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KEYWORDS Abstract The storage of CO, in depleted hydrocarbon reservoirs and saline water aquifers is a
Carbon capture and storage; leading solution to Global Warming due to CO, emission to the atmosphere. The capture of
Seismic velocity tomography; CO, from major CO,-emitting plants and its storage in underground geological structures has a
Ray theory; potential to reduce Global Warming by about 60%. A procedure for monitoring safe and secure
Geological models; storage of CO, in underground geological structures is demonstrated in this study using seismic
Global warming velocity tomography. The tomographic method uses first arrival traveltime to estimate velocity

of geological structure along the ray path. The inversion procedure utilizes optimized objective
function that consists of two parts: (i) a part that minimizes the misfit between the observed and
inverted data, and (ii) a part that enforces the true shape and structure of the real geology. First,
the method is applied to invert the velocity structure of a west Texas oilfield, and later to reconstruct
the velocity structure of Marmousi models before and after CO, injection. The results of the tests
confirm the appropriateness of the procedure for CO, monitoring. The inverted velocity tomogram
for the post-injection stage shows velocity perturbation due to CO, presence and the progression in
CO, front. Technology for monitoring CO, in geological storages as demonstrated in this study is
crucial to forestall CO, leakages and its negative consequences on the environment.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

This study deals with seismic velocity tomography; a technol-
ogy that can be deployed to ensure safe and secure storage of

* Corresponding author at: Department of Geophysics, University carbon dioxide in underground geological formation as a
of Tlorin, PMB 1515, Tlorin, Nigeria. means to reducing greenhouse gas (GHG) emission. There is
E-mail address: wasiu.raji@gmail.com (W.O. Raji). an increasingly urgent need to mitigate greenhouse gas emis-
Peer review under responsibility of King Saud University. sion especially those related to energy production and con-

sumption. Reliable energy supplies are needed for economic
growth, but the increase in the associated carbon dioxide
(CO,) emissions is a cause for global concern. About 60% of
Greenhouse gas emission is attributed to CO, released to the
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atmosphere (Metz et al., 2006). The threats of destructive cli-
mate due to GHG emission include temperature rise, acid rain,
flood, food scarcity, etc. The most effective way to reduce CO,
emission and its negative consequences is to capture CO, from
it major sources (e.g., large fossil fuel and biomass energy facil-
ities, major CO,-emitting industries, natural gas production,
synthetic fuel plants, and fossil fuel-based hydrogen produc-
tion plants) and isolate it from the atmosphere through secure
storage. The most reliable and cost effective technology for
safe CO, storage is sequestration in underground geologic for-
mations, for examples, CO, storage in depleted hydrocarbon
reservoirs, un-mineable coal beds, and saline water aquifers
(Hepple and Benson, 2005). Being a low density and low vis-
cosity gas under subsurface condition, CO, has a higher risk
of leakages than other gases. Leaks of CO, can lead to acidifi-
cation of groundwater, killing of aquatic lives, and contamina-
tion of the atmosphere.

One way to mitigate CO, leakages at sequestrated sites is to
monitor its movement and activity in the storage. Laboratory
and field experiments (Harris et al., 1995; Nolen-Hoeksema
et al., 1995; Wang et al., 1998) have shown that the effects
of CO, saturation on seismic properties of rocks are strong
and detectable. Wang and Nur (1989) and Daley et al.
(2008) applied time-lapse traveltime tomography to cross-
well data from the Frio CO; injection site and found a velocity
decrease in the sandstone aquifer of about 500 m/s due to the
presence of CO,. Wang et al., 1998 have shown that the pres-
ence of CO, can decrease seismic velocities by over 10%. Xue
and Lei (2006) and Xue et al. (2006) show that replacing saline
water with CO, in sandstone aquifers through injection may
cause about 30% decrease in velocity of the aquifer. Studies
by Saito et al. (2006), Ajo-Franklin et al. (2013), Bohm et al.
(2015) among others also showed that injection of CO, into
aquifers or reservoirs would reduce the seismic velocity of
the reservoirs or aquifers and that seismic tomography can
be used to image the velocity reduction in the injected geolog-
ical structures. Therefore, a technology that measures velocity
changes in subsurface formation storing CO, can be used to
monitor CO, movements and to forestall the occurrence of
leakages.

Surface seismic data have characteristic long wavelength
because of low frequency (Zhu, 2014). This long wavelength
causes resolution problem when dealing with layers with lim-
ited vertical extent (Raji and Rietbrock, 2013). Subsurface
lithologies suitable for storing CO, may have limited vertical
extent that is below the resolution of surface seismic data
but have significant lateral extent (Jibrin and Raji, 2014;
Raji, 2016). Crosswell seismic tomography offers a solution
to the poor resolution in conventional seismic data. Crosswell
data have a resolution that is at least four-times higher than
conventional seismic data (Pereira and Jone, 2010). Therefore,
crosswell seismic data would be used for this study. Baseline
and time lapse tomography offer the opportunity to character-
ize geologic formation before, during, and after fluid injection.
Comparing the velocity structures of the pre-injection and post
injection data would reveal the changes in the velocity struc-
ture due to the movement of the injected fluid (Bregman
et al., 1989; Paulsson et al., 1992; Justice et al., 1989, 1993).
The speed of seismic waves in fluid saturated rock depends
on the properties of fluid and rock matrix (Biot, 1956). Seismic
compressional wave velocity is more responsive to pore fluid
change than seismic shear velocity because compressional

velocity is strongly dependent on fluid property. The effect
of saturation and fluid type(s) on the speed of elastic waves
in reservoir and aquifers rocks (patchy-saturated rocks) can
be described by mesoscopic loss model. Description of meso-
scopic model is given in White (1975), Carcione et al. (2003),
among others.

The objective of the study is to show the appropriateness of
the inversion procedure for imaging velocity changes in rocks
due to CO, presence. The overall aim of the study is to show
the capability of the method for monitoring CO, in geological
sequestration sites. Using compressional (P) wave first arrival
time and the ray theory, we applied an in-house tomographic
inversion method to reconstruct velocity structure of the sub-
surface rock before and after the injection of CO, at supercrit-
ical condition. First, we describe the imaging procedure and
demonstrate the appropriateness of the method by inverting
the velocity structure of a known west Texas oil field using a
crosswell survey. The inversion result is compared with the
true velocity model. Second, we simulated CO, injection in a
complex geological structure, inverted the velocity structure
for the pre-injection and the two post injection stages. Third,
we show the seismic response of CO, saturation on reflection
data — traveltime and amplitude. Finally, we discussed the
results, limitation and the future direction of the study.

2. Tomographic velocity inversion

In this section, we describe the procedure used for inverting
velocity structure from traveltime data and test the appropri-
ateness of the method by comparing the inversion results with
the true velocity model. Traveltime based seismic tomography
uses the time a seismic wave takes to travel from a source to
the receiver to invert the velocity structure along the travel
path. Using the ray theory, traveltime can be modeled by a line
integral that connects the source to the receiver as:

t:/RS(x,z)dl. (1)

where ¢ is the traveltime, R is the ray path along which integra-
tion is performed and d/ is the increment in path length along a
ray. S is the slowness- the inverse of velocity, x and z are the
coordinates. A geologic model can be discretized using regular
grids or cells. In each cell, slowness is constant but varies from
cell to cell. The integral in Eq. (1) can be reduced to a discrete
representation:

= GyS,i=1273,.....m (2)
where Gj is the path length for i-th ray in j-th cell with slow-
ness S;; i=1,2,3,...,mand, j=1,2,3,...,n. The ray path
obeys Snell’s law at the interface of constant slowness cells.
The element Gj is determined by backward propagation
method (Zelt and Barton, 1998). Representing a geological
model with a matrix, we may rewrite Eq. (2) as:

t=GS (3)

In Eq. (3) S is the slowness vector and G is the ray path in
each cell of the matrix. The concept behind this velocity
tomography inversion is to obtain the best representative geo-
logical model of the subsurface structure that best satisfy the
measured data. In general, the mathematical description of
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velocity tomography is ill-possed, the inversion problem is
nonlinear, involves ray tracing, and crosswell geometry has
limited aperture. The inverse problem is formulated as an opti-
mization that minimizes the objective function, f# which con-
sists of two parts as:

Bw) = d,(w) + 4dp,,(w), (4)

where ¢, is the difference between the observed and predicted
data, ¢,, is a parameter that enforces the priori knowledge of
the structure and shape of the true model, 4 is the regulariza-
tion parameter. The data misfit, ¢, and the geological struc-
ture and shape factor, ¢,, can be defines as:

1
Bulw) = 3 1Gw — 2. (5)

1
B =5 Ww: (©)

Gw is the predicted data, w is the data vector, and #°” is the
observed data. The term W may be chosen as the first or sec-
ond order spatial derivative (Zhu and Harris, 2015). The pur-
pose of Eq. (4) is to introduce additional constraints that will
minimize the non uniqueness of the inversion result. ¢,, is cho-
sen based on the shape and structure (flatness or curve) of the
true geological model. In the inversion scheme, we used the
Gauss-Newton method (Tikhonov and Arsenin, 1977;
Nocedal and Wright, 1999) to achieve convergence at mini-
mum iterations and the continuation approach of Bube and
Langan (2008) to optimize the regularization parameter, A.
The process of inversion continues until the solution con-
verges, or a tolerance level is reached.

The inversion method is tested to invert the velocity struc-
ture of a west Texas carbonate oil field, U.S. The survey geom-
etry consisted of 280 piezoelectric sources deployed in a well
between depth levels of 4000 and 5500 ft at 5 ft spacing (or
1212-1667 m at 1.6 m interval). The receiver geometry consists
of 280 hydrophone receivers deployed in another well within a
similar depth range and spacing. The two well heads are sepa-
rated by a distance of 825 feet (250 m). The source frequency

band is 100-1200 Hz and the sample interval is 0.25 ms. A rep-
resentative seismogram recorded by the hydrophone at depth
level 4760 feet is shown in Fig. | with traveltime picks shown
in red. A plot of the traveltime picked for the full survey with
the source and receiver location is shown in Fig. 2. The dataset
consists of 78,400 traces of length 200 ms. These traveltimes
are the observed data used for the procedure described in
equation 5. The tomographic inversion was set up for 10 iter-
ations. The starting model is a 1D (constant) velocity model
computed as the average value of the velocity log from the
source well (Fig. 3b). Convergence was achieved at the 8th
iteration.

The inverted velocity tomogram is compared with the ‘true’
velocity model in Fig. 3b and c. The ‘true’ velocity is a pseudo-
synthetic velocity model built from well logs. The source and
receiver velocity logs computed from their respective sonic
logs, were linearly interpolated. To make the example very
simple, we assumed flat layer geometry. The misfit between
the observed traveltime and the calculated traveltime is shown
in Fig. 4. A comparison of the true model and inverted velocity
model confirms the appropriateness of the inversion method.
A more realistic and complex geological model is tested in
the next section. The misfit between the observed traveltime
and the inverted traveltime is very small — ranges from
—0.004 ms to 0.003 ms. This value is approximately 4% of
the observed data shown in Fig. 2. The RMS error of the misfit
is about 0.00015. With this result, we proceed to demonstrate
the procedure for using the method to monitor CO, storage in
subsurface geological structures.

3. Demonstration of CO, monitoring at a sequestration site

After demonstrating the appropriateness of the velocity inver-
sion procedure for imaging the velocity of a west Texas oil
field, we proceed to show how traveltime velocity tomography
can be used to monitor CO, storage in subsurface geological
formations at a sequestration site. Our ‘site’ for CO, monitor
is The Marmousi. Marmousi is one of the most complex
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Figure 1
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Common Receiver Gather from a receiver at 4760 feet. Traces are truncated at 125 ms.
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known geological structures (Versteeg, 1994; Martins et al.,
2006). Marmousi Model is based on the geology of North
Quenguela Trough in the Quanza Basin of Angola. The section
is primarily composed of shale units with occasional sand lay-
ers (Versteeg, 1994). The sand layers host the hydrocarbon.
The core of the complex faulted area is an anticline that is
composed of marl. An unconformity and a partially evacuated
salt layer separate the marls from the deeper anticlinal units.
The choice of this model is informed by its structural and
stratigraphic complexity: if our inversion scheme is able to
image this structure adequately and use it to demonstrate
CO, monitoring, we would be confident that our approach
can produce dependable result at many CO, geological seques-
tration sites.

First, we applied the velocity tomography method to invert
the baseline velocity structure prior to CO, injection. In this
case, the true velocity model of Marmousi was sourced from
http://www.agl.uh and is described in Martins et al. (20006).

Starting Velocity

Inverted Velocity Model

x104 x104

Our initial velocity model for the inversion is a 1D velocity
model computed from the average value of the true model
(Fig. 5a). The set up for the crosswell survey consists of 130
sources and 130 receivers. The first and the last receiver are
located at 980 ft and 2915 ft respectively in one well. Similarly,
the first and last sources were located at 1025 ft and 2960 ft in
the other well. The source and receiver spacing is 15 ft. The
computation space discretization consists of 101 by 201 cells/-
grids. The cell dimension is 10 ft by 10 ft and the source signa-
ture is 200 Hz Ricker wavelet. The inversion was set up for 50
iterations. The true velocity is used to compute the observed
traveltime, 7,,,. At every iteration, the updated velocity model
is used to compute traveltime 7., until convergence between
the observed and calculated traveltime, or a set limit, is
achieved. The inversion process is effected using an in-house
finite difference code. The code is written in C+ + but exe-
cuted in MATLAB. First arrival traveltimes, fo, for the
observed data were picked using a MATLAB program specif-
ically designed for first break picking. The inverted velocity
obtained after 34th iteration is shown in Fig. 5b. The true
velocity model is shown in Fig. 5c.

Next, supercritical CO, is theoretically injected in the sand
layers at depth level 2200-2400 ft (the red ellipse) in two
phases. The second phase is a continuation of the first injection
phase. The sand layer is capped by low porosity shale that can
prevent vertical movement of CO, across the sand layer. The
velocity perturbation in the injected layer is accomplished by
reduction in velocity of the sand layer based on a study by
Xue and Lei (20006). Alternatively, velocity decrease due to
CO, injection can be estimated by fluid substitution method
(Gassmann, 1951; Smith et al., 2003). When building the true
velocity model for post-injection structure, we retain the veloc-
ity model outside the injected sand layer as we have in the pre-
injection stage (Fig. 5b), but we reduced the velocity in the
sand (or reservoir) layer by 900 ft/s— since we only expect
velocity change in the sand layer at about 2200-2400 ft depth
where CO, injection is taking place. The velocity change (dif-
ference) in the sand layer due to CO, injection in the true
model is shown in Fig. 6a and b. This is here known as the

True Velocity Model

4400 20 4400 20
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Figure 3
model.

Velocity structures. (a) Initial/starting velocity for the forward modeling, (b) inverted velocity model, and (c) true velocity
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Figure 4 Traveltime residual between the observed and com-
puted traveltime data, fp5; — fcy- The maximum misfit is about
—0.0038 s.

CO, structure or CO, plume. The velocity reduction in the
sand layer was accomplished by assuming a 30% velocity drop
when CO, partially replaced brine according to a study by Xue
and Lei (2006). This approach drastically reduced the number
of model parameterization and the computation time (Lee
et al., 1995).

The post injection ‘true’ velocity model is used to simulate
seismograms and the first arrival times are picked for these
seismograms using the MATLAB program described in the
previous paragraph. These traveltimes are known as fop,.
The starting velocity model for the post injection velocity mod-
eling is a 1D velocity model similar to the one shown in
Fig. Sa. The post-injection velocity structures were inverted

1000
1200
1400
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1800
2000
2200
2400
2600
2800

9600 9600 9800 10000 10200 10400 \fa|. (ft/s)

Depth, ft

Distance, ft

9400 9600 S800 10000 10200 10400

using the same process, survey geometry, and grid numbers
used for the pre-injection study. The inverted velocity model
after CO, injection stage I and II are shown in Fig. 6¢c and d
respectively. The difference plot between the inverted velocity
model for post injection stage I and inverted pre-injection
model (Fig. 6¢c minus Fig. 5b) is shown in Fig. 6e, while the dif-
ference plot between the inverted model for post-injection
stage II and pre-injection model (Fig. 6d minus Fig. 5b) is
shown in Fig. 6f. Comments on the results of the inversion
are given in the next section.

4. Discussion

In this study, we used direct arrival traveltime tomography
with crosswell geometry to demonstrate the detectability of
CO, movement in underground geologic storages. The results
show that seismic velocity tomography can be used to ensure
safe and secure storage of CO, in geological structures such
as depleted hydrocarbon reservoirs and saline water aquifers.
Rather than releasing them to the atmosphere to constitute
threat of global warming, CO, produced at fossil fuel plants
and other major CO, -emitting industries can be stored in
abandoned or depleted oil fields. Our approach to monitor
CO; in a sequestrated site is built on the concept: CO, causes
a decrease in P-wave seismic velocity, which in turn delays seis-
mic arrival time; the higher the CO, saturation, the higher the
velocity decrease. So, time-lapse velocity changes in a CO,
sequestrated site can be attributed to CO, movement and sat-
uration; a significant velocity decrease outside the CO, injected
layer can be attributed to CO, leakages. Kumar et al. (2008)
showed that velocity change due injection-induced pressure is
not significant compared to the velocity change due to CO,.
Therefore, we ignored the velocity change due to injection
pressure in this study. The inversion method produced good
results when applied to image the velocity structure of a west

9400 9600 9800 10000 10200 10400

Distance, ft distance, ft

Figure 5 Pre-injection velocity structures for Marmousi. (a) Initial 1D velocity model for the forward modeling, (b) inverted velocity
model, and (c) true velocity model. The color code for all velocity models is shown in (a).
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Figure 6 CO, velocity structure and the inverted velocity model after CO, injection. (a) The difference plot of the true velocity after CO,
injection stage I and before CO, injection. (b) The difference plot of true velocity after CO, injection stage Il and before CO, injection,
(c) the inverted velocity model after CO, injection stage I, (d) the inverted velocity model after CO, injection stage 11, (e) the difference plot
of inverted velocity model after CO, injection stage I and before CO; injection. (f) The difference plot of inverted velocity model after CO,
injection stage 11 and before CO, injection. The negative velocity values in (a, b, e, and f) show the reduction in velocity due to CO,

presence.

Texas carbonate oil field (Fig. 3). The inverted P wave velocity
model shows good similarities to the true velocity model. The
misfit between the observed and calculated data is less than 5%
(Fig. 4).

When applied to image pre-injection and post-injection
velocity structures of Marmousi, the results show different
velocity structures in the injected layer due to the presence of
CO.,. A noticeable velocity decrease is observed in the injected
layer as shown in Fig. 6¢c and d compared to Fig. 5b. The
velocity of the sand layer in the inverted velocity model for
the pre-injection stage (Fig. 5b) is about 3100ft ft/s, while the
velocity in the post-injection stages I and II (Fig. 6¢c and d) is
about 2270 ft/s and 2320 ft/s respectively. The major difference
between the results in Fig. 6¢c and d is the advancement in the
CO;, fronts from the left to the right. This difference shows that
seismic velocity tomography can be used to monitor CO,
movement in rocks in addition to detecting CO, presence.
The difference in the pre-injection and post injection inverted
velocity in the sand layer (shown in Fig. 6e and f is about -
800ft/s. This result is similar to the velocity difference of the
pre-injection and post injection true models shown in
Fig. 6a and b where the maximum value is about -900ft/s.
The similarities in Fig.6a and e on one hand, and

Fig. 6b and f on the other hand confirms the appropriateness
of the inversion procedure and the uniqueness of the inversion
results. Figs. 5b and 6d show a decrease in velocity that char-
acterizes the presence of CO, in brine-saturated sand.

Our results are consistent with laboratory observations of
Ivanova et al. (2012). A significant velocity decrease would
be seen above the injected sand layer if CO, leakages were pre-
sent. Because of the buoyancy of CO, compared to brine, CO,
leakage at the bottom of the injected layer is unlikely. The
right lower side of the inverted models (Fig. 6¢c and d) shows
some inversion artifacts that appear to be velocity reduction.
This velocity drop cannot be attributed to CO, structure
because they are present in the inverted pre-injection model
(Fig. 5b). The artifact is probably due to ray coverage, com-
plexity of the Marmousi structures, and the insufficiency of
the inversion method. Consideration of rays with angles not
more 30° (Bohm et al., 2015) for the inversion could reduce
the artifacts. Incorporation of boundary preserving strategy
(Zhu, 2014; Portniaguine and Zhdanov, 1999) to the inversion
scheme would improve the quality of the inverted model at the
layers’ boundaries.

In Fig. 7a and b, we show the seismograms computed for
the pre-injection and post injection stage II surveys using the
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Figure 7 Crosswell seismic records computed for the pre-injection survey (a) and post-injection stage II survey. Red lines compare the
shortest traveltime for the two plots, while the red arrows compared the longest traveltime for the two plots. The traveltime delay in (b)
compared to (a) is due to the velocity decrease caused by CO, presence in the sand layer.

inverted velocity models shown in Fig. 5b and 6d respectively.
The seismogram shown in Fig. 7a and b are the same shot
gather with the source located at depth 2800. Comparing
Fig. 7a and b, we observe some similarities and differences.
The similarity in the two seismograms (Fig. 7a and b) confirms
the consistency in the structures of the inverted tomographic
velocities and the geometries of the crosswell survey. The
Delay in the first arrival times in Fig. 7b, compared to Fig. 7a
shows a major difference. This delay is due to the decrease in
velocity caused by the presence of CO, in the injected layer.
Further study on this subject will investigate the effects of dis-
solution and precipitation reactions, and the reactive transport
of CO, on the seismic response especially after long years of
CO, storage. Future work will also include ways to reduce
the inversion artifacts and improve the image resolution at
lithological boundary.

5. Conclusion

In this study, we demonstrate the utility of traveltime tomog-
raphy for monitoring CO, in underground geological structure
to ensure safe and secure CO, storage from the atmosphere.
The appropriateness of the tomographic inversion method
was first tested to estimate the velocity model of a west Texas
carbonate oil field, where the inverted and true velocity models
shows good similarities. Application of the inversion proce-
dure to estimate the velocity structure of Marmousi before
and after CO, injection show velocity decrease of about
800 ft/s in the injected sand layer due to CO, presence. The
inverted post-injection velocity shows the progression in CO,
movement from left to right as the injection continues in the
sand layer. Overall, results of the study show that the method
can be used to detect CO, presence, movement, and leakages in

underground geological formations. The presence of artifact in
the results is noted for the improvement of the inversion. It is
worthy of note that the capability of the inversion method to
give acceptable results for Marmousi models, being one of
the most complex known geological models, suggests the
appropriateness of the inversion method for monitoring CO,
storage in many complex geological structures.

Acknowledgements

Many thank to the anonymous reviewers. Their comments and
suggestions added to the quality of this paper.

References

Ajo-Franklin, J.B., Peterson, J., Doetsch, J., Daley, T.M., 2013. High-
resolution characterization of a CO, plume using crosswell seismic
tomography: Cranfield, MS, USA. Int. J. Greenhouse Gas Control
18, 497-509.

Biot, M.A., 1956. Theory of propagation of elastic waves in a fluid
saturated porous solid. I. Low frequency range and II. Higher
frequency range. Acoust. Soc. America 28, 168-191.

Bohm, G., Carcione, J.M., Gei, D., Picotti, S., Michelini, A., 2015.
Cross-well seismic and electromagnetic tomography for CO,
detection and monitoring in a saline aquifer. J. Petrol. Sci. Eng.
133, 245-257. http://dx.doi.org/10.1016/j.petrol.2015.06.010.

Bregman, N.D., Hurley, P.A., West, G.F., 1989. Seismic tomography
at a fire-flood site. Geophysics 54, 1082—1090.

Bube, K., Langan, R., 2008. A continuation approach to regulariza-
tion of ill-posed problems with application to crosswell-traveltime
tomography. Geophysics 73, 337-351. VE337-351.

Carcione, J.M., Helle, H.B., Pham, N.H., 2003. White’s model for
wave propagation in partially saturated rocks: comparison with
poroelastic numerical experiments. Geophysics 68, 1389—1398.


http://refhub.elsevier.com/S1018-3647(16)30304-4/h0005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0010
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0010
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0010
http://dx.doi.org/10.1016/j.petrol.2015.06.010
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0020
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0020
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0025
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0025
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0025
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0030
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0030
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0030

64

W.O. Raji et al.

Daley, T.M., Myer, L.R., Peterson, J.E., Majer, E.L., Hoversten, G.
M., 2008. Time-lapse crosswell seismic and VSP monitoring of
injected CO, in a brine aquifer. Environ. Geol. 54, 1657-1665.

Gassmann, F., 1951. UberdieElastizititPoréserMedien: Vier.derNa-
tur. Gesellschaftin Ziirich, 96, 1-23.

Harris, J.M., Nolen-Hoeksema, R.C., Langan, R.T., Van Schaack,
M., Lazaratos, S.K., Rector, J.W., 1995. High-resolution crosswell
imaging of a west Texas carbonate reservoir. Part 1: project
summary and interpretation. Geophysics 60, 667-681.

Hepple, R.P., Benson, S.M., 2005. Geologic storage of carbon dioxide
as a climate change mitigation strategy: performance requirements
and the implications of surface seepage. Environ. Geol. 47, 576—
585.

Ivanova, A., Kashubin, A., Juhojuntti, N., Kummerow, J., Juhlin, C.,
Luth, S., 2012. 4D seismic data analysis at Ketzin, Germany, and
CO, volumetric estimation using petrophysical data, core mea-
surements, and well logging: a case study. Geophys. Prospect. 189
(1), 629-646.

Jibrin, B., Raji, W.O., 2014. Fault detection using dip steered multi-
trace similarity extraction techniques: Case study using offshore
niger delta 3D seismic data. J. Seis. Explor. 23, 19-30.

Justice, J.H., Vassiliou, A.A., Singh, S., Logel, J.D., Hansen, P.A.,
Hall, B.B., Hutt, P.R., Solanki, J.J., 1989. Acoustic tomography for
monitoring enhanced oil recovery. Lead. Edge 8 (2), 12-19.

Justice, J.H., Mathisen, M.E., Vassiliou, A.A., Shiao, 1., Alameddine,
B.R., Alhiliali, K.A., 1993. Crosshole seismic tomography in
improved oil recovery. First Break 11, 229-239.

Kumar, A., Datta-Gupta, A., Shekhar, R., Gibson, R.L., 2008.
Modeling time lapse seismic monitoring of CO, sequestration in
hydrocarbon reservoirs including compositional and geochemical
effects. Pet. Sci. Technol. 26 (7), 887-911. http://dx.doi.org/
10.1080/10916460701825505.

Lee, D.O., Stevenson, V.M., Johnston, P.F., Mullen, C.E., 1995. Time
lapse seismic tomography to characterize flow structure in the
reservoir during the thermal stimulation. Geophysics 60 (3), 660—
666.

Martins, G.S., Willey, R., Marfurt, K., 2006. Marmousi2: an elastic
upgrade for Marmousi. Lead. Edge 25 (2), 156-166.

Metz, B., Davidson, O., Coninck, H., 2006. IPCC Special Report on
Carbon Dioxide Capture and Storage. Cambridge University Press.

Nocedal, J., Wright, S.J., 1999. Numerical Optimization. Springer,
New York, USA.

Nolen-Hoeksema, R.C., Wang, Z., Harris, J.M., Langan, R.T., 1995.
High-resolution crosswell imaging of a West Texas carbonate
reservoir. Part 5: Core analysis. Geophysics 60, 712.

Paulsson, B.N.P., Smith, M.E., Tucker, K.E., Fairborn, JJW., 1992.
Characterization of a steamed oil reservoir using cross-well
seismology. Lead. Edge 11 (7), 24-32.

Pereira, A.M., Jone, M., 2010. Fundermantals of Borehole Seismic
Technology. Shlumberger, Texas, U.S.A.

Portniaguine, O., Zhdanov, M.S., 1999. Focusing geophysical inver-
sion images. Geophysics 64, 874-887.

Raji, W.0., 2016. Seismic processing of ultra-shallow reflection
surveys. Ilorin J. Sci. 3 (1), 17-26.

Raji, W.0O., Rietbrock, A., 2013. Attenuation estimation in reflection
seismic records. J. Geophys. Eng. 10, 1-10. http://dx.doi.org/
10.1088/1742-2132/10/4/045012.

Saito, H., Nobuoka, D., Azuma, H., Xue, Z., Tanase, D., 2006. Time-
lapse crosswell seismic tomography for monitoring injected CO, in
an onshore aquifer, Nagaoka, Japan. Expl. Geophys. 37 (1), 30-36.

Smith, T.M., Sondergeld, C.H., Rai, C.S., 2003. Gassmann fluid
substitution: a tutorial. Geophysics 68 (2), 430-440.

Tikhonov, A.N., Arsenin, V.Y, 1977. Solutions of Ill-posed Problems.
W. H. Winston and Sons.

Versteeg, R., 1994. The Marmousi experience: velocity model deter-
mination on a synthetic complex data set. Lead. Edge 13 (9), 927—
936.

Wang, Z., Nur, A., 1989. Effects of CO, flooding on wave velocities in
rocks with hydrocarbons. SPE Reservoir Eng. 4, 429-436.

Wang, Z., Cates, M.E., Langan, R.T., 1998. Seismic monitoring of a
CO, flood in a carbonate reservoir: a rock physics study.
Geophysics 63, 1604-1617.

White, J.E., 1975. Computed seismic speeds and attenuation in rocks
with partial gas saturation. Geophysics 40, 224-232.

Xue, Z., Lei, X., 2006. Laboratory study of CO, migration in
watersaturated anisotropic sandstone, based on P-wave velocity
imaging. Expl. Geophys. 37, 10-18.

Xue, Z., Tanase, D., Watanabe, J., 2006. Estimation of CO, saturation
from time-lapse CO, well logging in an onshore Aquifer, Nagaoka,
Japan. Expl. Geophys. 37, 19-29.

Zelt, C., Barton, A., 1998. Three-dimensional seismic refraction
tomography: a comparison of two methods applied to data from
the faeroe basin. J. Geophys. Res. 103, 7187-7210.

Zhu, T., Harris, J.M., 2015. Application of boundary-preserving
seismic tomography for delineating boundaries of reservoir and
CO, saturated zone. Geophysics 80 (2), M33-M41. http://dx.doi.
org/10.1190/ge02014-0361.1.

Zhu, T., 2014. Seismic Modeling, inversion and Imaging in attenuative
media (Ph.D thesis). Stanford University.


http://refhub.elsevier.com/S1018-3647(16)30304-4/h0035
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0035
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0035
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0035
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0045
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0045
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0045
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0045
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0050
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0050
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0050
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0050
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0055
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9000
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9000
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9000
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0060
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0060
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0060
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0065
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0065
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0065
http://dx.doi.org/10.1080/10916460701825505
http://dx.doi.org/10.1080/10916460701825505
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0075
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0075
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0075
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0075
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0080
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0080
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0085
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0085
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0090
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0090
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0095
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0095
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0095
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0100
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0100
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0100
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0110
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0110
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9005
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9005
http://dx.doi.org/10.1088/1742-2132/10/4/045012
http://dx.doi.org/10.1088/1742-2132/10/4/045012
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0115
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0115
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0115
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0115
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0120
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0120
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0130
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0130
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0130
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0135
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0135
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0135
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0140
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0140
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0140
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0140
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0145
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0145
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0150
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0150
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0150
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0150
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0155
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0155
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0155
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0155
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0155
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0160
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0160
http://refhub.elsevier.com/S1018-3647(16)30304-4/h0160
http://dx.doi.org/10.1190/geo2014-0361.1
http://dx.doi.org/10.1190/geo2014-0361.1
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9015
http://refhub.elsevier.com/S1018-3647(16)30304-4/h9015

	Seismic velocity tomography for CO2 monitor in subsurface geological structures
	1 Introduction
	2 Tomographic velocity inversion
	3 Demonstration of CO2 monitoring at a sequestration site
	4 Discussion
	5 Conclusion
	Acknowledgements
	References


