
spectra below and above are used in the equation. Najmuddin’s
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(2001) equation for #* is derived from Carmichael (1989), which
is A, X)=G S(f)R(f) exp(—aXf). In this equation G repre-
sents the geometrical spreading, S(f) represents the source function,
R(f) represents the receiver function and —aX substitutes for *
(Najmuddin 2001). For a specific travel time, if 4, is the time
window above, Ay, is the one below, and f,, and f , are the
high and low frequencies, the equation can be written as:

Ay (X)) =G S, (1) Ry (f) exp (f tib‘ )

(represents the time window above the fractured layer)

Ay (fX) =G Sy (f) Ry, () exp (f f;w)

(represents the time window below the fractured layer)
In(4,,) = In(G) + In R(f) + In S() + (t3,)f

In(4y,,) = In(G) + In R(f) + In S(f) + (15, )f

In(4,,, / 4g,,) = In(G/G) + In (R(f)/R(f)) + In (S(F)/S())
+ (Z:\bv - t;]w )f

In the final equation above, it is assumed that G and S(f) are the
same for the two windows in the same trace.
This leads to:

In(4,,, / Ag ) = (t/*\bv _t;m ).

I:I Shoreface / Deltaic
I:I Marine Shelf / Ramp

stratigraphic nomenclature for the SE
Piceance Basin. Modified from Carroll
et al. (2004). The thickest portion of the
basin is to the north of the cross-section.

For the high ‘ingh’ and low °f; . frequencies:

In(d,,, / 4y,,) (at/r-ngh) = (t:\bv - tglw)frngh

In(4,, / 4y, (atfi,,) = (t/:hv - t;w)f Low

In(Ay,, /Ay, ) @tfo,) —In(dy,, /4y, (at £, High)
by — t;l\\' )(-ingh - fLuw)

= (Lay
or

= (z/:bv - t;;lw) = [In(4,,, /4y,,) (atfH|gh)
—In(4,,,/4y,) (atf,, )]/(ingh = Srow)-

To compute a 7* attribute volume, a high- and low-frequency param-
eter selection is required, as well as a number of cycles, which
determines the length of the extraction window. The high- and low-
frequency values were selected with as much separation as possible
within the dominant bandwidth of the data: 13 and 24Hz were cho-
sen for the low- and high-frequency parameters, respectively, with
the number of cycles set at 2.0, after careful inspection of the fre-
quency spectra above and below the target. It should be noted that
noise in the data may cause some error in the * values because of
its significant effect on the frequency content. The noise content of
seismic data is assumed to be reasonably good due to the processing
sequence, which includes steps for noise reduction (Table 1).

To compare the seismic attributes and fracture-intensity logs,
as the seismic and well data are at different scales, the seismic
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Fig. 4. Type log for the Mesaverde Group at the Mamm Creek Field (see Fig. 2 for the location). The interval comprises the Rollins Sandstone
Member to the top of the Mesaverde Group. Measured depth units are in feet.

attributes were resampled into a 3D reservoir model grid of the
area, and the fracture-intensity logs were up-scaled to the reso-
lution of the grid. For the 3D reservoir model grid, different
layering of 5, 10, 25, 50 and 100ft (1.5, 3, 7.5, 15 and 30m)
were examined to find the optimal size of layering, and the

110x110x50ft cell size was determined to be optimal. The seis-
mic attribute was sampled into the 3D grid by assigning an
attribute value to each cell using an intersecting method with
arithmetic averaging in which all seismic cells intersecting the
reservoir model grid cell contribute to the average. To upscale
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Fig. 5. (a) Seismic inline (inline 199) and (b) seismic cross-line (cross-line 140) through the seismic amplitude data showing reflection strength,
reflection continuity and reflection configuration for each stratigraphic unit within the Mesaverde Group. The locations of the seismic sections are
shown in Figure 2.

fracture-intensity logs, each reservoir grid cell that the well
penetrates was assigned a log value based on the arithmetic
average of log values that fall within the cell. After resampling
and upscaling, the correlation was made between the attribute
value and the log value for the cells along the wellbore.

RESULTS
1D fracture intensity and distribution

Fracture types. Based on borehole-image data and interpretations,
approximately 1634 natural fractures were categorized into: (1)
conductive (N=1148); and (2) resistive (non-conductive ‘healed’
or ‘filled’; N=486) fractures. Conductive fractures appear as dark
traces on electrical borehole-image logs and exhibit low resistiv-
ity because they are either (i) open and filled with a low-resistiv-
ity fluid of drilling mud; or (ii) are shale-filled fractures (Hurley
2004). Resistive fractures appear as light or white traces on elec-
trical borehole-image logs and are commonly filled/cemented by
calcite, anhydrite or quartz (Hurley 2004). Resistive fractures can
act as permeability barriers within the reservoir and have a mini-
mum contribution to production. Resistive fractures exhibit dif-
ferent characteristics in comparison to conductive (open)
fractures; hence, they should be modelled and analysed sepa-
rately. The occurrence of conductive fractures v. resistive frac-
tures shows no apparent relationship in terms of depositional
characteristics (fluvial v. marine) and depth. The data show that
both resistive and conductive fractures can occur in any interval
regardless of depositional environment.

Fracture intensity. Fracture-intensity logs and maps show how the
distribution of fractures varies spatially (Figs 6 and 7). For the
stratigraphic interval from approximately the Price Coal through
to the Rollins Sandstone Member, the number of fractures, well to
well, differs by as much as one order of magnitude (Fig. 7: low,
N=30; high, N=338; mean, N=163). Fractures are nearly vertical
and dominantly strike WNW, parallel to the present-day in situ
maximum, horizontal, compressive stress (S, ). Sixty per cent of
natural fractures are interpreted as being lithc;ﬂ)gically bound, and
terminate against minor lithological boundaries within the reser-
voir sandstones and against shale that bounds the reservoir. More
than 90% of natural fractures occur in sandstones and siltstones

(Fig. 8). However, a few natural fractures are observed in shale;
those are mostly low-angle resistive fractures and some of them
strike in a different orientation from that of S, (S. D. Sturm
2010 pers. comm.). The origin of this fracture set is difficult to
determine and might be related to a different stress field. Fracture
occurrences, conductive v. resistive, show no apparent relationship
regarding the depositional environment (fluvial v. marine) and
depth. Seventy per cent of natural fractures occur in fluvial v.
30% in marine; however, it is difficult to draw a conclusion that
the depositional environment, which controls the lithological vari-
ability, has primary control on fracture occurences owing to the
limited well depths. Only one well penetrates deep enough to
have fracture data in the Cozzette and Corcoran marine sandstone
intervals. The interval of electrical borehole-image log data covers
only the marine units of the upper sandstone, middle sandstone
and Rollins Sandstone Member of the Iles Formation (Fig. 3). The
percentage of fractures in point bars, channel bars and crevasse
splays does not vary significantly. Resistive fractures occur less in
channel bars of the middle and upper Williams Fork Formation
than in point bars and crevasse splays of the lower Williams Fork
Formation (Fig. 9).

Fracture orientations. Conductive fractures exhibit a consistent
strike of N45°W, which is parallel to S, , and have a mean dip
of 74°. Resistive fracture strike orientation ranges from N45°W
to N80°W; however, NNE-striking resistive fractures are also
present. A consistent NNW orientation for S, is also evident
from both induced-tensile fractures and borehole breakouts.
Induced-tensile fractures have a strike orientation of NNW,
whereas borehole breakouts form perpendicular to this orienta-
tion and are an indicator of minimum horizontal compressive
stress (Sy ). Induced-tensile fractures and borehole breakouts
are observed throughout the entire interval from 4000 to 8400 ft
(1220-2560m) of the image data for all 10 wells. Furthermore,
dip azimuth values reveal a rotation of the axes of horizontal
stresses along the well trajectory with depth. The axis of maxi-
mum horizontal stress from 4000 to 7200ft (1220-2195m)
exhibits about 20° of rotation in a clockwise direction; however,
there is approximately a 20° sudden counterclockwise shift in
the rotation of stresses at about 7200 ft (2195m), where the Rol-
lins Sandstone Member of the Iles Formation exists. Below a
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depth of 72001t (2195m), a similar clockwise rotation change is
observed. Such information may be useful in designing reservoir
stimulation and fluid-flow simulation of sandstone reservoirs of
the Williams Fork Formation; however, the real cause of this
change is not clearly understood. It could follow from a differ-
ent stress state at this depth.

Marine sandstone reservoirs of the Mesaverde Group are
more laterally continuous and have more uniform internal
characteristics, reflecting few internal discontinuities (Lorenz
& Finley 1989). Conductive fractures within marine intervals
of the Rollins Sandstone Member, the upper Sandstone and
the middle Sandstone, commonly strike WNW. The distribu-
tion of these fractures is irregular, showing swarms of frac-
tures in some wells along with unfractured and/or less
fractured intervals. Resistive fractures also occur within the
marine intervals, although less frequently than conductive
fractures. The strike orientation of resistive fractures varies
and their distribution is irregular. Regardless of whether a
fracture is conductive or not, fractures occur in two sets: one
set belonging to the regional system and striking WNW; and
another less common set that strikes NNE. Typically, conduc-
tive fractures strike NNW, lie parallel to S, , and are greater

in quantity and possibly more permeable (open, larger aper-
ture, etc.) than resistive fractures.

Fluvial sandstone reservoirs of the Mesaverde Group differ
significantly from marine sandstone reservoirs. Fluvial reservoirs
are lenticular in shape, are often discontinuous, and contain
internal lithological heterogeneities in terms of grain size, sedi-
mentary structure and permeability (Pranter et al. 2007, 2008,
2009; Pranter & Sommer 2011). Because connectivity and inter-
nal heterogeneity of the Mesaverde fluvial sandstone reservoirs
vary, poor communication may exist among fractures. Fractures
within fluvial sandstone reservoirs provide considerable enhance-
ment in permeability; thus, higher fracture-related productivity.
Conductive fractures within these reservoirs exhibit dominant
WNW fracture orientation; however, resistive-fracture strike var-
ies within this interval as in the marine interval.

The Cameo-Wheeler coal zone interval exhibits similar kinds
of reservoirs as in the fluvial interval, except that this interval
differs with the presence of thick coal layers. Lorenz & Finley
(1989) suggested that coal-derived fluids and gases within the
paludal interval produced compaction, secondary porosity, and
tertiary carbonate and quartz cement. Borehole-image logs indi-
cate a higher number of resistive (healed/cemented) fractures in
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More than 90% of natural fractures occur in sandstones and siltstones.
(b) Percentages of fractures by fracture type and lithology. Three-

quarters of natural fractures in sandstones are conductive fractures.

this interval in comparison with the number of conductive frac-
tures in fluvial and marine intervals.
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fractures were observed in fluvial deposits, whereas 30.5% were
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Seismic characteristics of stratigraphic units

Unconformities at the top and the base of the Ohio Creek
Member are evident from onlapping reflections in the seismic
data. The top and the base of the Ohio Creek Member are both
expressed by positive amplitude (peak); however, they are dif-
ferent in reflection strength. The unconformity at the top of the
Ohio Creek Member (top Mesaverde Group) is expressed by
moderate-high positive amplitude (peak) in comparison with
the unconformity at the base of the Ohio Creek Member, which
is fair-moderate in strength. This difference may indicate dif-
ferent acoustic impedance contrasts between the beds above
and below the unconformities. In terms of reflection continuity,
the top Ohio Creek horizon exhibits moderate reflection conti-
nuity, and the base Ohio Creek horizon exhibits moderate
reflection continuity that is problematic to interpret in some
areas. Manual interpretation using formation tops was con-
ducted in such areas. Internal reflection configuration of the
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due to an uninterpreted area where data are either poor or not available.

Ohio Creek Member is expressed by parallel-subparallel
reflections that have variable reflection strength and continuity
(Fig. 5). The reflection configuration variability probably
reflects the types of deposits that have been interpreted as low-
stand braided-fluvial rivers (Patterson et al. 2003). The Ohio
Creek Member has a maximum thickness of 621 ft (189 m), an
average thickness of 488ft (149m) and thins to the SE part of
the study area.

The top of the Williams Fork Formation is expressed as
positive amplitude (peak) that has fair-moderate amplitude
strength and moderate continuity. Reflections are especially
interrupted in the Gibson Gulch Graben area (Figs 5 and 10)
because of the structural displacement caused by the graben.
Reflector configuration of the Williams Fork Formation varies
with depth and depositional environment (Fig. 5). Distinct dif-
ferences in reflection configuration exist between the undiffer-
entiated middle and upper Williams Fork Formations that were
deposited in alluvial-plain and fluvial settings, and the lower

Williams Fork Formation that is characterized by lower-coastal
plain and marine environments (Fig. 5). In the study area, the
Williams Fork Formation has a maximum thickness of 3460 ft
(1055m), an average thickness of 3067ft (935m) and thins
toward the Grand Hogback monocline.

The ‘undifferentiated’ middle and upper Williams Fork
Formation is dominated by fluvial deposits that include sand-
stones, siltstones and shale. The top of the upper Williams Fork
Formation has a moderately continuous positive amplitude
(peak) that has fair-moderate amplitude strength. The base of
the upper Williams Fork Formation has low continuity and a
low negative amplitude (trough) that is difficult to interpret in
some areas (Fig. 5). The most distinct feature within this inter-
val is Price Coal, which is a thin coal 1-3ft (0.3-0.9m) in thick-
ness. The Price Coal is an important seismic marker across the
study area that has a highly continuous negative amplitude
(trough) and a high reflection amplitude strength (Fig. 5). Cole
& Cumella (2005) suggested that the Price Coal reflector can be
confidently correlated from the east Parachute Field through the
Mamm Creek Field. Price Coal reflections are displaced in the
Gibson Gulch Graben area by tens of feet caused by the graben.
Reflection configuration of the ‘undifferentiated’ middle and
upper Williams Fork Formation is similar to that of the Ohio
Creek Member (Fig. 5), and includes parallel-subparallel reflec-
tions, reflector offset, poor amplitude coherency and dimming of
amplitudes (Fig. 5). The distinction between the middle and
upper Williams Fork Formation is difficult to establish on the
basis of seismic character alone because a similar lithology
exists across the boundary, and therefore the change in acoustic
impedance is low. The entire ‘undifferentiated’ interval of the
middle and upper Williams Fork Formation has a maximum
thickness of 2100 ft (640m) and an average thickness of 1813 ft
(552m) in the study area.

Within the lower Williams Fork Formation, the top of the
middle Sandstone and the Cameo-Wheeler coal zone of the
Bowie Shale Member can be picked and tracked throughout
seismic data; however, the South Canyon coal zone, the upper
Sandstone (Bowie Shale Member) and the Coal-Ridge coal zone
(Paonia Shale Member) are not resolved. Although these inter-
vals are expressed in seismic data, interpretation is complex.
The lower Williams Fork Formation in the study area has a
maximum thickness of 1491 ft (454.5m), an average thickness of
1254t (382m) and thins to the NE towards the Grand Hogback.
The middle Sandstone has moderate—high negative amplitude
(trough) and moderate—good continuity. The presence of an
unconformity surface (sequence boundary) at the top of this
marine unit is evident from onlapping seismic reflections, which
suggests that the South Canyon coal zone overlies this marine
unit unconformably. The middle Sandstone has a maximum
thickness of 395ft (120m), average thickness of 170ft (51 m)
and increases in thickness to the east of the study area.
Onlapping reflections at the top and the base of the Cameo-
Wheeler coal zone suggest that it unconformably overlies the
Rollins Sandstone Member and is unconformably overlain by
strata above (Fig. 5) (Patterson et al. 2003). The top of this
interval has low—moderate positive amplitude (peak) and is mod-
erately continuous across the study area. In terms of interval
reflection configuration, although the whole interval is mostly
expressed by a negative amplitude (trough), positive amplitudes
are still present and interrupt negative amplitudes, suggesting
that there is a change in impedance within the interval. The
entire interval has a maximum thickness of 416 ft (127m) and an
average thickness of 233ft (71m). The Cameo-Wheeler coal
zone thins to the NE part of the study area. The top of the
Rollins Sandstone Member has moderate—high positive ampli-
tude (peak) with moderately continuous reflection continuity.


http://pg.lyellcollection.org/

Downloaded from http://pg.lyellcollection.org/ at Oregon State University on December 1, 2014

214 S. Baytok & M. J. Pranter

Location of
rotated
e depth slice

Location of
{ rotated
depth slice

miles

kilometres

Location of
rotated
depth slice

Bp of *F

Via Jnds
j 7 . :

- A e B ¥ Location of

rotated
depth slice

Tk
: miles l

kilometres
.

Gibson Gulch
graben

A A
Discont. Discont.
; LN ¢
o O miles 2 o O miles 2
- N - N
0 kilometres 3.2 [} 0 kilometres 3.2 [}

Fig. 11. Seismic section (cross-line 177) through (a) the seismic amplitude and (b) the ant-track attribute volumes with interpreted thrust and normal

faults. Rotated depth slices through the ant-track attribute volume showing discontinuities in (c¢) a stratigraphically higher interval and

(d) a stratigraphically lower interval of the Mesaverde Group (vertical locations of rotated depth slices are shown in seismic sections in a and b). The

location of seismic section A—A’ (cross-line 177) is shown in rotated depth slices in (c) and (d).


http://pg.lyellcollection.org/

Downloaded from http://pg.lyellcollection.org/ at Oregon State University on December 1, 2014

Fault and fracture distribution within tight-gas sands 215

Vertical slice through
seismic amplitude
volume

! Intermediate = “\\ Gibson Guich
level interpreted graben
faults

Interpreted thrust
and normal faults

Depth slice through / o

the ant-track attribute N
volume 3

Mesaverde

Price Coal — = 3 g = ¥  Vertical slice
- through seismic
amplitude
volume

Intermediate
level interpreted
faults

noise on
Interpreted thrust survey edge

and normal faults

Depth slice through
the ant-track attribute
volume

Fig. 12. Three-dimensional perspective views of interpreted basement-
involved thrust and normal faults, intermediate-level interpreted faults
and the Gibson Gulch Graben area.

3D seismic interpretation of faults

The type, distribution and orientation of faults vary stratigraphi-
cally. Below the middle Sandstone, small thrust and normal
faults are interpreted based on seismic reflection dip (rotated
fault blocks), which becomes horizontal compared to regional
structural dip (Fig. 11a). The small thrust faults terminate up-
section in the Rollins Sandstone Member, Cameo-Wheeler coal
zone and middle Sandstone (Fig. 11). The number of small thrust
faults is subjective; however, two key thrust faults are inter-
preted. The seismic amplitude and ant-track attribute volume
show NNW-, east-west- and NE-SW-trending discontinuities,
with the NNW-trend of the deep thrust and normal faults being
dominant (Figs 11c, d and 12). The thrust and normal faults can
be traced downwards to the Mancos Shale in the time volume,
but it is difficult to relate these thrusts to a basement fault or a
detachment surface owing to the limited extent of seismic data.
In the study area, the lack of observable slip on thrust and nor-
mal faults can be explained by positive inversion. (Coward 1994,
p. 289) describes the term ‘inversion’ as ‘regions which have
experienced a reversal in uplift or subsidence that is, areas which
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Fig. 13. (a) Schematic diagram of a classical positive inversion
structure. Stratigraphic intervals include pre-rift A, syn-rift B and post-
rift C. (b) Sequential diagrams to show the compressional inversion of
an extensional fault. The null point shifts down the syn-rift interval with
increased contractional inversion (modified from Williams e al. 1989).

have changed from being regions of subsidence to regions of
uplift, or vice versa’. When structural inversion occurs, the change
from subsidence to uplift is considered positive inversion, and the
change from uplift to subsidence is considered negative inversion
(Harding 1985; Williams et al. 1989; Coward 1994). Positive
inversion results in each fault retaining displacement caused by
extension and an anticline growth in the upper portion of faults
caused by contraction (Fig. 13) (Williams et a/. 1989). During the
contractional fault movement, the top and base sequence markers
move upwards, retaining their positions and either exhibit no dis-
placement or appear unfaulted (Fig. 13) (Williams ef al. 1989).
This point is defined as the null point, which shifts downwards
during the progressive movement of an extensional synrift
sequence caused by contraction (Fig. 13) (Williams e al. 1989).
Therefore, contraction following extension has caused individual
faults to retain net extension at depth, which explains the lack of
observable slip on seismic reflections and produces a null point at
the Mancos Shale level (Fig. 14) (Williams et al. 1989).
Basement features and their relationship to shallower structures
have long been discussed in the Piceance Basin. Particularly, Hoak
& Klawitter (1997) and Kuuskraa et al. (1997b) suggested base-
ment-controlled thrusting that causes faulting and fracturing in the
Mesaverde Group. In the study area, vertical sections through the
ant-track attribute volume indicate discontinuities at tip lines of the
thrust and normal faults (Fig. 11b). A small amount of offset on
shallow reflections and high ant-track attribute values appears to
continue up-section from the tip line of thrust and normal faults
(Fig. 11b). This relationship may have been complicated by over-
pressuring, which also plays a role in fracture occurrence. As pro-
duced in laboratory experiments, faults create perturbations in the
regional stress field at their terminations; thus, a fault tip creates
zones of increased tension and compression (Logan er al. 1979;
Kuuskraa et al. 1997b). As a result, fracture density and permea-
bility can be expected to be influenced by thrusting and faulting.
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Fig. 14. (a) Seismic section (cross-line
177) through the seismic data in time. The
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interpreted thrust fault can be traced back
to the Mancos Shale level. The lack of
observable slip on the faults is explained
by a null point as a consequence of
positive inversion, which resulted from a
change from extension to contraction in
the study area. (b) Inversion-type model
to explain the lack of observable slip on
faults. The location of the section (cross-
line 177) is shown in Figure 2.

In intermediate levels in the study area, reflectors exhibit
amplitude dimming, poor amplitude coherency and reflector off-
set. Depth slices through the ant-track attribute volume indicate
east-west- and NNE-trending discontinuities. It appears that
east-west-trending discontinuities become NNE-trending closer
to the Grand Hogback. The NE-trending Gibson Gulch Graben
is also evident (Figs 11 and 12). In shallow levels, east-west-
trending faults become dominant (Fig.11c). Within the upper
and middle Williams Fork Formation, the subsurface structure is
complicated owing to fracturing caused by overpressuring, and
faulting and fracturing related to basement structures. The ant-
track attribute anomalies may indicate higher fracture intensity
and faulting associated with thrust faults deeper in the Cameo-
Wheeler coal zone and Rollins Sandstone Member levels. It is
very likely that thrust and normal faults may penetrate through
this section and terminate as a broad area of fracture clusters.

3D seismic-based fracture intensity and distribution

Seismic attribute and fracture relationships were examined for
eight different zones throughout the seismic survey area. Additional

ant-track volumes were generated to analyse relationships between
fracture intensity and seismic attributes. The ant-track workflow
was adopted again to generate ant-track attribute volumes, except
that structural smoothing was omitted because, for fracture analy-
sis, small-scale discontinuities can be significant and structural
smoothing reduces these features. Structural smoothing when
applied tends to increase the continuity of the seismic reflectors;
therefore, it may cause the loss of events that may be related to
fractures. Ant-track attributes were extracted along the wellbores
and quantitatively and visually compared to fracture intensity (Fig.
15). In order to obtain an attribute volume that has the most rea-
sonable relationship with the fracture intensity, 20 different ant-
track attribute volumes (20 different realizations) were generated.
The correlation has been performed between the seismic attribute
values and fracture-intensity log values for the cells crossing the
wellbore. The cross-plotting of these quantities shows a reasonable
correlation. The relationships were examined for mechanical inter-
vals and exhibit correlation coefficients that range from 0.55 to
0.75 (Figs 15 & 16).

Higher r* values can indicate higher fracture intensity,
thicker fractured stratigraphic units or a combination of both;
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Fig. 15. Well Circle B. Land (see Fig. 7 for the location.). Data show a tadpole plot of natural fractures, gamma-ray log (API), ant-track attribute
extracted along the wellbore, fracture-intensity log, up-scaled fracture-intensity log and resampled ant-track attribute for two zones. The cumulative-
intensity log is displayed on the last track. Ant-track attribute extraction along the wellbore was done by using —50 to 50 as the start and end distance.
Two cross-plots (bottom) show the correlation between {logged/up-scaled} fracture intensity and the ant-track attribute for the two zones shown; the
correlation coefficients support the visual evidence for a relationship between the two quantities. The cross-plots shown include the data at all well
locations where the upscaling was done.
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Fig. 16. Seismic section (cross-line 177) through (a) the seismic amplitude and (b) the ant-track attribute volumes with interpreted thrust and normal
faults. Ant-track attributes were extracted along the wellbores, and quantitatively and visually compared to fracture intensity. The relationships were
examined for eight stratigraphic intervals and exhibit correlation coefficients that range from 0.55 to 0.75; in general, a positive relationship exists
between the ant-track attribute and the fracture intensity based on borehole images. Rotated depth slices show ant-track attributes for two stratigraphic
levels (locations are shown in b) as an indicator of potential fractured areas.
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normal faults. The #* attributes were extracted along the wellbores, and quantitatively and visually compared to fracture intensity. The relationships
were examined for eight stratigraphic intervals and exhibit correlation coefficients that range from 0.55 to 0.75. In the middle and upper Williams Fork
Formation (shown in green in b) interval, reasonable results were obtained; however, with greater depth in the lower Williams Fork Formation (shown
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however, frequency attenuation can also be caused by layering,
interference and multiples (Najmuddin 2003). In order to exam-
ine the relationship between #* attributes and fracture-intensity
logs, different #* attenuation attribute cubes were generated and
cross-plotted with up-scaled fracture-intensity logs for eight
mechanical zones. The cross-plotting of these two quantities
shows correlation coefficients that range from approximately
0.55 to 0.75. In the middle and upper Williams Fork Formation
interval, reasonable correlations were obtained; however, at
greater depth in the lower Williams Fork Formation, the rela-
tionship between fracture intensity and #* attributes has a lower
correlation coefficient that ranges from 0.2 to 0.35 (Fig. 17).
These lower correlation coefficients in the lower portion of the
Williams Fork Formation are due to attenuation of frequencies
by depth. Owing to attenuation, frequency content decreases.
As the frequency content changes, parameters such as high and
low frequency and the length of the extraction window (number
of cycles) that are acceptable for shallow intervals will no
longer be applicable for the lower Williams Fork Formation
(Fig. 17). This lower portion should be evaluated independently
by applying different high- and low-frequency values, and dif-
ferent extraction window length due to changes in the ampli-
tude spectrum of the frequencies.

DISCUSSION

Conductive fractures of the Mesaverde Group have a dominant
strike orientation of N45°W, and the strike orientation of resis-
tive fractures ranges from N40°W to N80°W. A NNE strike
orientation was also observed for a small number of resistive
fractures. The cause of scatter for resistive-fracture strike orien-
tation is unclear; however, it could be associated with changing
stress orientation through time. The natural fracture orientation
is believed to be primarily controlled by the horizontal com-
pressive stress orientation associated with the Laramide
Orogeny (Lorenz & Finley 1991). Sixty per cent of natural
fractures terminate against lithological boundaries, and 90% of
natural fractures occur in sandstones and siltstones. This is con-
sistent with interpretations of Lorenz & Finley (1989, 1991)
and Northrop & Frohne (1990). Based on architectural-element
logs, 70% of natural fractures occur in fluvial deposits and only
30% occur in marine deposits. The fluvial sandstone reservoirs
of the Mesaverde Group differ significantly from marine sand-
stone reservoirs. Fluvial reservoirs are lenticular in shape, are
commonly discontinuous, and contain internal lithological het-
erogeneities in terms of grain size, sedimentary structure and
permeability. Conversely, marine sandstone reservoirs are more
laterally continuous and have more uniform internal characteris-
tics, reflecting few internal discontinuities. Lorenz & Finley
(1989) indicated that the distribution of fractures appears to be
associated with depositional environment and associated litho-
logical variability (Lorenz & Finley 1989; Baytok 2010). In the
study area, this observation is obscured by the limited well
depths penetrating into deeper marine units, and fracture occur-
rences appear to show no apparent relationship regarding the
depositional environment (fluvial v. marine). Interpretations of
the origin of fracture formation are varied. However, a common
view is that fracture formation is likely to be associated with
high pore pressures related to burial, periods of regional uplift
and erosion, local faulting and folding, and regional stresses
(Pitman & Sprunt 1986; Lorenz & Finley 1989; Cumella &
Scheevel 2008).

In situ stress analysis based on induced-tensile fractures and
borehole breakouts reveals a NNW orientation of present-day
maximum horizontal compressive stress, which is consistent
with the orientation of conductive fractures in the area. Of

interest, in situ stress analysis also indicates approximately a
20° rotation in the stress field stratigraphically. Such informa-
tion is useful in reservoir-development planning and reservoir-
modelling predictions. Fracture strike and in situ stress
orientations derived from borehole-image logs are consistent
with previous interpretations (Verbeek & Grout 1984; Pitman &
Sprunt 1986; Lorenz & Finley 1989, 1991; Grout & Verbeek
1992; Hoak & Klawitter 1997; Nelson 2003).

Fracture intensity based on borehole-image logs is greater in
the southern and western portions of the study area (Fig. 7a).
This is concluded based on fracture-intensity maps and seismic
attribute depth slices. Wells with gas production rates that are
greater than 2BCF are present in the area where fracture inten-
sity is greatest. Even though some wells in the area are stimu-
lated by hydraulic fracturing, well estimated ultimate recovery
(EUR) rates show a consistent relationship between natural-frac-
ture intensity and productivity.

Relationships between the ant-track and #* attenuation attrib-
utes and fracture intensity were examined for eight stratigraphic
intervals and exhibit correlation coefficients that range from
0.55 to 0.75; in general, a moderate and positive relationship
exists. The 7* attenuation attribute, however, gives lower corre-
lation coefficient values of 0.2-0.35 in the lower Williams Fork
Formation. This is due to the different frequency content of the
seismic data and is explained by the attenuation of frequencies
with increasing depth. Vertical ant-track-attribute profiles and
rotated depth slices of ant-track attributes for two stratigraphic
levels show the distributions of potentially fractured areas in the
Mesaverde Group (Fig. 16). For the ¢* attributes, the difference
in correlation coefficient between the middle and upper Williams
Fork formations v. lower Williams Fork Formation (Fig. 17) is
believed to be caused, in part, by the different seismic properties
associated with these stratigraphic zones. In addition, because
frequency characteristics of seismic data change with depth and
frequencies are attenuated, differences associated with the seis-
mic attribute can exist that are not related to fracture intensity.

This study reveals the existence of thrust and normal faults
in the study area based on 3D seismic interpretation (Fig. 12)
(Baytok 2010). The thrust faults can be traced deep into the
Mancos Shale; however, seismic data coverage is unable to con-
firm the existence of a possible Mancos-level detachment and
the relationship of the thrust faults to deeper basement faults.
Hoak & Klawitter (1997) emphasized the importance of a
Mancos-level detachment in the central and eastern basin based
on detailed aeromagnetic data calibrated with seismic data. The
interpreted thrust faults might be related to a basement-involved
wedge whose surface expression is the Grand Hogback mono-
cline and NNW-trending intrabasin folds of the Wolf Creek and
Divide Creek anticlines south of the study area (Grout &
Verbeek 1992). Normal faults that are related to thrust faulting
are also interpreted in the study area. Thrust faults and normal
faults exhibit minimal to small-scale offset in the Rollins
Sandstone Member, Cameo-Wheeler coal zone and middle
Sandstone. The change in offset along the faults is explained by
positive inversion that resulted from fault reactivation.

CONCLUSIONS

The Piceance Basin of NW Colorado is one of several Rocky
Mountain basins that produce from fractured tight-gas sandstones
of the Mesaverde Group. The interpretation of borehole-image
logs indicates that conductive fractures occur in sandstones twice
as frequently as resistive fractures. Fracture-intensity maps and
seismic attributes show a variable distribution of fractures with
higher fracture intensity on the southern and western portions of
the study area. The orientation of present-day maximum horizontal
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compressive stress (S, ) is NNW in the area, based on borehole
breakouts and induced-tensile fractures. This orientation is consist-
ent with the strike orientation of conductive fractures of N45°W.
The dip azimuth of induced-tensile fractures and borehole break-
outs shows an approximately 20° clockwise rotation in the orien-
tation of S, and a 20° sudden shift at 72001t (2195m) in the
Rollins Sandstone Member. It is impossible to determine whether
there is a shift back below the depth of 7200ft (2195m) in the
Rollins Sandstone Member due to limited well depths. Fracture
analysis indicates that natural fractures (more than 90%) occur in
sandstones and siltstones, and terminate against lithological
boundaries. Only a few low-angle resistive fractures occur in
shale. Seventy per cent of fractures occur in fluvial deposits v.
30% in marine deposits. Based on the data, fracture occurrences
show no apparent relationship regarding the depositional environ-
ment (fluvial v. marine) and depth. Only one well penetrates deep
enough to have fracture data in the Cozzette and Corcoran marine
sandstone intervals, and the limited well depths cause a difficulty
in the interpretation of the depositional environment control on
the distribution of natural fractures. The magnitude of fracture
intensity in point bars, channel bars and crevasse splays does not
differ significantly; however, resistive fractures occur less often in
channel bars (middle and upper Williams Fork formations) than in
point bars and crevasse splays (lower Williams Fork Formation).
Seismic attribute analysis reveals correlation coefficients of 0.55—
0.75 for both ant-track and #* attenuation attributes between seis-
mic attributes and fracture intensity. Lower correlation coefficient
values of 0.2-0.35 are obtained for ¢* attenuation attributes alone
in the lowermost lower Williams Fork Formation.

In the study area, each stratigraphic surface and interval differs
in reflection continuity, reflection strength and reflection configu-
ration based on their structural and stratigraphic (depositional)
characteristics. For example, the seismic expression of the “undif-
ferentiated’ middle and upper Williams Fork Formation (braided-
fluvial deposits) exhibits poor amplitude coherency, amplitude
dimming and parallel-subparallel reflections. The ant-tracking
workflow, which was used to generate an enhanced fault volume,
helps to interpret the type, distribution and orientation of faults in
collaboration with the seismic amplitude and curvature volumes.
The results reveal the presence of small thrust and normal faults
deeper in the stratigraphic interval. Dip changes in reflections sug-
gest a rotation of the blocks as a consequence of thrusting, and
reflections become almost horizontal and differ from the regional
structural dip. The lack of observable slip on the faults at Mancos
Shale level is explained by positive inversion that caused the reac-
tivation of faults, and caused markers to move upwards and retain
their positions, exhibiting no displacement or appearing unfaulted.
Depth slices through the ant-track attribute volume in the lower
part of the stratigraphic interval that was analysed show NNW-,
east-west- and NE-SW-trending discontinuities; however, the
NNW strike orientation of thrust and normal faults appears to be
dominant. The amplitude dimming, poor amplitude coherency and
reflector offset in the ‘undifferentiated” middle and upper Williams
Fork Formation interval results in a highly complex ant-track
attribute expression of discontinuities that makes interpretation of
individual faults difficult. Depth slices through the ant-track attrib-
ute volume for the middle and upper Williams Fork formations
indicate that the east-west- and NNE-trending discontinuities are
more prevalent towards the Grand Hogback monocline. The Price
Coal, Ohio Creek Member and stratigraphically shallower inter-
vals exhibit only east-west-trending discontinuities.
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