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SUMMARY

Enigmatically strong tube waves continue to exist long after the direct wave during repeat
crosswell-monitoring surveys at the Nagaoka CO, injection site in Japan. The tube waves,
which have linear moveouts with velocities of 1.29 and 1.41 kms™' at plastic and steel
casings, respectively, are generated by double scattering on the shallow side of the wells. We
characterize wavefields to confirm that these late coda waves are tube waves that are excited
at the source well, propagate upward, then travel to a receiver well as a body wave, and
finally propagate downward along the receiver well. Even though these tube waves result from
second-order scattering, they have large amplitudes because of the relatively short distance
between source and receiver wells. Because these waves propagate along both wells many
times, we can extract detailed information of wave propagation by averaging them to increase
the signal-to-noise ratio. We first use the tube waves to relocate sources and receivers between
multiple monitoring surveys, demonstrating our ability to correct the severe noise caused by
location errors that frequently degrades the repeatability of time-lapse surveys. Then, we apply
an inversion based on the physics of tube waves to estimate the location and strength of the
scatterers and find that they are predominantly located in the shallow segment of the wells,
above the sources, and infer that they are related to local fractures and/or wellbore conditions
because their locations do not correspond to the well geometry. Lastly, we use the tube waves to
accurately estimate subsurface velocities along the wells. The estimation is stable and robust,
and the velocities follow the general trend of subsurface structure seen in the well log data.
Due to the receiver spacing, tube-wave analysis cannot resolve a thin, high-velocity layer at the
CO; reservoir. By combining tube waves observed during different stages of the monitoring
survey, we can estimate the time-lapse changes of the subsurface velocities.
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diffraction.
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Because tube waves are Stoneley waves, they can also be used to

1 INTRODUCTION constrain permeability parameters (Li et al. 1994), which are usually

Tube waves are frequently observed to be one of the most energetic
wave phases during borehole seismic surveys, especially vertical
seismic profiling (VSP) surveys, and are often treated as strong
coherent noise because they mask weaker body waves (Herman
et al. 2000). Tube waves contain information pertaining to wellbore
characteristics (Biot 1952; Cheng & Toksoz 1981; Meredith et al.
1993) and subsurface fractures that intersect the wells (Tezuka et al.
1997; Bakku et al. 2013; Minato et al. 2017; Zheng et al. 2018).

difficult parameters to estimate from seismic data alone.

We observed unusually strong tube waves during repeating cross-
well seismic surveys in 2003—2005 at Nagaoka, Japan. The cross-
well surveys were designed for monitoring CO, injection using seis-
mic tomography (Saito et al. 2006). Geological CO, sequestration
is becoming increasingly critical to achieving negative emission ob-
jectives (Bickle 2009), and seismic tomography and crosswell seis-
mic surveys are useful tools for monitoring CO, plume behaviour.
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For instance, Lazaratos & Marion (1997) presented the time-lapse
seismic velocity changes due to CO, injection at Chevron’s McEl-
roy Field in West Texas, USA. Daley et al. (2008), Zhang et al.
(2012) and Ajo-Franklin ef al. (2013) used crosswell seismic to-
mography to identify a CO, plume. Crosswell seismic surveys are
also useful for high-resolution subsurface characterization and ex-
ploration of, for example, aquifers (Daley et al. 2004) and nickel
sulphide deposits (Greenhalgh et al. 2003). Tube waves are some-
times observed during crosswell surveys, although not as commonly
as during single-well surveys because sources and receivers are in-
stalled in different wells. When observed, frequency—wavenumber
(FK) filters are often used to suppress them before analysing body
waves (Afanasiev ef al. 2014). Scattered crosswell tube waves and
borehole Mach waves have also been studied (e.g. Cheng et al.
1994; de Hoop et al. 1994; Wu & Harris 2004). As explained be-
low, borehole Mach waves propagate with the same velocity as tube
waves in crosswell surveys.

More than 10 000 tons of CO, was injected at 1100 m depth dur-
ing the Nagaoka surveys (Xue et al. 2006), and time-lapse crosswell
seismic traveltime tomograms clearly show the velocity changes as-
sociated with the CO, injection (Saito et al. 2006; Spetzler et al.
2008; Onishi et al. 2009). Although tube waves during this set
of surveys are unusually strong, they have not yet been studied
in detail because the surveys were primarily designed for seismic
P-wave traveltime tomography. Here, we first introduce the data
observed during these crosswell surveys. Then we characterize the
tube waves as doubly scattered waves based on their moveouts, am-
plitudes and synthetic modelling. Next, we leverage the sensitivity
of tube waves to the structure and source-receiver distance along the
borehole directions to accurately estimate the locations of sources
and receivers in the boreholes during each monitoring stage. We
also invert waveform envelopes to infer scatterer locations and their
scattering coefficients. Finally, we propose and apply a method to
estimate subsurface velocities using such tube waves.

2 OBSERVED WAVEFIELD DATA

2.1 Background of experiment

The crosswell seismic surveys were conducted at Nagaoka, Japan
in 2003-2005 to monitor seismic velocity changes associated
with CO, injection using crosswell seismic traveltime tomogra-
phy (Fig. 1). A total volume of 10400 tonnes of CO, was injected
into a porous sandstone layer of the Haizume formation at 1100 m
depth at a rate of 2040 tonnes per day (Xue et al. 2006). The
injection site is located in the Minami—Nagaoka gas and oil field,
where several-kilomerester thick sedimentary layers exist. Detailed
geological information of the site is discussed by Xue et al. (2006).

Three monitoring wells located around the injection well were in-
strumented with OYO Wappa multidisc-type downhole mechanical
seismic sources (Yokota et al. 2000) and hydrophones as receivers
(Fig. 1). Well casings were primarily steel; however, fibreglass rein-
forced plastic (FRP) was used at 950-1204 m measured depth (MD),
1045-1143 m MD, and 928-1156 m MD in Wells 2, 3 and 4, respec-
tively. Wells were closely spaced at the surface and diverging with
increasing depth (Fig. 1). Eight repeated crosswell seismic surveys
were conducted. Baseline data were acquired before CO, injection
began, and seven mointoring surveys were conducted during and
after injection (Table 1, Saito et al. 2006). Three source—receiver
geometries were used: (1) Wells 2 and 3, (2) Wells 2 and 4, and (3)
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Figure 1. Geometry of injection (dashed line, 1) and monitoring wells (solid
lines, 2—4). Cross and map sections are shown at each panel. The top-right
inset shows the location of our site. The yellow star indicates the location of
CO; injection. The thick line at each monitoring well shows the locations
of receiver or source array (Table 1). The grey shade shows the zones where
FRP is used for casing. Steel casing is used at other zones.

Wells 3 and 4, in which the first well mentioned for each configu-
ration refers to the source well and the second refers to the receiver
well (Fig. 2). Configuration (1) was used for all eight stages, and
Configurations (2) and (3) were used for monitoring stages 4, 5 and
7 (Table 1). Data were acquired by a 92-m 24-sensor hydrophone
array with 4 m spacing, and hence four different shots at one loca-
tion are needed to cover the entire receiver locations. A sequence of
shots was carried out at 4 m intervals from the bottom to the top of
the well for one hydrophone location before the hydrophone array
was redeployed at a new location. Shot records were 1.0 s long for
Configuration (1) and 0.5 s long for Configurations (2) and (3). All
data were sampled at 0.125 ms interval (Figs 2 and 3).

2.2 Identification of wavefields

2.2.1 Linear moveout

Direct waves are very weak relative to later arrivals in both source
and receiver gathers (Figs 3a and b); however, we observe P
waves with hyperbolic moveout (Figs 3e and f) in the first 0.12 s,
which have been used for traveltime tomography (Saito et al.
2006). Waves with predominant frequency content between 100
and 300 Hz (Fig. 4) propagating with nearly linear moveout (LMO)
dominate the gathers after 0.3 s. As explained below, we inter-
pret these as tube waves. These tube waves have interesting fea-
tures. First, their amplitudes exhibit little temporal decay, and the
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Table 1. Locations of sources and receivers at each monitoring stage. The numbers are measured depth in metres of the first and last source/receiver. The numbers in parentheses indicate the number of sources or

receivers deployed in each well.

Stages

Source well

Configuration

Monitoring 7

Monitoring 6
900-1208 (78)
900-1228 (83)

Monitoring 5

Monitoring 4
900-1212 (79)
900-1228 (83)
900-1212 (79)
880-1228 (88)
900-1212 (79)
880-1228 (88)

Monitoring 3
900-1284 (97)
900-1228 (83)

Monitoring 2
900-1284 (97)
900-1228 (83)

Monitoring 1

Baseline
900-1284 (97)

900-1228 (83)

Receiver well

9001068 (43)
9001228 (83)
9001208 (78)
880-1228 (88)
9001212 (79)
880-1228 (88)

900-1212 (79)
900-1228 (83)
900-1212 (79)
880-1228 (88)
9001088 (48)
8801228 (88)

900-1284 (97)
900-1228 (83)

Well 2

Well 3

Well 2

Well 4

Well 3

Well 4
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strongest tube waves are observed around 0.6—0.8 s in the receiver
gather (Fig. 3a). Note that we do not apply any amplitude correc-
tion. Second, the moveout of most tube waves appears independent
of the shot and receiver locations, which suggests that they are pri-
marily travelling upward in the source well and downward in the
receiver well. The moveouts of tube waves are very similar each
other for different well pairs, which implies different wells have
similar tube-wave velocities (Fig. 2).

Borehole Mach waves, which are similar to acrodynamic Mach
waves, can be observed with LMO for crosswell geometries (Mered-
ith et al. 1993; Cheng et al. 1994). Borehole Mach waves are gen-
erated when the Stoneley-wave velocity is greater than the shear
wave velocity of the formation, which causes the Stoneley wave to
radiate into the formation as a shear wave. In the crosswell surveys,
because the receiver well records wavefields of the Mach cone, the
moveout is linear and the velocity is the same as the Stoneley wave
along the source well. However, we dismiss the possibility that the
tube waves in Fig. 3 are Mach waves, because the Mach waves decay
rapidly and they propagate in the same direction on both source and
receiver wells.

When we apply the LMO correction with a velocity of
1.40 kms™!, which is a typical velocity for tube waves (Schoen-
berg et al. 1981), most suspected tube waves become nearly vertical
in Figs 3(c) and (d). The casing affects the tube-wave velocities, as
the velocity of the segments with steel casing is higher than those
of the FRP casing. We estimate more accurate velocities for each
casing using beamforming in the next section. The source gathers
manifest more complicated waveforms than the receiver gathers
because of the acquisition system (Fig. 3d). Because of the 92-m
24-sensor array, we have to concatenate different shots at the same
shot location (but at four different times) to create a complete shot
gather. Reflected tube waves are generated at the bottom of the
receiver array, where a weight keeps the array cable taut.

2.2.2 Velocity of tube waves

We apply beamforming to the tube waves using slant stacking along
the borehole to estimate the tube-wave propagation velocities and
compare them to semi-analytically estimated velocities (Rost &
Thomas 2002). This analysis helps confirm that the waves are in-
deed tube waves. Because the velocities are dependent on the casing
materials, we apply beamforming to data separately for well seg-
ments with FRP and steel casing. Beamforming analysis reveals
that tube-wave velocities differ by about 10 per cent between well
segments with FRP and steel casings (Fig. 5a). Although the cas-
ing is thin, the tube waves are very sensitive to it (Schoenberg
et al. 1981). Semi-analytical solutions show that a simple three-
layer model, comprising fluid, casing and host formation (Fig. 5b;
Wang and Fehler, 2018), can account for the observed tube-wave
velocities. Formation velocities are calculated based on the well-
log data (Xue et al. 2006), and FRP material parameters are given
by Landesmann ef al. (2015). Also in agreement with our observa-
tions (Fig. 4) and supported by previous studies (e.g. Schoenberg
1986), the very modest frequency dispersion behaviour of the tube-
wave velocities is yielded by this semi-analytical calculation. The
modelled velocities match the observed data given by the beam-
forming well. Therefore, we conclude that the downgoing waves
with LMO arriving at about 0.3 s and later in Fig. 3 are tube waves.
We discuss the early LMO waves in Section 6.
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Figure 2. Examples of shot gathers at different experiment configurations (Table 1). The white dashed line shows the location of source. The receiver depth is

the measured depth along the well.
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Figure 3. (a) and (b) Examples of receiver and shot gathers. Source and receiver wells are Wells 2 and 3, respectively. (¢) and (d) Same waveforms as panels
(a) and (b), but after LMO correction with the velocity of 1.40 kms~!. (¢) and (f) Zoomed waveforms at the time window highlighted by the arrows in panels
(a) and (b). The white rightward arrows show the converted waves discussed in the main text. The white dashed lines show the locations of receiver and source
for left- and right-hand panels, respectively. The source and receiver depths are the measured depth along the well. The right-hand bars at each panel illustrate
the casing materials, and black and grey are steel and FRP casings, respectively. Note that we do not apply any amplitude correction along the time or space

axes.

2.2.3 Doubly scattered tube waves

Based on the discussion above, the tube waves in Figs 3(a) and
(b) are strong, directional Stoneley waves rather than Mach waves.
Thus, tube waves propagating upward in the source well, trans-
fer to the receiver well, where they propagate downward. Doubly

scattered tube waves are the simplest model that accounts for these
features (Fig. 6). In this model, the waves propagate as tube wave —
body wave — tube wave with two conversions between the source
and the receiver. Unlike body waves, whose amplitudes decay due
to geometrical spreading, tube-wave amplitudes do not exhibit de-
cay caused by such spreading (Herman et al. 2000). Because the
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Figure 4. Examples of spectrograms of four traces in the receiver gather
shown in Fig. 3. The spectrograms are computed by S transform (Stockwell
et al. 1996). The source location is shown at the top-left corner of each
panel. In each panel, brighter colour indicates the more powerful signals.
The white lines show the time-domain waveforms.

wells are closely spaced in the shallow subsurface, the distance over
which these waves propagate as body waves is short, and amplitude
decay is thus limited. Therefore, we conjecture that the conversion
of strong doubly scattered tube waves occurs primarily in shallow
well segments. This explains why the late-arriving tube waves are
upgoing in the source well and downgoing in the receiver well, and
amplitudes stay large. The similarity of traveltime perturbations of
tube waves among all combinations of sources and receivers be-
tween 0.1-0.7 s after LMO correction (Fig. 7) indicates that the
propagation of these waves within the source and receiver arrays is
consistent over time. Although even higher-order scattered waves
may exist in the data, such waves are much weaker than doubly
scattered waves because of scattering coefficients and longer body
wave paths.

3 REPOSITIONING OF SOURCES AND
RECEIVERS

Location errors for sources and receivers are one of the largest
sources of uncertainty in crosswell time-lapse seismic surveys. Ac-
curately estimating these locations is made difficult by the non-
uniqueness of the inverse problem, that is, the trade-off between

Doubly scattered tube waves 631

changes in the source/receiver locations and propagation velocity.
Tube waves, however, provide a unique opportunity to improve the
location estimates because they are highly sensitive to the location
changes made parallel to the borehole.

The wavefields at different monitoring stages are similar to each
other but temporally shifted (Fig. 8). The magnitude of the temporal
shift varies between the direct and tube waves, and the tube waves
have larger shifts, which indicates that the shift is caused primar-
ily by the source/receiver location shift rather than changes in the
source-onset time.

The relative time-shift of tube waves is independent of whether
an earlier or later segment of the seismogram is being examined.
The relative time-shift between two monitoring stages can be ac-
curately measured by cross-correlating short segments of data. We
cross-correlate each 0.02-s segment of the data, and the resultant
correlation coefficients for waves from any two stages are predomi-
nantly greater than 0.9 (Figs 9¢c and d). Time-shifts appear indepen-
dent of the casing materials (short dotted lines in Figs 9a and b), but
dependent on the receiver arrays (short solid lines). This shot gather
comprises four shots recorded by different receiver positions. When
acquiring data, sources were moved first before receivers. The po-
sition of the receiver array was fixed, and a sequence of shots were
carried from the bottom to the top of the borehole. Then the receiver
array was relocated for another set of sources. Therefore, the error
of source locations varies between different receiver-array locations
(e.g. receivers above and below the short solid white lines in Fig. 9).

We estimate the source and receiver location errors using the
time-shifts from Fig. 9. The errors show the relative deviation of
locations between stages, which may be caused by technical lim-
itations, unknown thermal conditions and/or human errors. The
time-shift, Atff/_ , between stages k and / can be defined as

Ay =iy =ty = (At Ay o+ Aol (1)

where J is the receiver array, i is the source, j is the receiver index
within the J array, s and r are the source and receiver locations,
respectively, v is the propagation velocity of the tube wave, and o;
is the onset time for the ith source. The symbol A indicates the
difference of a quantity between two stages, and terms without A
represent the shift at each stage; for example, A%/ is the receiver
location shift between the kth and /th stages, and #* is the receiver
location shift at kth stage.

Theoretically, the source-onset time error Ao can be estimated
using the difference in time-shifts of the direct wave and tube waves;
however, because the signal-to-noise ratio (SNR) of the data is low,
time-shifts for the direct waves are difficult to estimate reliably. By
visually inspecting the direct-wave time-shifts in Fig. 8, we conclude
that the onset time error is negligible (Ao ~ 0). In this study, we
only invert for the location errors.

To estimate the location errors, we assume that the position of
receivers along the array remains constant and estimate a single
receiver location error per receiver array (Arlj‘(;l = Arljil ==
Arﬁj‘_l = Arﬁ'l). Moreover, by assuming that the location error is
random and the average of the errors is nearly zero, the average
of time-shifts over all sources and all receivers in each array pro-
vides the location error of each receiver array (3_; j(Atl.’ffj )/NiN; =
Zi'j(Asik’l + Arﬁj‘_l)/vN,«Nj = Ar%' /v, where N is the total num-
ber of sources or receivers in an array). The first assumption is valid
because the hydrophone cable is sufficiently elastic. The validity
of the second assumption, however, is not guaranteed, although the
results shown below support our assumption. After we correct the
locations of the receiver arrays, the average of the time-shifts over all
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Figure 5. (a) Beamformed wavefield power against tube-wave velocities at steel and FRP casing zones. The power is normalized by the maximum power for
each casing. The dots show the velocities at the maximum power. The estimated velocities are 1.29 and 1.41 kms~! for FRP and steel casing, respectively. (b)
Modelled dispersion curves of tube waves for steel (black) and FRP (red) casings. The dotted and thin horizontal lines represent the velocity of the fluid and
formation S waves, respectively. The dots show the velocities estimated in panel (a) at the frequency estimated in Fig. 4.
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receivers in each array provides source-location errors (3_ Ati’% —
Arﬁ’I/v)/Nj = Z‘/(Asik‘l + Arf;_l — Arﬁ’l)/ij = Asl.k’l/v). Note
that source locations may differ per receiver array, even though they
were expected to remain at a constant depth.

Because wavefields correlate strongly (correlation coefficients >
0.9), we focus on the first five monitoring stages for Configuration
1 (Table 1). Ten different stage combinations are available for this

estimation because we have data for five independent stages. We
apply a simple least-squares inversion to relocate sources and re-
ceivers at each stage. For example to estimate the receiver array
location errors,

At = Gt, 2
where
At = (Atll’z, A AR AR ,)T,
-110 00---00
-101 ---0 0--- 00
G— 600..._11...00...

000 -0 Q--v—11---

t=(t11,t12,-~~,t21,~~~ ,t‘llf’...)r’

and we calculate Ak = i At[]fjf/NiNj and 1% =
>ty /NiN; =r5/v. We can compute the time-shift at
each stage with t = (G”G)™'GT At using a pseudo-inverse matrix
for (GTG)~!. Note that because we estimate relative errors, we do
not define the origin point of ». We use a similar expression for
source locations.

After solving the inverse problem, time-shifts are converted
to location errors using the velocities v estimated by beamform-
ing (Fig. 5). The array location changes between monitoring stages,
and at each monitoring stage, the variation in the location errors
among four different receiver arrays is small (Fig. 10). The mean
values for source locations are close to zero, and their error dis-
tribution is nearly normal, which supports our second assumption
about average time-shifts (Fig. 10b). Overall, the location errors are
small (less than tens of centimetres) for both sources and receivers,
but measurable using tube waves. Hence, the resulting errors in
the distance between sources and receivers are largely negligible
for body-wave applications. The average standard deviation of the
offset errors for all stages, which is important for traveltime tomog-
raphy, is only 0.13 per cent. We repeat this inversion for all available
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waves are mostly tube waves (see Figs 3a and b).

stages during experiment Configurations 2 and 3, and correct the lo-
cation errors. We use the corrected locations for the analyses below,
unless otherwise noted.

4 LOCATION OF TUBE-WAVE
SCATTERERS

Our interpretation of late-arriving tube waves being doubly scat-
tered waves requires the existence of at least one scatterer for
each well (Fig. 6). The long train of tube waves indicates that,
in fact, many scatterers exist along the wells. These scatterers may
be fractures, lithological layers, or variations in well characteris-
tics (Minato et al. 2017). In this section, we estimate the location of
scatterers using late-arriving tube waves for all experimental config-
urations (Table 1). To estimate scatterer locations with a reasonable

computational cost, we first average LMO corrected wavefields over
all sources and receivers at each well pair for increasing SNR of
waves (i.e. averaging wavefields along the source and receiver axes
in Fig. 7, but with more accurate velocities estimated in Fig. 5).
This averaging assumes that the tube waves are propagating in-
side of arrays with the estimated velocity, and that no scatterers
exist within the array. After this averaging, we obtain three wave-
forms and compute their envelopes, one per survey configuration
(Fig. 11). Because of the convention of our LMO correction, the
waves in Fig. 11 can be considered as the wavefield between the
shallowest receiver and source at each well pair. These envelopes are
treated as observations in our inversion for estimating the scatterer
locations described below.

For given scatterer locations in each well, we can calculate syn-
thetic envelopes of the doubly scattered waves using the model
in Fig. 6. We invert for the true scatterer locations by comparing
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the envelopes of synthetic waveforms against the observed data de-
scribed in the paragraph above. Our inversion minimizes the average
over all well pairs of the ¢, norm of the difference between synthetic
and observed waveform envelopes. We use the envelopes instead of
the true wavefields to mitigate the problem of phase changes due to
scattering of the unknown source functions. For this wavefield syn-
thesis, we use a Ricker wavelet source with the central frequency
of 150 Hz based on observation (Fig. 4), and we convolve three
Green’s functions—(i) a tube wave from the source to the first scat-
terer, (ii) a body wave between two scatterers and (iii) another tube
wave from the second scatterer to the receiver—to obtain the target
waveform. Here we use the two tube-wave velocities estimated by
casing-dependent beamforming analysis (Fig. 5a) and P-wave ve-
locity of 2.3 kms~! based on well-log data (Onishi et al. 2009). We

do not consider attenuation of waves, but do include the geometrical
spreading effect for body waves.

First, we use a grid search to determine the depth and scattering
coefficient of a single scatter in each well. The grid search ranges
between 400 and 1250 m depth with 1 m interval and —1 to +1
with 0.05 interval for the scattering coefficient. We analytically
calculate doubly scattered tube waves and compare their envelope
to observed data to find the best set of scattering parameters (depth
and scattering coefficient) for each well. Then, using simulated
annealing, we iteratively increase the number of scatterers in each
well by one and repeat the grid search to determine whether the
objective function decreases as a result of increasing the number
of scatterers. Whenever the objective function decreases, we adopt
the scatterer; otherwise we discard it. At each iteration, we also
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refine the location and scattering coefficient of previously located
scatterers. After 25 iterations, the inversion converges and we obtain
the scatterer properties (Fig. 12). The synthetic envelopes agree
very well with the observed data for all three well combinations
(Fig. 11).

The scatterers are concentrated in the shallower well segments,
where the well spacing is small. The curvature of wells can be a
scattering point (e.g. in Wells 2 and 3), but the strongest scatter-
ing locations may be caused by other factors, such as fractures or
cementing, considering that their locations appear independent of
the well shape. Information on well integrities, borehole caliper
and fracture locations is unfortunately unavailable. The observed
tube waves are insensitive to very shallow scatterers because of the
record lengths. Note that if we only have two wells, this inverse
problem is strongly non-unique. The third well, however, provides
additional constraints into the inversion because the same scatter-
ers must match two independent envelopes. A few scatterers are
located within the source and receiver arrays (Fig. 12), which de-
viates from our assumption of no scatterers existing within the
arrays, but because the coefficients are small, we consider this
to be a numerical error with negligible effect on the synthetic
envelopes.

5 SUBSURFACE VELOCITY
ESTIMATION

We use these doubly scattered tube waves to estimate subsurface
velocities. Because the tube waves encode information about sub-
surface properties around the well in addition to casing materi-
als (Tezuka et al. 1997), we can use them to extract subsurface
velocities around the borehole. With the analyses above, most of
the tube waves in Fig. 7 repeatedly propagate along the source

0 1 1
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Figure 12. Locations of estimated scatterers and their relative scattering
coefficient. The lines and coloiir of wells are the same as them in Fig. 1.
Each circle shows the location of the scatterer and the colour indicates the
scattering coefficients. When the coefficient is negative, the polarity of the
wave reversed after scattering.

€20z Aienuer 0z uo Josn saueiqr LI AQ 0525589/229/1/E€Z/aI0Me/B/Woo"dno-ojwapese//:sdny Wwoly papeojumoq



636 N. Nakata et al.

and receiver arrays. This repeated propagation provides rich in-
formation from which wave velocities along the arrays can be
computed.

When we deconvolve tube waves generated by two sources in
Well 2 and observed by one receiver in Well 3, we can extract
wave propagation effects between these sources (Nakata & Snieder
2012). Because deconvolution numerically removes the path ef-
fects between the receiver and the closest source used, we aver-
age the deconvolved wavefields over all receivers to extract reli-
able wavefields between the sources. We repeat this deconvolution
between all source pairs and then estimate the interval velocities
along the source well from the traveltimes of deconvolved wave-
forms (Fig. 13a). The estimated velocities agree very well with the
trend shown in the well-log data, particularly the gradual increase in
velocities with increasing depth and the high velocity zones at 1000,
1040 and 1155 m depths. In this area, S-wave velocities are about
half of the P-wave velocities, and tube-wave velocities are almost
the same as for S waves based on our numerical calculation using
the algorithm from Wang & Fehler (2018, Fig. 13b). Using this
numerical solver, we can potentially invert for the S-wave velocities
from tube-wave velocities; however this is beyond the scope of this
work. Regardless, Fig. 13(a) shows that tube waves provide useful
signals for estimating velocities around the wellbore, even when
well-log data are unavailable. We can also estimate velocities along
the receiver well using reciprocity and computing deconvolutions
between receivers instead of sources.

Interestingly, tube waves can resolve neither the very high-V, silt
layer at 1100 m depth nor the velocity decrease in the reservoir due
to the CO; injection immediately below the silt layer (also see the
black lines in Fig. 14). This is possibly because the high-V, layer
and the reservoir are too thin (around 3 and 6 m, respectively, based
on Xue et al. 2006) compared to the wavelength of the tube waves
(~ 10 m) and receiver spacing (4 m). Neither can the synthetic tube
waves obtained by the numerical solution of Wang & Fehler (2018,
blue in Fig. 13a) resolve the high V), layer either.

In Fig. 13(a), we downsample the well-log data to directly com-
pare the results with field observations. The resolution limit is partly
due to the receiver spacing, and we test the sensitivity of tube waves
to thin layers when we have very dense borehole receivers, such
as would be provided by distributed acoustic sensing. When we
assume that the receiver spacing is the same as the well-log sam-
pling (15 cm), the tube waves can capture the silt layer at 1100 m,
although the absolute values are much smaller (Fig. 13b).

Because our method uses time-shifts between different monitor-
ing stages for correcting source and receiver locations, we cannot
use the location corrected data for time-lapse monitoring of the
structure. Note that we can, however, still use the corrected loca-
tions for body-wave seismic tomography. Because the estimated
location errors are relatively small (Fig. 9), we compute tube-wave
velocities at each monitoring stages without repositioning (Fig. 14).
At each stage, the velocities estimated from tube waves agree well
with the well-log velocities. General trends and layers at 1000 and
1040 m are well resolved, but, similar to Fig. 13(a), the silt and
velocity reduction at 1115 m due to the CO, injection cannot be
imaged. The tube waves may be insensitive to the reservoir be-
cause it is too thin, as discussed above. It may also be the case,
however, that tube waves are insensitive to the CO, injected in this
experiment because tube waves are most sensitive to S-wave ve-
locities and injected CO, does not modulate the subsurface shear
modulus, unless injection results in pore-pressure or large density
changes.

6 DISCUSSION

6.1 Early linear-moveout waves

At earlier times, close to the direct P waves, similar LMO waves
exist, particularly in the receiver gather (white arrows in Figs 3e
and f). These waves may be considered as converted tube waves
excited by direct body-wave arrivals (Schoenberg 1986) for which
the conversion is caused by local fractures around the receiver well
or the effect of wellbore roughness (Bouchon & Schmitt 1989).
Although this body-tube converted wave may exist, as presented
by Wu & Harris (2004), we suspect that most of these waves here
are likely SP converted waves, which are excited as S waves at a
source, scattered and converted to P waves, and then observed at a
receiver.

We model the SP wavefields numerically and their traveltimes
semi-analytically in Appendix A. Interestingly, the SP waves look
very different in the source and receiver gathers and have almost
LMO in the receiver gather (Fig. A2). The OYO Wappa source
usually excites P waves predominantly (Yokota et al. 2000), but
source-borehole coupling is complicated by the directional wells,
and P and S waves may possibly both be generated by the source
as a result (Nakata e al. 2022). PS converted waves might exist
but are invisible, because hydrophones are insensitive to S waves.
This would also explain why more LMO waves are observed in
the receiver gather (Fig. 3¢) than in the source gather (Fig. 3f).
This phenomenon additionally indicates the importance of simulta-
neously interpreting both shot and receiver gathers for identifying
wavefields.

6.2 Inversion of scatterers

The inversion for estimating scatterer locations and reflection co-
efficients employs a grid search, which can be computationally
expensive as they are a brute-force approach. The computational
cost of our inversion, however, remains modest because we use
simulated annealing to find values for each scatterer and averaged
envelopes as input data. This averaging reduces the size of the input
data and computational cost of forward modelling. We also miti-
gate the effect of local minima by using envelopes instead of actual
wavefields. In this study, this inversion takes several hours to run
on a laptop.

Our lack of knowledge of the source wavelet is another limitation
in our inversion. We use a Ricker wavelet because it is a relatively
simple wavelet which represents the Wappa source well. The radi-
ation pattern of tube waves for particular borehole sources is often
not studied; however, our inversion would benefit significantly if
such information were available.

We discuss the scattering effect of tube waves due to fractures
and geological structures. Fractures can also trap seismic energy and
generate guided waves (e.g. Liang et al. 2017). The amplitudes of the
guided waves are potentially large because of a small geometrical
spreading effect. Therefore, if a large fracture exists across multiple
wells, such guided waves may be observed. We do not include such
waves in our modelling because we do not have evidence of the
existence of such large fractures in this study.

6.3 Joint inversion of velocities and source/receiver
locations

We implement a two-step procedure to estimate the source and re-
ceiver positions and subsurface velocities. This workflow prevents
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us from estimating time-lapse velocities after repositioning sources
and receivers. Position errors and subsurface velocities could po-
tentially both be solved simultaneously; however, doing so would
increase the non-uniqueness in the inverse problem. For example,
we could consider the velocity as a known parameter in eq. (1).
Alternatively, the velocity can be treated as an unknown function
of locations along the boreholes. We do not try this large inver-
sion though because the quality of our data is limited. Note that
we estimate the location errors between stages and subsurface ve-
locities within each stage. After we estimate the time-shift with
cross-correlation, we can jointly invert for velocity and locations.

7 CONCLUSIONS

We find anomalously strong downgoing tube waves in a crosswell
seismic monitoring survey, and infer that they are related to second-
order scattered tube waves. The observed tube waves differ from
borehole Mach waves and body-to-tube converted waves based in
that they are long-lived and exhibit little amplitude decay. All strong
tube waves observed propagate in one direction. We apply beam-
forming to the tube waves to accurately estimate velocities, and
casing materials affect the velocities significantly. Semi-analytical
synthetic tube wave modelling is well matched to observations, and
confirms their nature. Based on the well trajectories, we infer that
most scatterers are located in the shallow segments of the wells
(above the sources and receivers) and the tube waves have uniform
LMO, in which the waves are always upgoing in the source well and
downgoing in the receiver well.

Using these scattered tube waves, we estimate accurate source and
receiver locations for different monitoring stages. We overcome one
of the most common problems for time-lapse surveys: the location
error. For this survey, the position errors are relatively small over
different monitoring stages and negligible for body-wave applica-
tions such as crosswell traveltime tomography. We invert tube-wave
envelopes to determine scatterer locations captured by the doubly
scattered waves. We then propose a technique to monitor subsurface
velocities with wavefield deconvolution. The estimated velocities
agree well with the velocities measured by logging tools.

Based on our knowledge, no studies have presented such enig-
matic tube waves at crosswell surveys. These waves are due to the
shape of boreholes, source types and the existence of scatterers
along the boreholes. We demonstrate here that the tube waves can
provide accurate source and receiver locations, which are not easy
to estimate from other wavefields, as well as subsurface information
such as scatterers and geology. These tube waves can potentially be
used to increase the accuracy of time-lapse tomography for moni-
toring CO, subsurface sequestration.
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APPENDIX A: SP CONVERTED WAVE

In this section, we model the early LMO waves near the direct
waves (Figs 3e and f) and show that they are likely SP con-
verted waves. We compare the field data to two types of synthetic
data: elastic modelling with (i) isotropic and (ii) double-couple
sources (Fig. Al). In both cases, the receivers are hydrophones
and the geometry is the same as the one used in the field data.
The synthetic data are computed with a 2-D finite-difference wave-
equation solver. The velocity model for this simulation (Fig. Ala) is
obtained by a spline interpolation of three well-log data (Xue et al.
2006). We use isotropic and double-couple sources, which excite
only P wave and both P and S waves, respectively. The nodal plane
of the double-couple source is in the horizontal direction without
loss of generality.

The first arrivals are modelled for both isotropic and double-
couple cases (Fig. Al). Because of the low velocity zone, the waves
at receivers around 1100 m depth arrive later than those at neigh-
bouring receivers. The hyperbolic wave around 0.15 s in the source
gathers in Fig. Al(g) resembles the wave in Fig. Al(c), but the
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isotropic case does not have such waves in Fig. Al(e). These waves
are SP converted waves, which are excited as S waves by the source,
converted to P waves at the sharp velocity contrast at the reservoir,
and recorded as P waves at receivers. Interestingly, but probably
not very intuitively, these SP waves are recorded as waves with
nearly LMOs in the receiver gather (Fig. A1f). This is the wave also
observed in Figs 3(e) and ().

To validate these moveouts (a hyperbolic moveout in the source
gather and an LMO in the receiver gather), we calculate analytical
traveltimes of direct P, PP and SP waves with a simple geometry,
where source and receiver wells are vertical and a reflector is hor-
izontal (Fig. A2). The traveltime of the direct P wave, #;, is given

by
ti =h?+(z, — 2)* /v, (A1)

where v, is the P-wave velocity. Other symbols are shown in Fig. A2.
Similarly, the traveltime of the PP wave is

tpp = H2 4 (lzrey — 21+ lzvey — 2P/ (A2)

The PP wave becomes identical to the direct P waves when the
source and receiver are on the other side of the reflector (z >z, >
Zg OF zg > Z, > z). For the SP converted wave, the traveltime can
be computed using the location of the conversion point /4, as

tsp = \lzres = 22+ 12/0, 4 (b = hP + Izreg — 212/0,, (A3)

where vy is the S-wave velocity. When we calculate the derivative
of the SP traveltime for the conversion point, we obtain Snell’s law.

We calculate the traveltimes for direct P, reflected PP and con-
verted SP waves using eqs (A1)—(A3) with a P-wave velocity of
2500 ms~!, an S-wave velocity of 1250 ms~! and a well distance
of 150 m (Figs A2b and c). In this calculation, we conduct a grid
search for the conversion point to minimize the traveltime. Similar
to the field data, the SP-wave traveltime is recorded as a hyperbola
in the source gather and is nearly linear in the receiver gather. The
moveouts of the direct P and PP waves are, however, identical for
both gathers. The difference of moveouts at source and receiver
gathers are due to the locations of the conversion points in the gath-
ers. In the source gather, the conversion point does not move much
for different receiver locations, so the moveout of the SP waves be-
comes similar to the time of direct P waves. On the other hand, in the
receiver gather, the converted points change across the source loca-
tions, and therefore the moveout of the SP waves is more controlled
by the S-wave velocity and the travel path of the S-wave segment
of the path. We need to pay careful attention to these converted
waves because we may misinterpret them as tube waves due to their
moveout. The tube-wave velocities are also close to the S waves. If
we want to use the SP waves, we should use source gathers, or a
special pre-processing filter is needed to mute tube waves but retain
these converted waves. We find that the receiver gather contains
such LMO waves much more than the source gather. Note that the
source can generate S waves, but the receivers (hydrophones) are
not sensitive to S waves.
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Figure Al. Comparison of field and synthetic data. (a) The locations of the source (yellow star) and receiver (red triangle) used for the source and receiver
gathers, respectively. The background colour shows the synthetic velocity model used for wavefield modelling. The source and receiver at 1140 m are shown
as the star and triangle, respectively. (b), (d) and (f) Source gathers and (c), (e) and (g) receiver gathers. The three rows show (b) and (c) gathers of the field
data, (d) and (e) synthetic data with an isotropic source and (f) and (g) synthetic data with a double-couple (dc) source. The nodal plane of the double-couple
source is the horizontal direction. The white dashed line indicates the location of the common receiver or source locations.
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Figure A2. (a) Model of the analytical converted waves. The yellow star and red triangle show the location of source and receiver, respectively, and the
horizontal thick black line is the location of the reflector. (b) and (c) Analytical traveltimes of direct P, PP and SP converted waves for the receiver (b) and
source (c) gathers when the reflector is at 50 m depth (solid black line). The common receiver and source are located at —20 m depth (dashed black line). The
constant velocity and vertical wells are assumed for this analysis. The dotted lines indicate the velocity of 2500 and 1250 ms~!, respectively.
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