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4-D, 9-C Delineates Key CBM Variables
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Chris Ansorger

and Steven L. Roche

GOLDEN, CO.—The Rulison Field in
the Piceance Basin in western Colorado
isthe site of the world’s deepest coalbed
natural gas production, with wells pro-
ducing methane gas from coal beds at
depthsof 7,200-8,000 feet. CBNGispro-
duced from tectonically-enhanced frac-
ture zones in the coals. Time-lapse mul-
ticomponent 3-D seismic data have been
used to identify thetectonically enhanced
fracture zonesin the coal interval.

The Rulison Field is a basin-centered
gas accumulation with a production his-
tory dating to the 1960s. It is located
along the Colorado River between the
Mamm Creek Field to the east and the
Parachute and Grand Valley fieldsto the
west. The target reservoir is made up of
fluvial deltaic sandstonesand coalsinthe
lower part of the Cretaceous Williams
Fork formation, and alluvial-plain sand-
stones in the upper part.

Wells produce from the Cameo Coal
interval and the overlying tight gas sand
interval of the Williams Fork. The ma-
trix permeability of the sandstonesranges
between 5 and 80 microDarcies, and nat-
ural fracturesin the tight sands signifi-
cantly enhance relative permeability to
gas. Permeability enhancement through
hydraulic fracturing is greatest when the
fracture stimulation connects the natural
fracture network to the well bore.

The Cameo Coal constitutes reservoir
aswell as sourcerock. The coals contain
natural fractures, but at the depth of pro-
duction in Rulison Field, cleat permeabili-
ty isinthe microDarcy range. Well produc-
tivity depends substantially on enhanced
permeability through tectonic fractures.
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Multiple 9-C Surveys

Multicomponent 3-D seismic monitor-
ing isbeing conducted at the Rulison Field
under the direction of the Colorado School
of Mines' Reservoir Characterization Pro-
ject. Three multicomponent (9-C) seismic
surveys have been acquired to date. The
first survey was acquired in 2003, arepeat
survey was shot in 2004, and then another
in2006 (Figurel). Theoperator of thefield,
Williams Production Company, isconduct-
ing an ongoing infill drilling programto re-
duce devel opment spacing to 10 acres (660
feet) between wells.

Most wells are completed in multiple
stacked, lenticular tight sands and coals,
starting with the upper low-permeability
sandstoneinterval and extending into the

FIGURE 1

Cameo Coal zone. The overpressured net
pay interval averages 1,000-1,200 feet in
thickness. Typically, multiple hydraulic
fracture stages (generally between four
and six) are completed in each well.
Conventional compressional (P) wave
seismic data have done little to augment
this reservoir. Multicomponent data give
different images of the reservoir, and
these images are of value for fault and
fracture delineation, and for detecting
gas-saturated intervals. Conseguently,
multicomponent seismic surveys were
shot to determineif the data could detect
the fracture zones that control the per-
meability structurein the reservoir.
Experience has shown that the seis-
mic character in the reservoir interval is
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FIGURE 2

P-Wave Time Structure Map (Top of Cameo Coal)

generally different between compres-
sional and shear (S) waves. This differ-
enceisthe result of the different imped-
ances that are affecting the seismic
response of these two wave modes.

Compressional waves are sensitive to
the presence of gas, which affects bulk
compressibility. Because Swavesare un-
affected by gas, shear energy is better for
imaging this gas reservoir. Natural frac-
turing is another significant factor. S
waves are much more sensitive to frac-
tures than P waves. Shear waves are af -
fected by rigidity, whereas P waves are
affected by compressibility and rigidity.
Therefore, changes in the reflectivity of
shear waves can be attributed to changes
in rigidity caused by fractures.

Project Objectives

In regard to the Williams Fork Sand-
stones, time-lapsing the multicomponent
dataassistsindetecting“ sweet spots” with
high natural fracture permeability in the
tight gas reservoir, as well as monitoring
reservoir conformance asthefield is de-
veloped. For the coals, the 9-C surveys
were shot to characterizethetectonic frac-
tures that control permeability in the
Cameo reservoir. Once production com-
mences, pore pressure declines, which
leads to fracture closure and diminishing
permeability. As aresult, well production
drops rapidly with an early flush of pro-
duction from the fractures, followed by
gas desorption from the matrix.

Solid State Geophysical Ltd. acquired
thetime-lgpse multicomponent 3-D datafor

the Reservoir Characterization Project us-
ing the Input/Output (now ION Geo-
physica Corp.) Vectorseis™ radio teleme-
try system in 2003 and a cable telemetry
system in both the 2004 and 2006 surveys.
P- and S-wave vibrators were used to ac-
quire afull-wave field (9-C) survey. Sub-
surfacebin sizewas55 X 55feet, with 1,500
single Vectorseis sensor locations and 770
source locations, with three components of
source located at each point. The grid was
located asasinglelive patch throughout the
survey area, with receiver line spacing of
330 feet and sourceline spacing of 660 feet.

FIGURE 3

Daaquality isexcellent.

A time structure map on the top of the
Cameo Codl interval is shown in Figure
2. Note the area of high curvature on the
flank of the Rulison Field “nose” in the
central portion of the study area. Thisis
an area of natural fracturing associated
with folding and extension related to a
wrench fault zone.

Overpressurein the Rulison Fieldisa
result of active gas generation in the coals.
Pressuredepl etion fromfractured coal beds
creates time-lapse seismic anomalies that
are observed on elapsed time surveys. As
pressures are lowered, the fracture systems
close and seismic impedance increases.
This response can be seen with time-lapse
seismology, since the fractures are dynam-
ic and change in responseto changesin ef-
fective stress.

In addition, as pressures are depleted in
thereservoir interval abovethecoals, it cre-
aes the potentia for methane gasto remi-
grate from the coals into the overlying
reservoir rocks. Gas remigration through
the fracture network is a possible explana
tionfor abnormally high-productivity wells
that are connected through the fracture sys-
tem, andinfact, time-lapse difference map-
ping of the Cameo Codl interval supports
thisremigration hypothesis.

The coals are dry and devoid of free
water. Pressure gradientsup to 0.8 psi/foot
have been observed in the coal interval. A
high-permeability fairway, or sweet spot,
related to tectonic fracturing associated
with the wrench fault system ispresent in
the central region of the survey area.
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FIGURE 4A

FIGURE 4B

P-Wave RMS Amplitude Difference

(20-Millisecond Window at Top of Cameo)

2003-06 Production

(Wells Scaled to Bubble Size)
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Critical Component

Time-lapse seismic data demonstrate
that the coal beds are a critical compo-
nent of the tight gas resource at the
Rulison Field. Lowering pore pressurein
the coal interval causes an increase in ef-
fective stress and an increase in velocity
and density, or acoustic impedance in the
coalsasaresult of adecreasein pore pres-
sure and crack closure. Monitoring this
change in effective stress enables the es-
tablishment of connectivity inthe coa bed
methane reservoir.

Comparing the 2006 survey results to
the 2003 9-C datareveal sareas of change
within both the upper and lower sections
of Cameo Codl interval. For example, the
P-wave time-lapse datain Figure 3 show
root mean square (RMS) amplitude dif-
ference anomalies between 2006 and
2003 in the coal interval, superimposed
on aline from the 2003 survey. An RMS

FIGURE 5A

Inversion Volumes Difference

amplitude extraction from a 20-millisec-
ond window hung off the top of the
Cameo on the P-wave time-lapse differ-
ence volume shows anomaliesin the coal
interval in the northern part of the study
area (Figure 4A).

Interestingly, theseanomaliescoincide
with the best wellsin the field that have
been drilled since 2003 (more than 100
wells have been drilled in the study area,
withroughly one-fifth of them since 2003,
when the Reservoir Characterization
Project became involved in the Rulison
Field). In short, high production occurs
because of high pore pressures and tec-
tonic fracturing.

These wells were stimulated by hy-
draulically fracturing the Cameo interval
inasingle frac stage. The hydraulic frac-
ture effectively hooks up the natural
plumbing network of tectonic fracturesin
the coal. The fractures preferentialy form

FIGURE 5B

(Vertical Connectivity Through Cameo Coal)

in the sandstone beds in proximity to the
coals, and serveto drain the coals through
theinteraction of thenatural fractureswith
the induced hydraulic fracture(s).

Cameo Coal Correlations

When well production is compared to
the difference map, the larger-volume
wells correlate with the areas of greatest
change in the upper Cameo interval
(Figure 4B). High production relates to
high fracture connectivity. Figure 5A
contains aline from the difference of the
inversion volumes that shows vertical
connectivity through the coal interval.
The lower Cameo Coal interval contains
thethicker, more continuouscoals, which
are connected through tectonic fractures
and hydraulicfracturesto the upper coals.

However, the largest differences oc-
cur in the lower coal interval. Figure 5B
shows an interval difference anomaly in

Interval Difference Anomaly

in Lower Cameo Coal-D
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the lower Cameo Coal-D interval, which
corresponds to 15-millisecond window
hung from the Coal-D marker at 1,255
milliseconds on Figure 5A.

A key interpretative tool with multi-
component seismic datais calculating the
ratio between the velocity of the P wave
versusthevel ocity of the Swave (Vp/Vs).
Previous work at Rulison Field has indi-
cated that low Vp/Vsisan indication of
gas saturation, making it a potential tool
in future exploration and production

work. A second key measurement issels-
mic S-wave azimuthal anisotropy. Areas
of high anisotropy tend to correspond to
areas of high fracture density in thisfield.

Sweet spotsin unconventiond playsare
those zones with the greatest storage ca-
pacity and the highest fracture density/con-
nectivity for high-productivity wells. Time-
|apse selsmic data show that sweet spotsin
the Rulison Field are related to tectonic
fracturing in the Cameo Coal interval, as
well as overlying zones of natural fractur-

ing connected to the Cameo source beds.
For the field’s exploration and produc-
tion strategy, the key isto find the faults
using multicomponent seismology and
then high gradethebetter reservoir through
acombination of V p/V smeasurementsand
S-wave azimuthal anisotropy. A develop-
ment strategy is to monitor the reservoir
during the early phases of development
with time-lapse multicomponent to accel-
erate production from the better quality
reservoir first. d
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