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Case History

Crosswell seismic imaging for deep gas reservoir characterization
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ABSTRACT

A gas discovery in the Shengping area of the Daging Oil-
field in China was made recently in a large-scale volcanic
depositional environment. Because gasin the heterogeneities
of formationsbroken by tectonic activity andlocalized vol ca-
nic eruptions is not common, researchers sought a more de-
tailed reservoir characterization before developing the field.
Crosswell seismic data were used to augment existing 3D
surface seismic, log, and core data. Thisprovided dataat five
times the resol ution of the surface seismic datato bridge the
gap in resolution between surface seismic and well data
Crosswell seismic data were acquired in two wells, 832 m
apart, and processed to provideimages of reflectivity, veloci-
ty, and formation properties from sections produced by am-
plitude-versus-angle (AVA) inversion. The state of theart in
crosswell seismic is summarized briefly, reviewing progress
in data acquisition and data processing over several decades
of crosswell technology development. A detailed description
of the dataacquisition and data processing applied to the data
fromthe Shengping areaisalso given. Anintegrated interpre-
tation of the crosswell images with the surface seismic and
log datawas used to produce amore detailed geol ogic model.
The enhanced geologic model is being used to plan strategic
development of the reservoir and to evaluate possible infill
well locations.

INTRODUCTION

A new deeper gas field was discovered recently near the outer
boundary of the prolific Daging Qilfield. The newly discovered gas
fieldislocatedin alarge-scalevol canic depositional environment.

The Shengping area, part of the Songliao Basin, has deep Sha-
hezhi and Huoshiling dark mudstones and coa seams as a main
source of gas. Gas production zones are located in the Yingcheng
volcanic and glutenite formations. The Yingcheng formation is the
result of large-scale volcanic deposition. Core analysis shows that
the volcanic gas-reservoir interval has fracture zones and open
pores. The gas zones are shown in thelogs of Figure 1 in addition to
therock typesfrom 2400 m to total depth (TD). The volcanic reser-
voir has fracture zones, melt pores, shrinkage joints, and other fea-
turesthat contribute to significant heterogeneity inthereservoir. The
relatively low-resolution surface-seismic datain Figure 2 (with an
upper frequency of about 50 Hz) makes mapping the detailed reser-
voir structure and its lateral extent very difficult. From analysis of
well logs, the reservoir zones are typically 3-5 m thick, well below
theresolution of surface seismic data.

Researchers selected crosswell seismic datato providehigher res-
olution reservoir description, combined with existing 3D surface
seismic, VSP, and log data. Crosswell seismic datawas chosen with
these specific objectives: (1) map lateral changesand extent of reser-
voir formation betweenwells, (2) providecritical reservoir-distribu-
tion information to optimize the gas-field devel opment plan, and (3)
selectinfill well locations between the existing exploration and eval-
uation wells. Asalocation where infill well opportunities might ex-
ist, researchers selected the area around the SS-2-17 and SSG-2
wellsfor reservoir characterization (see Figure 3). Their goal wasan
integrated interpretation using all available datato enhance the geo-
logic model of thearea.

REVIEW OF THE STATE OF THE
ART IN CROSSWELL SEISMIC

Crosswell seismic technology has been under devel opment since
the early 1980swith many research groupsinside major E & Pcom-
paniesinvolvedinearly experiments(Linesetal., 1993). Initialy re-
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searchers focused on tomographic inversion of direct-path travel-
time data to produce velocity images. Early source technology was
limited in reach to about 100 m between wells, and wells had to ex-
tend past the reservoir interval for the tomographic image to have
full coverage. During the 1990s, researchers at Stanford University
demonstrated reflection imaging using crosswell seismic data (Har-
riset a., 1995). Over the past 15 years, crosswell seismic technolo-
gy advances have occurred primarily in the area of improved down-
hole sources and enhanced data processing and analysis methods. A
recent search of the online SEG database revealed 257 referencesto
crosswell seismic methods. The Daging gas-field study isone of the
most challenging large-scale projectsin Chinato consider crosswell
dataacquisition.
Thebenefits of advanced crosswell sei smictechnology include:

* Improved understanding of thereservoir withimpact on all phas-
esof exploitationand recovery.

Figure 1. Gas-formation characteristicsin well logs from well SSG-2. Rock types from

2400 mtoTD arelisted.

Figure 2. Therelatively low-resol ution surface seismic data between SS-2-17 and SSG-2
(left), with an upper frequency of about 50 Hz (right), makes mapping of the reservoir

structureand lateral extent very difficult.

* Increased distance betweenwells.

e Improved efficiency and lower cost.

e Morerobust processing and interpretation.
* Reduced impact on production operations.

Innovativetechnol ogiesintroduced in the past decadeinclude:
Acquisition

* More powerful sources providing for operation up to 1 km be-
tweenwells(Antonelli etal., 2004).

e Multilevel receivers for enhanced efficiency (Li and Majer,
2003).

Dataprocessing

« Fully 3D imaging framework (Washbourneet al ., 2002b).
e Tl anisotropy estimated in inversion and applied in ray tracing
(Jervisetal., 2000).
e Pre-stack migration (Byunetal., 2001).
» Reflection tomography — no missing cover-
ageat TD (Washbourneet al ., 2002a).
» Crosswell amplitude decomposition and AVA
inversion (asdescribed here).
 Difference tomography for time-lapse appli-
cations(Bryans, 2004).
e Attenuation tomography (Carrillo et .,
2007).

DATA ACQUISITION AND
PROCESSING METHODS

Researchers collected datafrom one crosswell
seismic profile (survey between apair of wells) in
the Shengping area of the Daging Oilfield during
September 2005. The crosswell seismic piezo-
electric source was deployed in the SS-2-17 well
(Figure 3). A multilevel, high-frequency, down-
hole hydrophone-receiver system was deployed
in the SSG-2 well (Figure 3). The distance be-
tween the two wells at the surface was 832 m,
which was a well separation greater than most
previous crosswell surveys reported to date in
China. The objective imaging zone was from
2500-3400 m. During dataacquisition, the down-
hole seismic source was positioned at depths be-
tween 2154-3093 m, and the downhole seismic
receiver was positioned at depths from 2229—
3366 m. Both source spacing and receiver-level
spacing were 3 m, providing a finely sampled
data set. A high degree of redundancy (fold) re-
sulted for crosswell seismic tomographic inver-
sion and reflection imaging. In addition, the fine
sampling allowed multichannel wavefield sepa-
ration filtering of thetime-domain crosswell seis-
mic data. Because well spacing was very large
compared with normal crosswell seismic profiles,
researchers used a configured downhole seismic
source to increase the energy. Two piezoelectric
sources operated simultaneously in the source
well, resulting in a longer source with twice the
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output. The source sweep frequency range was from 100 Hz—1000
Hz. This source configuration is estimated to increase energy by
6 dB andimprovethesignal-to-noiseratio.

Operational challenges included high noise levels in the source
and receiver wells. The major noise source was from gas movement
between different zones behind the casing. Researchers applied f-k
filtering to thetime-domain datain thefield to enhance the direct ar-
rival and reflected wavefiel ds. See Figure4 for examplesof common
source-and-receiver gathers (raw data), where high-amplitude re-
flections are identified with black arrows. There were 81,330 traces
of crosswell seismic data acquired successfully for the profile sepa-
rated by 832 m.

Processing of the crosswell seismic data set is conducted in two
major phases: tomographicinversion to produce animage of veloci-
ty between the two wells and a velocity model, and reflection imag-
ing. Figures5and 6 outlinethe stepsin each processing phase. Inthis
study, researchers used AVA gathers from the reflection-imaging
processtoinvert for velocity and density sections between thewells
to enable better interpretation of formation properties between the
two wells. Theinversion used reflectivity at each offset ocation be-
tween the wells asafunction of angle asthe input to the AVA inver-
sion process. Incidence angles in the crosswell data as measured
from the vertical arein therange of approximately 40° to more than
85°, agreater-than-typical range in surface seismic AV O inversion.
Figure 7 illustrates an example of a crosswell AVA gather from an
offset of 192.5 mfromthereceiver well.

Based on the large vertical zone of interest for crosswell seismic
imaging, reflection seismic datafrom above the source and receiver
positions (downgoing reflections) were used in addition toreflection
data from below the source and receiver positions (upgoing reflec-
tions). This process reduces the number of levels to be acquired to

Figure3. Theareaaround the SS-2-17 and SSG-2 wellswas sel ected
for characterization using the crosswell seismic method and asalo-
cationwhereinfill well opportunitiesmight exist.

cover atall zone of interest (D’ Agosto et a., 2006). Researchers
used similar data-processing flowsfor both upgoing and downgoing
reflection images, with the exception of the up/down reflection sepa-
ration step of thewavefield separation processing.

Data processing and velocity tomography

In the crosswell seismic tomographic processing sequence, each
trace was first noise-edited with diversity stacking and crosscorre-
lated with the pilot signal (sweep). Then the correlated data were
stacked to generate a3-m depth increment in both the source and re-
ceiver well. Crosswell data often contain tube waves of high ampli-
tude. Tube waves are strong signals that travel within the well and
can affect the energy content of refl ections. Tube waveswereidenti-
fied in common source-and-receiver gathers. As a result of tube-
wave noise, both coherent and random in the data, areject filter was
applied in two crosswell domains: common-receiver gather (CRG)
and common-source gather (CSG). A 17-point median filter (time-
domain wavefield) was designed to reject the upgoing and downgo-
ing tube waves. In addition the data were zero-phase, band-passfil -
tered (time domain) with an Ormsby filter using corner frequencies
(225 Hz ~ 250 Hz ~ 750 Hz ~ 850 Hz) prior to first-arrival time
picking.

a)

b)

Figure4. Exampleof raw data. (a) Common-sourcegather. (b) Com-
mon-receiver gather. Arrowsindicate eventsrel ated to reflections.
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Then weidentified and picked the crosswell seismic P-wavefirst
arrivalsinfour domains: common-receiver gather (CRG), common-
source gather (CSG), common-offset gather (COG) and common-
mid-depth gather (CMG). The complexity of the crosswell wave-
field sometimes makes it difficult to identify the first arrivals.
The four domains allow redundant confirmation of the picks. The
P-wave first-arrival pick times were considered as input to the
3D anisotropic traveltime inversion. The crosswell seismic 3D an-
isotropic traveltime-tomography agorithm (Washbourne et a.,
2002b) produces an image of seismic velocity between wells using
thenonlinear continuation strategy of Bubeand Langan (1999).

Figure 5. Crosswell seismic datatomographic-inversion processing
stepsand flowchart.

Figure 6. Crosswell seismic data reflection-imaging processing
stepsand flowchart.

Coherent wave modesin the time-domain wavefield can contrib-
utenoisetothefinal stacked image. These wave modesinclude com-
pressional direct arrivals, shear direct arrivals and shear reflections.
These wave modes are removed through spatial filtering. In this
project, unwanted wave modes were attenuated using spatial filters
(usually f-k fan or median filters) applied in various crosswell sort
domains. Wavefield-separated data were deconvolved with a zero-
phasespikingfilter.

Reflection amplitudes recorded in crosswell seismic data are af-
fected by several factorsthat are not related to the reflection coeffi-
cient of areflecting horizon. The goal of amplitude normalizationis
to correct the amplitudes of time-domain data before mapping.
Here the amplitude normalization used to balance amplitude
was computed trace-by-trace over the time window —10 ms to
+100 msaround the P-wavefirst-arrival time.

Reflection imaging

The wavefield-separated crosswell seismic datain the study were
V SP-CDPdepth mapped, asin offset-V SPdataprocessing, using the
velocity model from the crosswell seismic traveltimeinversion. Re-
searcherscarried out apost-map migration (Byun et al ., 2001) onthe
V SP-CDP-mapped datavolumeto collapse diffractionsand produce
thefinal crosswell seismic reflection image. Becausethereisawide
range of incidence angles present in acrosswell seismic dataset and
thewavel et and refl ection character changewithincidenceangle, the
angle-transformed AVA data volume is another natural domain for
dataanalysis. Anglemuting wasused in thiscaseto select anglesthat

Figure 7. Crosswell AVA gather from an offset of 192.5 m from the
receiver well.
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maintain adequate SNR while best approximat-
ing the vertical incidence response. Following
stacking of the AVA data volume, we applied a
depth-domain bandpass filter and short mix
across traces to improve the SNR in the stacked
final reflectionimage.

AVA reflectivity inversion

We applied amplitude compensation to the
crosswell datato preservereflectivity amplitudes
in the AVA gathers. Direct-arrival amplitudes
were used as input to an amplitude decomposi-
tion that describes amplitude as made up of
source, receiver, and absolute offset (vertical
offset = source depth — receiver depth) terms.
The source-and-receiver terms take into account
near-wellbore effects such as formation imped-
ance, theinterfaces between fluid and casing, flu-
id and cement, and cement and casing, and equip-
ment effects like depth-dependent source ampli-
tude, or channel-to-channel gain and sensitivity
differencesin the receiver system. The absolute-
offset term accounts for angle dependence in the
source-and-receiver radiation patternsin addition
to propagation effects such as transmission coef-
ficients, distance, and attenuation. We derived
petrophysical properties using AVA inversion
based on linearized approximations to Zoeppritz
equations (D’ Agosto et a., 2008). Researchers
obtained dVp/Vp, dVs/Vs, and dp/p with alinear,
|east-squares inversion approach. Then the low-
frequency trend was added for the AVA inversion
output (Vp,Vs) and density inversions. The low-
frequency trend for Vp was derived from the
crosswell seismic velocity image from tomogra-
phic inversion. Resulting Vp and density values
were combined to generate an acoustic imped-
ancesection.

Crosswell seismic images, interpretation
and integration

Figure 8 depictsthefina compressional veloc-
ity image from the tomographic inversion result.
Well-log data (gammaray, acoustic, and density)
and tomographic velocity valuefrom the edges of
thevelocity profileare plotted on both sides of the
velocity imageto assist in correlating and validat-
ing tomographic inversion results. Researchers
employed this crosswell seismic velocity image
as the velocity model for reflection imaging and
asthelow-frequency trend used with the AVA in-
version output to produceafinal Vp section.

Downgoing reflections have a polarity oppo-
site to upgoing reflections because of changesin
the reflection coefficients during the incidence
process of awave. The downgoing reflectionim-
age was polarity flipped and then combined with
the upgoing reflection section in a final image.
Figure 9 illustrates the combined upgoing and

Figure 8. Final compressional velocity image from the tomographic-inverted velocity
model. Tomogram vel ocity values and well-log datafor source (left) and receiver (right)
wellsaredepicted.

Figure9. Final composite combined-reflectionimage and tomographic-inverted vel ocity
model. Well-log data, tomogram velocity values, and synthetic seismograms for source
(left) and receiver (right) wellsareillustrated. Notethat synthetic seismogramsmatch the
reflectionimage closely.
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downgoing reflection image, overlaid on the fina velocity image
from tomographicinversion. |naddition to well-log dataand tomog-
raphic velocities logs, synthetic seismograms were plotted and cor-
related with themajor seismic eventspresent in thereflectionimage.
In comparison with the 50-Hz surface seismic data (Figure 10), the
crosswell seismic profile has at least five times the resol ution of the
surface seismic dataand reveal sthe detailed subsei smic-scal e struc-
turewith aresolution of 3-5 m.

Figure 10. Comparison of the 50-Hz surface seismic datawith cross-
well seismic datashowsthat the profile hasat | east fivetimestheres-
olution of surface seismic data and reveals the detailed subseismic-
scalestructurewith aresolutionof 3 to 5 m.

Daging Oilfield interpreters used the final crosswell seismic re-
flection image to map the detailed reservoir structure between the
twowells (Figure 11). Faultsthat are expressed subtly in the surface
seismic dataare quite clear in the crosswell images, and an addition-
al scale of reservoir datais available in the crosswell structural im-
ageto enhance the geologic model. AVA inversion resultswere used
to produce an impedance section (Figure 12) and a density section
(Figure 13). From the well positions located at the edges of the im-
pedance and density images obtained, values were extracted and
plotted along with therest of thewell-log data. These datawere used
to derive additional interpretive displaysdiscussed below.

Instantaneous amplitude, or reflection strength, isthe square root
of thetotal energy of theseismic signal at aninstant of time. Thenre-
flection strength can be thought of as amplitude independent of
phase. It is the envelope of the seismic trace. Therefore reflection
strength is always positive and always in the same order of magni-
tude as the recorded trace data. Reflection strength is an effective
tool to identify bright and dim spots. It provides information about
contrasts in acoustic impedance. Latera changes in reflection
strength are often associated with major lithologic changes or with
hydrocarbon accumulations. Gas reservoirs, in particular, appear
frequently ashigh-amplitude* bright spot” reflections.

The reflection-strength AC component (Figure 14) was derived
based on crosswell seismic reflectivity data. The reflection-strength
AC component is the amplitude envel ope (reflection strength) with
the DC component removed. It is suggested that such a display
would make the locations of energy maxima more obvious in the
seismic section. The reflection-strength AC component has essen-

Figure 11. Structure and fault interpretation from thefinal reflection image between the two wells. Faultsthat are expressed subtly at best inthe

surface seismic dataare quite clear inthecrosswell images.
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Figure12. Final AV A-Vpinverted acoustic-imped-
anceimage. Well-log information and AVA-Vpin-
verted acoustic-impedance values at wellsare plot-
ted on both sides of theimpedanceimage. Notethe
correlation between impedancelog (red), sonic ve-
locity log (blue), and density log (black) between
2600-3100 m (well SS-2-17) and 2600-3300 m
(well SSG-2).

Figure 13. Fina AVA-inverted density image.
For low-frequency content, inversion results (red)
show correlation with the density log (black) be-
tween 2600-3100 m (well SS-2-17) and 2600—
3000 m (well SSG-2).
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tially the same uses as reflection strength, but because its data has
both positive and negative values, it can be analyzed with standard
color maps and subjected to trace mixing or other data-enhancement
processes. Reflection-strength data, becauseitisonly positive, isnot
suitablefor many typesof analysisand processing.

Researchers found reflection-strength AC-component data to be
an indicator of volcanic formations based on well control. In addi-
tion, thisattributewas used to map lateral variationsof lithology for-
mation. The analysis showed that the Glutinite in SS-2-17 (2740
~ 2862 m) and pebbled sandstonein SSG-2 (2876 ~ 2900 m) have
reflection-intensity changes, but they are weaker than in volcanic
rocks. Low-impedance zones were identified (see Figure 15). The
impedance profileis derived from crosswell seismic datawith inter-
pretation of gas zones based on the presence of low impedance. Us-
ing theimpedance profile, we can seetwo low-impedance zones (red
and purple) in the Y C3-4 group and one low-impedance zone in the
Y C3-3 group that are associated with the gasreservoir. Onelow-im-
pedancezone (vol canic deposit facies) intheY C4 group matchesthe

Figure 14. Researchers used the reflection-strength AC component
to analyze the quality of amplitude anomaly and to map the lateral
variations of lithology formation. The reflection-strength AC com-
ponent isthe deviation after removal of the average value (DC com-
ponent) of reflection strength.

Figure 15. Theimpedance profilewas used for res-
ervoir prediction. Two low-impedance zones (red
or purple) in theY C3-4 group and one low-imped-
ance zonein the'Y C3-3 group were predicted from
the impedance profile. One low-impedance zone
(volcanic deposit facies) in'Y C4 group matched the
gaszoneinthe SSG-2well.

known gas zoneinthewell SSG-2. Anintegrated interpretation pro-
duced the final integrated reservoir-scale geologic model in Figure
16. This detailed subseismic geologic model has at least five times
theresol ution of the geol ogic model produced with previously avail-
able surface seismic data. In addition to enhancing what isknown of
thereservoir, the more detailed information is used to evaluate infill
well locationsfor gas-field devel opment.

After the integration of surface seismic data, crosswell seismic
data, log-data interpretation, and different crosswell seismic at-
tribute analyses, the final integrated gas-reservoir evaluation profile
wascreated (seeFigure 17). During thefinal integration study phase,
the crosswell seismic-derived attributes of instantaneous frequency,
instantaneous phase, reflection-intensity AC component, seismic
impedance, interval velocity, density, calculated gamma, inverted
Poisson’sratio, spectral decomposition, and coherencewerederived
and analyzed with the reservoir-scale structural interpretation to
map and describethe gasreservoir distribution between two wells.
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Figure 17. Final integrated interpretati on of gas-reservoir distribution and profile evalua-
tion. Gamma ray, density, P-wave velocity, and tomogram velocity logs at wells are

showningreen, black, blue, and red, respectively.

CONCLUSION

Based on additional resolution provided by crosswell seismic data
in imaging formations between the wells, researchers devel oped an
enhanced geologic model of the Shengping gasfield. The crosswell
reflection dataprovided greater detail in reservoir structure between
wells, revealing small-scale faulting that was incorporated into the
geologic model. AVA inversion of the crosswell data provided new
insight into reservoir formation properties. Ties of the inverted im-
pedance to well control allowed imaging of the distribution of gas
zonesbetweenwells.

Researchers are using the enhanced reservoir model resulting
from integrated interpretation of surface seismic data, log-derived
information, and crosswell seismicimagesto plan strategic devel op-
ment of the reservoir and to evaluate possible infill well locations.
Thisstudy demonstratestherol e of crosswell seismic datain provid-
ing information tofill the gap between surface seismic and log data.

Figure 16. Final integrated interpretation of reservoir-scale geolog-
ic-structure profile. Notethat well logs— gammaray (green), densi-
ty (black), P-wave velocity (blue), and tomogram velocity (red) —
follow the geology of thearea.

Thesuccessful application of crosswell datafrom
wells separated by over 800 m makes crosswell
seismic data a candidate method for integrated
reservoir characterization between wellsin many
oil and gasfields.
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