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Using seismic noise derived from fluid injection well
for continuous reservoir monitoring
Takeshi Tsuji1, Tatsunori Ikeda2, Tor Arne Johansen3, and Bent Ole Ruud4
Abstract
To construct a reliable and cost-effective monitoring system for injected CO2 in carbon capture and storage
projects, we have considered a seismic monitoring approach using seismic noise from a fluid injection well. The
passive seismic interferometry continuously monitors injected CO2 , enabling the detection of associated accidental incidents (e.g., CO2 leakage). We have applied three approaches: (1) crosscorrelation, (2) crosscoherence, and (3) deconvolution, to the passive seismometer data acquired during a fluid-injection experiment in
Svalbard in the Norwegian Arctic. The crosscoherence approach enabled the construction of shot gathers similar
to active-source data. Reflectors from the reservoir could be identified on common-midpoint (CMP) gathers constructed via seismic interferometry, and seismic velocity could be estimated from the time-lapse CMP gathers.
High-frequency noise from fluid injection operations and low-amplitude background ambient noise were suitable
for reconstructing virtual seismic data. However, we clearly found that the time variation characteristics of the
noise influenced monitoring results, and thus the stable part of the noise should be used for monitoring. We further
applied surface-wave analysis to the virtual shot gathers derived from seismic interferometry and investigated
variations in S-wave velocity structure in a shallow formation. We observed clear time variations in seismic velocity in the shallow part of permafrost regions. The information derived from the surface-wave analysis is useful in
evaluating the influence of shallow formations on monitoring results of deep reservoirs.

Introduction
In carbon dioxide capture and storage (CCS), the
monitoring of injected CO2 is crucial for (1) predicting
the risk of CO2 leakage from storage reservoirs, (2) increasing the efficiency of CO2 injection and reducing the
cost, and (3) reducing the risk of injection-induced seismicity. Through monitoring techniques, we can estimate
the time variation of CO2 saturation and pore pressure
within the reservoir (Chadwick et al., 2009). By applying
monitoring-derived information to reservoir simulations,
we can predict the future CO2 distribution and areas of
potential CO2 leakage. Furthermore, accurate monitoring of variations in pore pressure due to CO2 injection
is an important input to geomechanical modeling to prevent generation of injection-induced earthquakes. Therefore, reliable, continuous, and cost-effective monitoring
methods are heavily required in CO2 storage.
As a CO2 monitoring method, time-lapse seismic
surveys have been used to determine injected CO2 dis-

tribution (Chadwick et al., 2009). Using this method, we
can reveal the spatial distribution of the injected CO2
even at a relatively low CO2 saturation. Because P-wave
velocity decreases dramatically as the CO2 starts to invade pore spaces of rocks initially saturated with brine
(Kim et al., 2011; Yamabe et al., 2016), changes in the
reflection characteristics of time-lapse seismic data can
be used to evaluate the distribution of injected CO2 . In
ongoing CCS projects, time-lapse seismic data have
successfully revealed the spatial distribution of CO2
(White, 2013). The CO2 storage operation at Sleipner in
the North Sea provides an excellent demonstration of
the application of time-lapse seismic methods to monitoring CO2 plumes (Arts et al., 2002; Chadwick et al.,
2009). In this CCS project, CO2 plumes are imaged as
several bright subhorizontal reflections within the reservoir, growing with time. The plumes also produce a
velocity pushdown caused by reduced velocity within
the CO2 -saturated rocks. Recent Sleipner data sets

1
Kyushu University, International Institute for Carbon-Neutral Energy Research (WPI-I2CNER), Fukuoka, Japan and Kyushu University, Faculty
of Engineering, Fukuoka, Japan. E-mail: tsuji@i2cner.kyushu-u.ac.jp.
2
Kyushu University, International Institute for Carbon-Neutral Energy Research (WPI-I2CNER), Fukuoka, Japan. E-mail: ikeda@i2cner.kyushu-u.
ac.jp.
3
University of Bergen, Department of Earth Science, Bergen, Norway and University Centre in Svalbard, Longyearbyen, Norway. E-mail: torarne.
johansen@geo.uib.no.
4
University of Bergen, Department of Earth Science, Bergen, Norway. E-mail: bent.ruud@geo.uib.no.
Manuscript received by the Editor 1 February 2016; revised manuscript received 4 April 2016; published online 5 August 2016. This paper appears
in Interpretation, Vol. 4, No. 4 (November 2016); p. SQ1–SQ11, 8 FIGS.

http://dx.doi.org/10.1190/INT-2016-0019.1. © 2016 Society of Exploration Geophysicists and American Association of Petroleum Geologists. All rights reserved.

Interpretation / November 2016 SQ1

Downloaded 08/08/16 to 129.177.55.58. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

furthermore showed that abnormal reflections within a
deep plume are fading out, suggesting changes in supercritical CO2 saturation in the deeper parts of the plume
(Chadwick et al., 2010). In conventional geophysical
monitoring, however, the interval of the time-lapse surveys is usually long due to their cost. The continuous
monitoring of the dynamic CO2 behavior can contribute

to suitable reservoir management, and it should also be
crucial for detecting accidental incidents associated
with CO2 injection (e.g., leakage).
In this study, we consider a monitoring approach by
applying seismic interferometry to seismic noise data acquired during a fluid-injection experiment (injectivity
test) at the UNIS CO2 Lab in Svalbard, Norway (Figures 1
and 2; Braathen et al., 2012; Lecomte
et al., 2014). Seismic interferometry can
be used to retrieve the Green’s function
between two receivers from the ambient
noise. Thus, we could construct timelapse seismic data using only passive
seismometer data, which are usually
acquired for microseismic detection. Because no additional seismic data were
required, this method is particularly attractive for cost effective, continuous
monitoring (Draganov et al., 2012; Minato et al., 2012a). Previous studies have
proposed the application of seismic interferometry to CCS projects (Draganov
et al., 2012). Some previous studies using
this approach detected changes in seismic velocities in shallow formations
associated with seasonal variations (Meier et al., 2010). To evaluate the influence
of changes in velocities of the shallow
formations on monitoring results, we
further conducted surface-wave analysis
Figure 1. Map of the fluid injection site in Longyearbyen, Svalbard, Norway.
using the noise data to estimate tempoTwo seismic lines (red lines) intersect at the injection well (yellow star). The
ral variations in the S-wave velocities of
northeastern part of line 2 is over the river.
the shallow formations. Alterations in
seismic velocities in the shallow formations may disturb reflection signals (e.g.,
velocity pushdown) from the deeper reservoir horizon and thus disturb the monitoring results. Accurate S-wave velocities are crucial for the construction of
the initial geologic models at CO2 storage
sites for reservoir fluid simulation and
geomechanical simulation (Ikeda and
Tsuji, 2015), and its time variation is important for the subsequent microseismicity analysis.

Figure 2. Active-source seismic profiles of (a) line 1 (northwest–southeast direction) and (b) line 2 (northeast–southwest direction). The locations of these
profiles are displayed in Figure 1. These seismic profiles were constructed using
active source data. The seismometers are the same as those we used in this
study. Yellow stars indicate the position of water injection.
SQ2 Interpretation / November 2016

Field data
Seismic data were acquired for
detecting microseismicity during a fluid
injection experiment as a site close to
Longyearbyen, Svalbard, in the Norwegian Arctic (Figure 1). The site comprises
a layered sedimentary sequence (Figure 2) with fluvial sediments comprising
the shallow part of the formation. The
reservoir is considerably underpressured
(approximately 30% hydrostatic pressure; Braathen et al., 2012; Oye et al.,
2013), but the reason for this has not
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been clearly identified yet. Accordingly, water was injected with fairly low pressure (up to 40 bar pump pressure). Core samples of the target reservoir indicated tight
rocks with sandstones of moderate porosity (5%–18%)
and low permeability (maximum 1–2 mD; Braathen et al.,
2012). However, hydrologic experiments revealed that
the crustal-scale permeability of the target lithology has
a much higher value (Braathen et al., 2012). The scale
dependency of permeability between core measurements and logging data indicates that the presence of
large-scale fractures is crucial for increased fluid flow
in the rock succession.
We use continuous seismic records (i.e., passive records) for approximately four days (Figure 3a), and during the last two days fluid injection was conducted.
Along two seismic lines intersecting the injection well
(Figure 1), 96 geophones were deployed (48 seismometers for each line). These two survey lines were perpendicular to each other. In this study, we will mainly
show the results from line 1 (northwest–southeast line;
Figure 1). The receiver interval is 25 m, the length of each
survey line is 1200 m, and the sampling interval is 2 ms.
During water injection, the recorded seismic data cap-

tured a wide range of frequencies (with specific highfrequency components), although an approximately 50 Hz
noise component was dominant (Figure 3b and 3c).
Waveform amplitudes near the injection well were
stronger (Figure 3d), suggesting that the seismic noise
was mainly generated from the fluid injection well.
Active-source seismic data were also acquired along
the two survey lines. By using these data (Figure 4a), we
could validate the results obtained using seismic interferometry. The reflection seismic profiles derived from
active-source data (Figure 2) clearly indicate a layered
sedimentary sequence from the surface to the reservoir
(the yellow star in Figure 2).
Methods and results
Time-lapse seismic data via interferometry
The concept of seismic interferometry was proposed
by Claerbout (1968), who shows that the reflection response of a 1D medium can be obtained from an autocorrelation of the transmission response. Several recent
studies have demonstrated methods for extracting the
seismic impulse response (Green’s function) between
multireceivers using seismic interferometry (Campillo

Figure 3. (a) The waveforms recorded at channel #1 for approximately four days. (b) Comparison of waveforms before and
during water injection (2 s). The vertical axes (amplitude) are differently scaled. (c) The time variation of the amplitude spectrum
of the waveform recorded at channel #10. Warmer color indicates greater amplitude. (d) Example of recorded waveforms (approximately 1 s) around the injection well. Here, we preserve the absolute amplitude. A high amplitude was recorded near the
injection well, suggesting that almost all noise was derived from the injection well.
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and Paul, 2003; Schuster et al., 2004; Snieder, 2004;
Roux et al., 2005; Wapenaar and Fokkema, 2006; Draganov et al., 2009; Minato et al., 2011). Here, we use
(1) crosscorrelation, (2) crosscoherence, and (3) deconvolution to estimate the seismic response between the
receivers (Figure 4b–4d). Crosscorrelation provides
amplitude information of a source wavelet, whereas the
other methods tend to remove the influence of the
amplitude. Using the crosscoherence, the amplitudes
are normalized in the frequency domain, and only
phase is used. Thus, it can be considered as prewhitened crosscorrelation process. Details of these three
approaches are thoroughly given in Nakata et al.
(2011). In our analysis, we define the receivers nearest
to the injection well as virtual sources because the
noise from the injection well was dominant (Figure 3d).
To remove dominant noise at approximately 50 Hz
(Figure 3d), we apply a 45 Hz low-pass filter for each

virtual shot gather (Figure 4b–4d). In Figure 4, we further show the virtual shot gathers of a limited frequency
band (25–45 Hz; Figure 4e–4g), to evaluate the variability of the retrieved shot gathers with respect to frequency.
The characteristics of the virtual shot gathers obtained using these three methods (Figure 4b–4d) are
clearly different. The shot gathers reconstructed from
the crosscorrelation (Figure 4b) are dominated by low
frequencies. In the shot gather constructed by deconvolution (Figure 4d), it is difficult to locate events at far
offsets. Comparing these shot gathers with those derived from active-source data (Figure 4a), we see that
the shot gather derived using crosscoherence (Figure 4c) is most consistent with the active-source shot
gather. Direct and surface waves are clearly visible in
the crosscoherence-derived shot gathers. The gradient
of the direct wave seen in the shot gathers (Figure 4c)
indicates the P-wave velocity near the
surface to be approximately 3300 m∕s.
The high P-wave velocity can partially
be explained by the effect of permafrost
as the P-wave velocity of pure ice is
3466 m∕s (Kim et al., 2010).
Crosscorrelation or crosscoherence
functions have causal (positive-time) and
anticausal (negative-time) sides, corresponding to the wave traveling from the
first receiver to the second and from the
second receiver to the first, respectively
(Figure 4b and 4c). If the sources of
ambient noise are homogeneously distributed, the crosscorrelation and crosscoherence functions are symmetric with
respect to (causal and anticausal) time
(Emoto et al., 2015). In this study, we
consider only the causal part for the
analyses because the seismic interferometry results captured physical events
only in the causal parts as the sources
were located close to the injection well.
From the continuously recorded seismic noise data, we reconstruct timelapse data using seismic interferometry
(i.e., crosscoherence approach; Figure 5).
The characteristics of the obtained virtual seismic traces clearly vary during
the approximately four day observation
period. Virtual seismic traces were, however, poorly estimated from passive data
recorded before the water injection began, although the presence of surface
Figure 4. (a) Active-source shot gather of line 1, and the virtual shot gathers dewaves can be seen. Subsequent to the
rived from noise using (b) crosscorrelation, (c) crosscoherence, and (d) deconvowater injection, clear direct and reflected
lution. The shot gathers in (e-g) are also derived from noise, but the band-limited
waves can be identified in the virtual
filter (25–45 Hz) was applied. We assume that the shot point is located at the
gathers. Temporal variations of the seisreceiver closest to the injection well. Because of source localization, the seismic
mic traces are strongly related to variasignal appears only in the causal part of the retrieved seismic-interferometry retions in the characteristics of noise
sults (positive time). The virtual shot gathers derived from crosscoherence (c and
f) are consistent with the active-source shot gather (a).
source.
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Repeating the analyses for several receiver pairs, we
influenced by time variations of noise associated with
construct common-midpoint (CMP) gathers (Figure 6),
the fluid injection experiment (see Figure 7). This is bewhich show vague indications of reflection events along
cause we focus on the dispersion curve within the lowhyperbolic curves at near offset (dashed curves in Figfrequency range; the time-variant noise from the fluid
ure 6). We could not retrieve reflection
events at the far offset (Figure 6) because the source is localized at the injection well. The inhomogeneous source
distribution violates an assumption for
the use of seismic interferometry (i.e.,
homogeneous distribution of seismic
sources). By considering the raypath
(i.e., the stationary phase zone; Snieder
et al., 2006; Schuster, 2009), the localized
noise source can effectively generate
shot gathers, but it is difficult to reconstruct the CMP gathers. Because the
noise from the injection well contains
multiples and other scattered waves,
we construct the CMP gather from one
localized noise source (Draganov et al.,
2009). Although there is a difficulty in reconstructing the CMP gather, the P-wave
velocity estimated from the CMP gathers
was approximately 3350 m∕s for the
reflection event at a traveltime of approximately 0.33 s, and this velocity is consistent with the velocity estimated from
Figure 5. (a) Time-lapse shot gathers from 16 to 18 February using a crosscoherwell-log data and active-source seismic
ence approach. (b) The time variation of crosscoherence between one receiver
pair. A clear direct- and reflection waves are identified during water injection bedata (Oye et al., 2013). This result demcause the noise derived from injection well enhances the S/N.
onstrates that subsurface reflections
around the reservoir can be extracted
using seismic interferometry analysis.
Figure 6 shows two CMP gathers calculated at different times, in which similar
reflections could be observed. The reflectors with similar characteristics can
be observed on the CMP gather reconstructed during the water injection
period. Using such CMP gathers, we can
construct time-lapse seismic profiles and
estimate variations in P-wave velocity. As
described above, these gathers were also
influenced by the temporal variations of
source characteristics (i.e., before and
during water injection).
Time-lapse S-wave velocity via
surface-wave analysis
The dispersion curve of a surface
wave was estimated from the virtual
shot gathers using the crosscoherence
approach (Figure 4c) through the multichannel analysis of surface waves (Figure 7a; Park et al., 1998, 1999; Tsuji et al.,
2012; Ikeda et al., 2015). The dispersion
curves derived from the surface-wave
analysis are accurately estimated, and
we believe that they are not significantly

Figure 6. Time-lapse virtual CMP gathers. In these profiles, we filtered out lowfrequency contents to enhance the reflection wave. Using these CMP gathers, we
can roughly estimate the time variation of seismic velocities (dashed lines).
Interpretation / November 2016 SQ5
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injection operation is dominant in the higher frequency
range (Figure 3c). When we performed the time-lapse
analysis of dispersion curves from 15 to 18 February,
we observed a slight decrease in the phase velocities
with time (Figure 7b). Considering the wavelengths
of the surface waves (Heisey et al., 1982), the estimated
dispersion curves (>2 Hz) are sensitive to velocity variations at shallower depths than the water injection
point (<250 m in depth).
Theoretical dispersion curves are calculated from
P- and S-wave velocities and density structures using
the compound matrix method (Saito and Kabasawa,
1993). By fitting the theoretical dispersion curve to
the observed dispersion curve, we estimate the S-wave
velocity (Figure 8). In this study, we use a genetic inversion algorithm (GA; Yamanaka and Ishida, 1996;
Tsuji et al., 2012) because the GA avoids all assumptions of linearity between the observables and the unknowns; therefore, it does not depend on the reference
(initial) velocity model (Socco et al., 2010). The effects
of varying S-wave velocity on the phase velocity of
Rayleigh waves are dominant over those caused by
variations in P-wave velocity and density (Xia et al.,
1999); therefore, we only perturb the S-wave velocity
in the inversion, whereas P-wave velocity and density
are estimated using empirical relationships between
the P- and S-wave velocities (Kitsunezaki et al.,
1990) as well as the S-wave velocity and density (Ludwig et al., 1970). A reference S-wave velocity model
consisting of six layers was initially made by approxi-

mating the S-wave velocity by 1.1 × C, where C is the
phase velocity of the Rayleigh wave, and one-third of
the observed wavelength into depth (Heisey et al.,
1982; Tsuji et al., 2012). By applying the inversion to
the time-lapse dispersion curves (Figure 7b), the time
variation of the S-wave velocity shallower than 200 m is
inferred (Figure 8). We perform GA inversion 10 times
with different initial populations for each dispersion
curve. In the inversion, we did not search for the S-wave
velocity for the shallowest layer (0–20 m), but kept it
fixed at 1.1 × 350 m∕s because the phase velocity at
the higher frequency range is approximately 350 m∕s.
Also, the higher modes included in the considered frequency range generally make it difficult to obtain stable
results for monitoring purposes (Ikeda et al., 2012). The
S-wave velocity in the shallow region (<30 m) was estimated to be less than 250 m∕s using reflection analysis
during the summertime (Lecomte et al., 2014). Although
the S-wave velocity is different from our estimation
based on surface waves, the difference could be mainly
due to seasonal variations. The temperature during
acquisition of our data was approximately −15°C (Figure 8d); thus, the shallow formation water was partially
frozen. Indeed, the estimated S-wave velocity varied during the observation period 15–18 February 2012 (Figure 8a–8c).

Discussion
Suitable environment for reservoir monitoring
using seismic interferometry
The shot gathers obtained by computing the crosscoherence of seismic
noise (Figure 4c and 4f) are similar to
the active-source gathers (Figure 4a).
In general, because gathers derived from
ambient noise are dominant in the lowfrequency part of the signal, it was difficult to obtain results similar to the activesource seismic data. At the injection site,
the general background noise level is
low, whereas vibrations during the water
injection generated high-frequency components around the injection well (pump;
Figure 3c). The seismic noise including
high-frequency components generated
at the injection well (pump) is suitable
for retrieving virtual seismic data for reflection analysis (Figure 4). However, the
observed amplitude spectrum shows significant frequency variation and includes
spiky noise (Figure 3c). Because the
crosscorrelation approach does not compensate for the narrow-band properties
of the noise sources (Nakata et al., 2011),
Figure 7. (a) Example of the dispersion curve derived from surface-wave analynarrow-bandwidth signals are dominant
sis for the northwest part of line 1. (b) The time variation of phase velocity (color).
in the crosscorrelation gathers (Figure 4b
The horizontal axis indicates the frequency as in the case of panel (a). The vertical
and 4e). On the other hand, the shot gathaxis indicates the time (approximately four days). (c) Time variation of phase
ers obtained via crosscoherence include
velocity at three frequencies. Horizontal axes indicate time (approximately four
days), and vertical axes are phase velocity.
a wide frequency range because of ampliSQ6 Interpretation / November 2016
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tude normalization (Figure 4c and 4f), and thus, show
similarities to active-source gathers (Figure 4a). Proximal to the injection site, the ambient noise from human
activities (e.g., traffic noise) is generally low, whereas
the noise from the fluid injection operations should be
dominant. Accordingly, the stationary phase method
should be selected for the seismic interferometry approach in such environments (Snieder et al., 2006; Schuster, 2009; Minato et al., 2012b). The offshore reservoir
(seafloor) could be a similar case, in which noise with
high-frequency components could be generated only at
injection wells (or platform; Mordret et al., 2013). Therefore, this approach using noise mainly derived from the
well could be effective for evaluating the injected CO2 in
subseafloor reservoirs.
In contrast, our results clearly demonstrate that the
time variation of the noise (i.e., frequency component)
significantly influences the results of seismic interferometry (Figure 5c); the reflection amplitudes from
the reservoir vary because of noise source conditions.
Therefore, we need to carefully check the characteristic
of noise for monitoring applications, by using sensors
dedicated for measuring the vibrations generated by

the noise source. If the dominant noise (e.g., pumping
noise) is time invariant and stable, the noise source
could be used effectively for monitoring purposes.
Recently, a continuous and controlled seismic source
permanent reservoir monitoring (Ayeni, 2010; Ikeda
et al., 2015). Ikeda et al. (2015) use the continuous seismic source system repeatedly generating sweep waveforms with a wide-frequency range (including high
frequency). Although each sweep signal has low amplitude, many stacking processes largely improve the signal-to-noise ratio (S/N) of the retrieved seismic traces.
The high stability of the continuous signals makes it feasible to detect subtle changes in surface-wave phase
velocities. Our results demonstrate that such wellcontrolled source systems are useful for continuous
reservoir monitoring.
Influence of surface variation upon monitoring
results
Seismic velocities in the shallow formations are time
varying to environmental conditions at the surface: rain
(saturation), temperature (freezing), vegetation, or seismic data acquisition or fluid injection operations. In-

Figure 8. Time variation of S-wave velocity in the northwest part of line 1. (a) Time variation of S-wave velocity profiles obtained
via GA inversion for the dispersion curves. (b) The time variation of the S-wave two-way traveltime from the surface to 200 m in
depth. The error bars show standard deviations computed from 10 inverted velocity models with different initial populations. The
S-wave two-way traveltime is varied by approximately 0.05 s during the observation. (c) The time variation of the P-wave two-way
traveltime from the surface to 200 m in depth. The color in (a-c) indicates the observation time shown in color bar. (d) Temperature
variation at surface for same time slot.
Interpretation / November 2016 SQ7
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deed, surface-wave analysis in this study clarified that
seismic velocity slightly varies over a few days of observation (Figure 8). The S-wave velocity changes significantly with the degree of freezing (Zimmermann and
King, 1986; Jacoby et al., 1996; Johansen et al., 2003);
thus, variations in the S-wave velocity within the fluvial
sediments can be explained by the degree of freezing
and pore-space saturation. Indeed, the P- and S-wave
velocities (Figure 8b and 8c) decrease subsequent to increasing temperature (e.g., 10:00, 16 February or 14:00,
17 February in Figure 8d), although their interrelation is
not very clear. However, seismic velocities and temperature are gradually decreasing during the monitoring
period (Figure 8). The long-period time variation cannot
be explained by the degree of freezing. Therefore, the
observed change in seismic velocities can also be attributed to other factors, such as the surface operations associated with fluid injection.
We evaluate the influence of the alteration in surface
velocity on the monitoring results of deeper reservoirs
for CO2 injection. Our results indicate that the S-wave
velocity decreases during the fluid injection experiment. Based on the observed S-wave velocity variation,
we estimate the corresponding change in the two-way
traveltime of the S-wave traveling from the surface to
200 m depth (Figure 8b). The traveltime changes by
approximately 50 ms during the observation period.
Furthermore, by using the relationship between the
P- and the S-wave velocities suggested by Kitsunezaki
et al. (1990), we calculate the traveltime variation of
the P-wave velocity from the surface to 200 m as approximately 10 ms (Figure 8c). This variation corresponds to an approximately 5% change in the P-wave
velocity. Such changes in seismic velocity considerably
influence the monitoring results; the traveltime of the
reflector of deep reservoirs could be shifted by 10 ms.
Therefore, monitoring velocity variations in the shallow
formations is important for monitoring purposes of the
deeper reservoir. In particular, the seismic velocities in
the permafrost region significantly change as melting
permafrost causes considerably a decrease in the seismic velocities. Although we did not analyze ambient
noise during the summer time, the S-wave velocities estimated from reflection data analysis conducted during
summer time were much lower (Lecomte, 2014). Thus,
seasonal variations in seismic velocities at shallow onshore formations would have significant impact on the
monitoring results (velocity pushdown) of deep reservoirs. Our approach using the surface waves is suitable
for monitoring shallow geologic formations.
Conclusions
We considered seismic interferometry using seismic
noise as a monitoring method. This approach has low
cost and possibly makes it particularly attractive for
long-term, continuous monitoring of CCS projects. We
applied this method to analyze the water injection experiment in Norway. Our main observations from this
study are
SQ8 Interpretation / November 2016

1) The virtual shot gathers derived from noise via the
crosscoherence analysis are similar to the activesource shot gathers. However, narrow-bandwidth
signals are dominant in crosscorrelation gathers because the crosscorrelation approach does not compensate for the narrow-band properties of the noise
source.
2) The P-wave velocity estimated from the time-lapse
CMP gathers derived from noise is consistent with
the downhole-logging data.
3) High-frequency noise derived from the fluid injection is suitable for reconstructing approximate shot
gathers. In remote areas or offshore environments
where the noise associated with human activities
is not dominant, the vibration derived from any
operations can be dominant. Therefore, we should
carefully consider the stationary phase method for
retrieving virtual seismic data.
4) Characteristics of noise source significantly influence monitoring results via seismic interferometry.
Therefore, the recently proposed continuous and
controlled source system (active system) for generating a continuous sweep waveform can be an effective
tool for continuous monitoring of deep reservoirs.
5) The surface-wave analysis applied to virtual shot
gathers is the most reliable means for identifying
velocity variations within the shallow formations.
The time-lapse S-wave velocity profiles show that
the S-wave velocities vary through the monitoring
period. In the frozen shallow sediments, the variations in seismic velocities due to varying freezing
conditions clearly influence the monitoring results
of time-lapse effects caused by injection into the
deeper geologic formations.
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