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comparison of passive seismic monitoring of fracture stimulation
rom water and CO2 injection
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ABSTRACT

Hydraulic fracturing is used to create pathways for fluid mi-
gration and to stimulate production. Usually, water is the injected
fluid, although alternative fluids such as carbon dioxide �CO2�
have been used recently. The amount of fracturing that CO2 can
induce is also of interest for the security of carbon capture and
storage. Hydraulic fracturing is usually monitored using passive
seismic arrays, detecting microseismic events generated by the
fracturing. It is of interest to compare the amount of seismicity
that CO2 injection can generate in comparison with water. With
this in mind, we have analyzed a passive seismic data set moni-
toring the injection of water and supercritical CO2 under very
similar conditions, allowing us to make a direct comparison be-
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ween the fluids. We examined event locations and event magni-
udes, and we used shear-wave splitting to image the fractures
hat are generated. For both fluids,the event locations map the
ormation of fractures moving away from the injection well with
ormals parallel to the minimum principal stress. The events dur-
ng water injection are limited to the injection depth, while dur-
ng CO2 injection, activity migrates above the injection depth.
vent magnitudes are similar in both cases, and larger event mag-
itudes appear to correlate with higher injection pressures.
hear-wave splitting suggests that water injection generates
ore fractures, though the data quality is not good enough to
ake a robust conclusion about this. The comparability between
ater and CO2 injection means that lessons can be learned from

he abundant experience of conventional water injection.
INTRODUCTION

Hydraulic fracturing provides a tool that increases the permeabili-
y of a reservoir, stimulating increased production. Water and water-
ased gels have been the main fluids injected to generate hydraulic
racturing. However, other fluids such as steam and carbon dioxide
CO2� are increasingly being used to stimulate production. CO2 is
lso being injected into some reservoirs �most notably Weyburn and
leipner� for storage purposes. In this paper, we compare the results
f passive seismic monitoring of CO2 and water injection to evaluate
he fluids’effectiveness at inducing fractures.

Hydraulic fracturing is commonly monitored using passive seis-
ic techniques. By placing geophones downhole in or near the reser-

oir, it is possible to detect microseismic events generated by frac-
uring. Many of the techniques used to analyze the recorded data are
erived from global earthquake seismology. Analysis of event loca-
ions �e.g., De Meersman et al., 2006�, focal mechanisms and magni-
udes �e.g., Rutledge et al., 2004�, and wave-propagation effects
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uch as shear-wave splitting �e.g., Teanby et al., 2004a� can provide
nformation about the stress state in the reservoir, pressure fronts in-
uced by injection, and the geometry and intensity of fracturing in
nd around the reservoir. The use of passive seismic monitoring has
eveloped rapidly over the previous 15–20 years.

It is unclear whether CO2 injection should induce the same rates,
atterns, and magnitudes of seismicity as water injection. The lower
ensity of CO2 in comparison to water may lead to density-driven
tress changes, causing different patterns of seismicity �e.g., Smin-
hak et al., 2002�. Supercritical CO2 has a bulk modulus at least one
rder of magnitude smaller than water, and some workers have sug-
ested that, because CO2 has a higher compressibility, it represents a
ofter hammer than other injection fluids.As such, it will have inher-
ntly lower seismic deformation efficiency �see Maxwell et al.
2008� for a discussion of seismic deformation efficiency�. Further-
ore, depending on the fluid initially present in the pore space, there
ay be relative permeability differences between the fluids. This
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ould influence the injectivity and therefore, presumably, the
mount of fracturing induced.

As a result, there is still significant uncertainty as to the amount of
racturing and seismicity to expect when injecting CO2. This is an is-
ue not just for hydraulic fracturing but also for carbon capture and
torage �CCS�, where CO2 is captured at power stations and injected
nto mature hydrocarbon reservoirs. There is still much debate about
he best ways to monitor this process, but passive seismic monitor-
ng has been deployed at the Weyburn CCS pilot project �for details,
ee White, 2008�. The amount of fracturing that CO2 injection could
enerate is of great interest within the CCS community because this
ill directly influence reservoir integrity. Furthermore, the magni-

ude of event that CO2 injection can generate will determine the fea-
ibility of induced-microseismic-event detection to be used as a
onitoring tool for CCS.
We endeavor to make a direct empirical comparison between CO2

nd water injection. We have analyzed a data set where CO2 and wa-
er have been injected into an oil field to induce hydraulic fracturing.
o make the comparison as fair as possible, both fluids have been in-

ected at similar rates, with similar injection pressures, into the same
eservoir. Both stages have been monitored on the same downhole
eophone array. We aim to use this data set to image the orientation
nd extent of the fracturing and to use event magnitudes and shear-
ave-splitting analysis to place bounds on the amount of fracturing

aused by injecting the different fluids. This will allow us to consider
he deformation efficiency of CO2 compared to other fluids.

ield background and description

A hydraulic fracture job was performed in a North American pro-
ucing oilfield to create and improve pathways for fluid migration
nd to stimulate production. Owing to confidentiality agreements,
nformation about the geology and history of this field is limited.

The thick reservoir contains potential barriers to vertical flow.
herefore, to ensure fracturing throughout the reservoir thickness,
ine stages of fracturing were conducted from one vertical well ex-
ending through the reservoir, beginning at its base and moving up-
ard. For the first seven stages, a water-based gel �hereafter referred

o as water, for brevity� was used as the injection fluid. However, su-
ercritical CO2 was used for the final two stages. The motivation for
his was to test the effectiveness of hydraulic fracturing with differ-
nt fluids.

We have available data from one water injection stage and one
O2 injection stage conducted one month later. No major lithologic
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igure 1. �a� Map view and �b� cross-section plots, showing injection
ng geophones for both stages of fracturing. The upper shots and rec
he CO2 injection stage; the lower shots and receivers are the water st
Downloaded 13 May 2010 to 137.222.20.98. Redistribution subject to 
ifferences have been identified between the two fracture depths, so
ny differences in observed seismicity can be attributed to the differ-
nt injection fluids. To monitor the fracturing, 12 three-component
eophones spaced at 12-m intervals were installed in a vertical ob-
ervation well a short distance from the injection well. For each
tage, the geophones were moved such that most of the recorded
aves traveled subhorizontally through the reservoir. The locations
f the injection depths and recording geophones for the two stages
re plotted in Figure 1.

EVENT LOCATIONS

To locate the microseismic events, a 1D isotropic layered velocity
odel was generated using sonic-log information. Events were con-

idered as reliable when orthogonally polarized P- and S-waves
ould be identified as arriving in a consistent manner across at least
wo geophones in the array. Of the hundreds of potential triggers re-
orded by the automated triggering mechanism, approximately
0–100 for each stage were found to be reliable microseismic
vents. Event locations were computed using P-wave particle mo-
ion for azimuth and P-/S-wave traveltime differences for distance.
rrival-time shifts across the geophone array were combined with

ay tracing through the velocity model to compute event elevation.
he quality of event location was assessed using the method of Zim-
er et al. �2007�.

ater injection

The water-injection stage that we consider was initiated by perfo-
ation shots that penetrated the well at depths between 2885 and
892 m. Water was injected at high pressures, and microseismic ac-
ivity was recorded immediately upon injection. Injection continued
or approximately 80 minutes, and microseismic events were re-
orded throughout and for a short period after injection. Figure 2
hows in detail the injection pressure �at surface� and fluid-flow rates
s well as the rate of microseismic activity. In total, 65 events were
eliably identified and located.

Figure 3 shows the locations of the events. The error bars plotted
epresent the one-standard-deviation errors computed from the vari-
tion in P-wave partical motion across the array and residuals be-
ween predicted and picked traveltimes. These errors are low. How-
ver, they do not account for potential errors in the velocity model
sed to compute event locations �e.g., Eisner et al., 2009�. These
ay be introduced in a number of ways: anisotropy �which we know

to be present from shear-wave-splitting observa-
tions�, lateral heterogeneity, and upscaling sonic
logs to seismic velocities. The errors introduced
by having a simplified velocity model �i.e., 1D,
isotropic� are much harder to quantify, so the er-
rors plotted here must be considered a lower
bound for the actual errors.

The events extend from the injection well to
the northwest and southeast with a strike of
�120°; in cross section, the events are restricted
in vertical extent, occurring close to the depth of
perforation. The containment of the microseis-
micity to a narrow band at the injection depth may
indicate containment of the elevated pressures by
sedimentary structures. However, without further
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Acomparison of CO2 and water injection MA3
nowledge of the geology of the reservoir, it is difficult to comment
n why this might be the case.

The events extending in a linear fashion from the injection well
mage the growth of fractures with a northwest-southeast orienta-
ion. Assuming that the maximum principal stress is subvertical, we
educe that the minimum principal stress is horizontal, trending
ortheast-southwest. From the lateral extent of microseismic activi-
y, we observe fractures extending at least 125 m to the northwest
nd 80 m to the southeast of the injection well — a total distance of
05 m.

O2 injection

CO2 injection was initiated one month after the water-injection
tage. The injection well was perforated between 2617 and 2637 m,
nd supercritical CO2 was used as the injection fluid. Again, mi-
roseismic activity was recorded for the duration of injection. The
njection rates and pressures are plotted in Figure 4 along with the

icroseismicity rate.
Figure 5 shows the event locations during CO2 injection. In map

iew, the locations show a similar pattern to the water-injection
vents, extending to the northwest and southeast of the injection well
t approximately 120°, imaging the formation of vertical fractures
ith this strike. However, the events migrate well above the injec-

ion depth during CO2 injection. It is certainly possible that this in-
reased vertical extent is a result of the increased buoyancy and mo-
ility of CO2 in comparison to water. However, without more de-
ailed knowledge of the reservoir, it is impossible to rule out the pres-
nce of higher-permeability pathways �such as pre-existing frac-
ures� or stress barriers above this depth that could also generate this
bservation. The events during CO2 injection extend 65 m to the
orthwest and 50 m to the southeast — a total of 115 m — which is
ess than that observed for water injection.

The injection pressures and rates are similar for both stages, as are
he rates of microseismicity. Fifty events were recorded during
3 minutes of CO2 injection �or 1.26 minutes per event�, in compar-
son with 65 during water injection �at 1.2 minutes per event�. Fur-
hermore, the maximum rates of seismicity in Figures 2 and 4 are
imilar, with at most 13 events in 5 minutes during water injection
nd 14 events in 5 minutes during CO2 injection.

EVENT MAGNITUDES

To compare the intensity of fracturing caused
y injecting the two different fluids, we analyze
he magnitudes of events recorded during the two
tages. Figure 6 plots the injection pressures and
vent magnitudes during both stages; the scales in
oth plots are equal. Event magnitudes are simi-
ar for both stages, with most events having mag-
itudes between �3.6 and �3.2. For both stages,
here appears to be correlation between injection
ressure and event magnitude. Note, for example,
hat the drop in injection pressure between 16 and
2 minutes during water injection correlates with
drop in event magnitude. During CO2 injection,

he initial stepped increase in injection pressures
atches the stepped increase in event magnitude.
This correlation between injection pressure

nd event magnitude can be tested more directly
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y computing the correlation coefficient between magnitude and in-
ection pressure at the time the event occurs. The statistical signifi-
ance of the correlations is computed with a t-test, with the null hy-
othesis that there is no correlation. We consider the water and CO2

ases separately. If the magnitudes are independent of fluid proper-
ies, then combining the data sets should produce correlation. There-
ore, we also compute correlation for all of the data points together.
he correlation coefficients and statistical significance of correla-

ion are given in Table 1.
In Figure 7, we plot the event magnitudes as a function of pres-

ure. The best-linear-fit lines are shown for water and CO2 separately
nd for the overall data set. The data are quite scattered, and the cor-
elation coefficients, or R factors, are not particularly high. Never-
heless, during water injection and for the combined data, the corre-
ation is significant at the 99% level. The correlation coefficient for
O2 injection is poorer and lacks good statistical significance. From
igure 7, it appears that the events during CO2 injection have slightly
igher magnitudes than during water injection at the same pressures.
lthough no exact relationship should be inferred from these data,
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e suggest that larger event magnitudes should be expected during
eriods of higher injection pressures, regardless of the compressibil-
ty of the injection fluid.
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igure 4. �a� Surface injection pressures and flow rates during CO2

njection. �b� Rate of microseismicity �bpm�barrels /minute�.
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We have noted some differences between water and CO2 injec-
ion. We also note a greater temporal spread of events during water
njection, whereas most events during CO2 injection occur during
he first 25 minutes. However, the most striking observation is the
imilarity of the response from the two fluids. The injection rates and
ressures used during both stages are similar, and the result is that
vent magnitudes and rates of seismicity are also similar. There is
ertainly no evidence to suggest that CO2 — the softer hammer —
nduces less seismicity than water.

SHEAR-WAVE SPLITTING

An alternative method of estimating the degree of fracturing is to
se seismic anisotropy. Seismic anisotropy is defined as where the
elocity of a seismic wave is dependent on its direction of travel and/
r polarization. Seismic anisotropy can have many causes, but the
ost significant in hydrocarbon settings are horizontally aligned
inerals �e.g., Valcke et al., 2006�, horizontally aligned sedimentary

abrics �e.g., Hall et al., 2008�, and vertically aligned fractures �e.g.,
udson, 1981�, all of which can be modulated by stress �e.g., Zat-

epin and Crampin, 1997; Verdon et al., 2008a�. Detecting seismic
nisotropy in the subsurface can identify sets of aligned fractures
uch as those generated during hydraulic fracture.

The most direct indicator of seismic anisotropy is shear-wave
plitting. When a shear wave enters an anisotropic region, it is split
nto two orthogonally polarized waves, one of which travels faster

than the other. The faster wave will arrive earlier
at the geophone. By measuring the polarization of
this S-wave �� � as well as the time lag between
the fast and slow wave arrivals �� t�, it is possible
to characterize the anisotropy along a raypath.
Usually, � t is normalized by the path length to
give the percentage difference between fast and
slow S-wave velocities � VS. By considering the
anisotropy along many raypaths, we can charac-
terize the overall anisotropy of the rock.

The contribution of fractures and sedimentary
fabrics to the overall anisotropic symmetry is
nontrivial. However, by forward modeling using
rock-physics theory, it is possible to invert shear-
wave-splitting measurements for rock-physics
properties such as vertical transversely isotropic
�VTI� fabric strength, strike of vertically aligned
fractures, and fracture density �Verdon et al.,
2009�. By measuring the splitting of shear waves
recorded during both stages and inverting them
for fracture density, we have an alternative way of
comparing the amount of damage caused by CO2

and water injection.
We measure the shear-wave splitting of both

data sets using the semiautomated covariance
matrix minimization approach of Teanby et al.
�2004b�, computing � and � t for each S-wave ar-
rival at each geophone. Of the 780 potential split-
ting measurements during water injection �65
events�12 geophones�, 45 were deemed to pass
the highest level of quality-control requirements
outlined by Teanby et al. �2004b�. Of the 600 po-
tential measurements during CO2 injection �50
events�12 geophones�, 47 were of the most reli-
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Acomparison of CO2 and water injection MA5
ble class. This is a reasonable success rate for a typical microseis-
ic data set �Anboori et al.,2005�. Cylindrical projections �e.g., Liu

t al., 1989� of the splitting measurements are plotted in Figure 8.
We invert the shear-wave-splitting measurements, assuming the

resence of a VTI sedimentary fabric with shear-wave-splittingmag-
itude given by Thomsen’s �1986� � parameter. Verdon et al.
2009�show that the other Thomsen parameters �� and �� do not in-
uence the splitting of subhorizontally traveling S-waves. The sedi-
entary fabric is superimposed with vertically aligned fractures,
ith nondimensional density � �as defined by Hudson, 1981� and

trike �. We compute the rms misfit between observed and modeled
plitting measurements, and we select the model that minimizes mis-
t as the most appropriate. The results of the inversion — the rms
isfit as a function of � , � , and � — are plotted in Figure 9 for water

nd in Figure 10 for CO2. The best-fit values are � �0.040, �
0.104, and � �120° for water and � �0.038, � �0.012, and �
141° for CO2. We plot cylindrical projections of the modeled

plitting from the best-fit models in Figure 8 and note good agree-
ent between observed and modeled values. Furthermore, the mod-

led fracture strikes match the fracture strikes inferred from event lo-
ations, indicating the success of the inversion.

The fracture strike appears to be poorly constrained for the CO2

njection case. This is because when there are few fractures, their
trike is unimportant. However, considering the 90% confidence el-
ipse in Figure 10, it is clear that for fracture densities above approxi-

ately 0.01 the possible fracture strikes center on 140°, becoming
ncreasingly well constrained as fracture density increases. The esti-

ates for � are similar for both stages, which is encouraging. Ken-
all et al. �2007� note that the strength of VTI fabric �given by � � of-
en correlates with reservoir quality because the presence of clay
articles reduces reservoir quality and introduces VTI symmetry.
iven that the lithologies at the two depths are similar, we would ex-
ect to see similar-strength VTI fabrics in both cases, as is observed.
he fracture densities recovered represent an average over the ray-
ath. In reality, fractures are likely to be concentrated near the injec-
or, meaning that what we have measured actually represents a lower
ound for fracture density around the injection well.

Because the geophones have been placed at similar depths to the
njection points, the S-waves used in this analysis have traveled sub-
orizontally at azimuths close to the fracture normals. Synthetic
odeling �Verdon et al., 2009� suggests that such waves will be able

o resolve the fracture strike and � but will not
rovide good resolution for fracture density � .
his is borne out in the results, with � being poor-

y resolved for both stages.At face value, fracture
ensity appears to be higher during water injec-
ion. However, there is overlap between the 90%
onfidence intervals for the two stages. We con-
lude that although shear-wave splitting success-
ully images the fracture strike, the limitations of
eophone geometry mean that shear-wave split-
ing is unable to provide the evidence to make a
obust conclusion about the difference in fracture
ensity between the two stages.

Synthetic inversions �Verdon et al., 2009� sug-
est that for shear-wave-splitting measurements
o resolve fracture density, the geophones must be
laced such that the S-waves have traveled at a
ore oblique angle to the fractures. This im-

rovement could have been achieved in Weyburn
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y having a greater vertical spacing between geophones, by placing
eophones above the point of injection, or by siting geophones in a
ell with an azimuth to the injection well that is not close to the min-

mum principal stress direction.

able 1. Correlation coefficients R and statistical significance
f correlation P for event magnitudes versus both injection
ressure. We consider the data for both fluids separately,
nd the overall data set combined.

luid R P
%

ater 0.422 99.9

O2 0.124 60.0

ombined 0.260 99.3

igure 7. Event magnitudes as a function of the pressure when the
vent occurs. The events during water injection are marked by cross-
s; those during CO2 are marked by open circles. The best-fit lines
dashed�water, solid�CO2, dotted�combined�, correlation co-
fficients, and statistical significances are marked.
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DISCUSSION

An understanding of the amount of fracturing that CO2 injection is
ikely to induce is crucial in guaranteeing the security of any CCS
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roject. It is also important in determining the feasibility of passive
eismic monitoring tools. Of all active large-scale CCS projects,
nly Weyburn includes induced microseismic event detection in the

monitoring program. The results from Weyburn
indicate a low rate of microseismicity �Maxwell
et al., 2004; White, 2008�. Numerous reasons
have been forwarded for the low activity rates,
some based on the geomechanical properties of
the reservoir �e.g., Jimenez et al., 2004� and some
based on the fact that the geometry of the Wey-
burn reservoir makes it unlikely to fracture
�e.g.,Verdon et al., 2008b�. An alternative expla-
nation is that the higher compressibility of CO2

might make it less likely to generate microseis-
mic events.

The data presented in our paper come from a
hydraulic fracture job, where fluids have been in-
jected at pressures greater than 40 MPa to induce
fracturing; at Weyburn, injection pressures are
20–25 MPa to minimize fracturing. There are
also differences in geology between Weyburn and
the case we presented. As such, direct compari-
sons cannot be made. Nevertheless, in at least one
case, CO2 generated a pattern of seismicity simi-
lar to water. It remains a reasonable question
whether the similarities between CO2 and water
that we observed will appear at the lower pres-
sures and more stable injection regime of a CCS
project. Although geomechanical simulation will
undoubtedly contribute to this issue, a conclusive
answer will probably be found only when further
large-scale CCS projects are commissioned.

CONCLUSIONS

Alternative fluids continue to be used to induce
hydraulic fracture, so it is of interest to compare
the amount of deformation that they can induce.
We have compared passive seismic monitoring
results for a water-based gel and supercritical
CO2 injection in very similar conditions. The
event locations show similar patterns during the
two injection stages, imaging the formation of
vertical fractures whose normals are parallel to
the direction of minimum horizontal stress. The
fractures formed during water injection extend
further laterally, yet there are events found well
above the injection depth during CO2 injection,
suggesting that its greater buoyancy has enabled
CO2 to migrate vertically. The events induced by
the two fluids are of similar magnitudes and occur
at similar rates. There is certainly no evidence to
suggest that the softer fluid, CO2, induces less de-
formation than water. We find instead that the
event magnitudes correlate with injection pres-
sures.

We have also used shear-wave splitting to im-
age the fractures.Although at face value the water
stage appears to have a higher fracture density,
the geometry of event locations and geophones
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Acomparison of CO2 and water injection MA7
as made it difficult for splitting measurements to provide good con-
traints, so this conclusion is not robust.

We conclude that, despite the differences in compressibility, vis-
osity, density, and relative permeability between the fluids, CO2

nd water have similar induced patterns of microseismicity. This
eans that much of the abundant experience relating to water injec-

ion can be applied to CO2 injection.

ACKNOWLEDGMENTS

The authors would like to thank Pinnacle Technologies Ltd. for
aking the microseismic data available, and Natalia Verkhovtseva

or her help in the initial processing of the data. James Verdon was
unded by a U. K. Energy Research Center �UKERC� Interdiscipli-
ary Studentship. The authors would also like to thank the editors
nd reviewers whose comments have improved the quality of this
ork.

REFERENCES

nboori, A., J.-M. Kendall, D. Raymer, and R. Jones, 2005, Microseismic
monitoring and spatial variations in anisotropy — An example from
Oman: 67th Annual Conference and Technical Exhibition, EAGE, Ex-
tendedAbstracts, P094.

e Meersman, K., M. van der Baan, and J.-M. Kendall, 2006, Signal extrac-
tion and automated polarization analysis of multicomponent array data:
Bulletin of the Seismological Society ofAmerica, 96, 2415–2430.

isner, L., P. M. Duncan, W. M. Heigl, and W. R. Keller, 2009, Uncertainties
in passive seismic monitoring: The Leading Edge, 28, 648–655.

all, S. A., J.-M. Kendall, J. Maddock, and Q. Fisher, 2008, Crack density
tensor inversion for analysis of changes in rock frame architecture: Geo-
physical Journal International, 173, 577–592.

udson, J., 1981, Wave speeds and attenuation of elastic waves in material
containing cracks: Geophysical Journal of the Royal Astronomical Soci-
ety, 64, 133–150.

imenez, J. A., R. J. Chalaturnyk, S. G. Whittaker, and G. Burrowes, 2004, A
mechanical earth model for the Weyburn CO2 monitoring and storage
project and its relevance to long-term performance assessment: Proceed-
ings of the 7th International Conference on Greenhouse Gas Control Tech-
nologies.

endall, J.-M., Q. J. Fisher, S. Covey Crump, J. Maddock, A. Carter, S. A.

Hall, J. Wookey, S. Valcke, M. Casey, G. Lloyd, and W. Ben Ismail, 2007,

Downloaded 13 May 2010 to 137.222.20.98. Redistribution subject to 
Seismic anisotropy as an indicator of reservoir quality of siliclastic rocks,
in S. Jolley, D. Barr, J. Walsh, and R. Knipe, eds., Structurally complex
reservoirs: Geological Society of London Special Publication 292,
123–136.

iu, E., S. Crampin, and D. C. Booth, 1989, Shear-wave splitting in cross-
hole surveys: Modeling: Geophysics, 54, 57–65.
axwell, S. C., J. Shemeta, E. Campbell, and D. Quirk, 2008, Microseismic
deformation rate monitoring: Annual Technical Conference and Exhibi-
tion, Society of Petroleum Engineers, SPE 116596.
axwell, S. C., D. J. White, and H. Fabriol, 2004, Passive seismic imaging of
CO2 sequestration at Weyburn: 74th Annual International Meeting, SEG,
ExpandedAbstracts, 568–571.

utledge, J., W. Phillips, and M. Mayerhofer, 2004, Faulting induced by
forced fluid injection and fluid flow forced by faulting:An interpretation of
hydraulic fracture microseismicity, Carthage Cotton Valley gas field, Tex-
as: Bulletin of the Seismological Society ofAmerica, 94, 1817–1830.

minchak, J., N. Gupta, C. Byrer, and P. Bergman, 2002, Issues related to
seismic activity induced by the injection of CO2 in deep saline aquifers:
Journal of Energy and Environmental Research, 2, 32–46.

eanby, N., J.-M. Kendall, R. H. Jones, and O. Barkved, 2004a, Stress-in-
duced temporal variations in seismic anisotropy observed in microseismic
data: Geophysical Journal International, 156, 459–466.

eanby, N., J.-M. Kendall, and M. van der Baan, 2004b, Automation of
shear-wave splitting measurements using cluster analysis: Bulletin of the
Seismological Society ofAmerica, 94, 453–463.

homsen, L., 1986, Weak elastic anisotropy: Geophysics, 51, 1954–1966.
alcke, S. L.A., M. Casey, G. E. Lloyd, J.-M. Kendall, and Q. J. Fisher, 2006,
Lattice preferred orientation and seismic anisotropy in sedimentary rocks:
Geophysical Journal International, 166, 652–666.

erdon, J. P., D. A. Angus, J.-M. Kendall, and S. A. Hall, 2008a, The effects
of microstructure and nonlinear stress on anisotropic seismic velocities:
Geophysics, 73, no. 4, D41–D51.

erdon, J. P., D. A. Angus, J.-M. Kendall, J. Segura, S. Skachkov, and Q. J.
Fisher, 2008b, The effects of geomechanical deformation on seismic mon-
itoring of CO2 sequestration: 78th Annual International Meeting, SEG,
ExpandedAbstracts, 2869–2873.

erdon, J. P., J. M. Kendall, and A. Wüstefeld, 2009, Imaging fractures and
sedimentary fabrics using shear wave splitting measurements made on
passive seismic data: Geophysical Journal International, 179, 1245–1254.
hite, D. J., 2008, Geophysical monitoring in the IEA GHG Weyburn-Mi-
dale CO2 monitoring and storage project: 78thAnnual International Meet-
ing, SEG, ExpandedAbstracts, 2846–2849.

atsepin, S., and S. Crampin, 1997, Modelling the compliance of crustal rock
— I. Response of shear-wave splitting to differential stress: Geophysical
Journal International, 129, 477–494.

immer, U., S. Maxwell, C. Waltman, and N. Warpinski, 2007, Microseismic
monitoring quality-control �QC� reports as an interpretative tool for non-
specialists: Annual Technical Conference and Exhibition, Society of Pe-

troleum Engineers, SPE 110517.

SEG license or copyright; see Terms of Use at http://segdl.org/


