Journal of Marine Science and Application (2024) 23: 628-633
https://doi.org/10.1007/511804-024-00438-x

RESEARCH ARTICLE

Hcable for Time-Lapse Seismic Monitoring of Marine Carbon Capture and Storage

Bin Liu', Yutong Fu® and Pengfei Wen'

Received: 17 December 2023 / Accepted: 11 January 2024
© Harbin Engineering University and Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

To ensure project safety and secure public support, an integrated and comprehensive monitoring program is needed within a carbon capture and
storage (CCS) project. Monitoring can be done using many well-established techniques from various fields, and the seismic method proves to
be the crucial one. This method is widely used to determine the CO, distribution, image the plume development, and quantitatively estimate the
concentration. Because both the CO, distribution and the potential migration pathway can be spatially small scale, high resolution for seismic
imaging is demanded. However, obtaining a high-resolution image of a subsurface structure in marine settings is difficult. Herein, we introduce
the novel Hcable (Harrow-like cable system) technique, which may be applied to offshore CCS monitoring. This technique uses a high-
frequency source (the dominant frequency>100 Hz) to generate seismic waves and a combination of a long cable and several short streamers to
receive seismic waves. Ultrahigh-frequency seismic images are achieved through the processing of Hcable seismic data. Heable is then applied
in a case study to demonstrate its detailed characterization for small-scale structures. This work reveals that Hcable is a promising tool for time-
lapse seismic monitoring of oceanic CCS.
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to assess the effectiveness of carbon sequestration; 3) to sup-
ply data to help in policy-making; 4) to improve under-
standing of the project by the public to gain their support.

1 Introduction

CCS is considered the most promising way to reduce CO,

emissions. In this technology, CO, is captured and stored
underground. The CCS project is complex and involves
many aspects, including costs and benefits, ecological effects,
safety, and public support. Integrated monitoring is required
to ensure the success of the CCS project (Li et al., 2023),
the purposes of which are 1) to guarantee project safety; 2)
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To achieve these goals, an integrated monitoring program
should track the distribution of CO, within the layers, detect
whether an earthquake is induced, and offer a quantitative
estimation of the amount of stored CO,.

Several geophysical methods have been used for CCS
monitoring (Arts et al., 2008; Furre et al., 2017), e.g., seis-
mic method, logging method, gravity method, and controlled
source electromagnetic method. These methods are from
various fields and are based on different principles. Together,
they monitor areas ranging from storage reservoir units,
shallow subsurface, seafloor, and water columns to the atmo-
sphere. Among them, time-lapse seismic monitoring is proven
to be the key monitoring tool (Chadwick et al., 2004; Harris
et al., 2016; Furre et al., 2017). It is widely used in every
running CCS project (Arts et al., 2004; Cheraghi et al.,
2017; Trautz et al., 2020; Pevzner et al., 2021). For example,
in the Sleipner project, a baseline three-dimensional (3D)
seismic survey was conducted in 1994, and repeated surveys
were done in 1999, 2001, 2004, 2006, 2008, 2010, 2013,
and 2016 (Furre et al., 2017).

The seismic method has several advantages. First, com-
pared with other techniques, it can produce an image of the
subsurface structure with the highest resolution and accuracy
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(Arts et al., 2008; Chadwick et al., 2014; Furre et al,,
2017). Second, rock physics can be derived from seismic
data, which can be further used to quantitatively estimate
the concentration of CO, (Williams and Chadwick, 2012;
Ghosh et al., 2015; Cowton et al., 2016). Third, it is very
sensitive and can detect small changes (Chadwick et al.,
2004). Thus, we use the seismic technique to determine the
distribution of CO, and image the plume development
(Ringrose et al., 2009; Furre et al., 2017) and quantitatively
estimate the concentration of CO, and then determine how
much is stored (Williams and Chadwick, 2012; Yan et al.,
2019), which is an important aspect for assessing its effec-
tiveness.

Because both the CO, distribution and potential path-
ways may be spatially small-scale (Arts et al., 2008; Ajo-
Franklin et al., 2013; Blackford et al., 2014; Chadwick et al.,
2014; Cowton et al., 2016), it requires that the seismic
method should provide a high-resolution image of the sub-
surface structure. In land seismic surveys, high-resolution
seismic images are achieved by increasing data density and
peak frequency. By contrast, in offshore settings, high-
density data remains very challenging. The limitation comes
from the fact that seismic streamers should be deployed
with large spacing to ensure safety. For example, in con-
ventional oil and gas exploration, the streamers are usually
50 or 100 m apart (Widmaier et al., 2020), and the bin size
is about 6.25 mx12.5 m (Long, 2004; Widmaier et al., 2020),
which is not sufficient for characterizing the small-scale
CO, distribution in subseafloor layers. In the Sleipner proj-
ect, several attempts have been made to increase the seismic
resolution, including through two-dimensional (2D) high-
resolution seismic surveys and using dual streamers (Furre
and Eiken, 2014). With these attempts, the peak frequency
reaches 50 Hz. However, the 2D seismic survey is not suf-
ficient for characterizing the 3D CO, distribution. Moreover,
50 Hz is still not sufficient to characterize small-scale
structures involved in CO, migration.

Herein, we introduce a newly developed seismic Hcable
technique for possible use in CCS project monitoring. This
Hcable technique (Wen et al., 2021; Liu et al., 2022) uses
a high-frequency GI gun (a dominant frequency of over
100 Hz) as the source and a combination of a long streamer
and several short streamers as receivers. It has been used
in several gas hydrate exploration programs and outperforms
conventional 3D seismic methods in providing ultra-small
bin size and high resolution (Liu et al., 2022).

2 Basic principle of Hcable technique

This section briefly summarizes the fundamental idea
and some of the central features of the Hcable technique.
The core idea of Hcable is to acquire 3D seismic data with

high-frequency small-size bins in sea settings and then achieve
a high-resolution image after processing. It attempts to
increase the seismic resolution through data acquisition
and processing. An example layout of the Hcable tech-
nique is illustrated in Figure 1. On the source side, several
sources are used with a dominant frequency much higher
than that in conventional 3D seismic surveys targeting oil
and gas. On the receiver side, a long cable and several shot
streamers are used to receive the seismic waves. The use
of short streamers makes it safe to deploy streamers with
small spacing. Seismic acquisition with a small-size bin
can be achieved with this geometry. The use of a long cable
is for velocity analysis because an accurate velocity analysis
requires long offset data. Therefore, Hcable is character-
ized by short source spacing, short channel interval, and
high dominant frequency. It is different from the conven-
tional 3D seismic method in terms of acquisition, process-
ing, and interpretation. More detailed information on the
methodology of Hcable can be found in Wen et al. (2021)
and Liu et al. (2022).

Short streamer

» GI gun source

—
— »

— Long streamer

=%

Vessel

Figure 1 Illustration of the configuration of sources and receivers
for the Heable technique

3 A case study using Hcable

The case study area is located in the Qiongdong Sea area,
on the northwestern slope of the South China Sea, which
is rich in gas hydrates. Indicators of gas hydrates were
well identified in previous studies. One of the indicators is
the widespread presence of gas chimney structures revealed
by multichannel seismic profiles (Liang et al., 2019). These
gas chimney structures are very similar to small-scale struc-
tures associated with upward CO, migration in the CCS
project. Therefore, this case study can be a good demon-
stration of how the seismic method can be used for CCS
monitoring.

The data were acquired in September 2020. The layout
of all the acquisition equipment follows the configuration
in Figure 1. Four GI guns of 210 cu.in were used as the
source. The dominant frequency was about 100 Hz, as shown
in the raw seismic shot gathers (Figures 2(a), 2(b)), which is
much higher than that used in conventional oil and gas
exploration (usually below 60 Hz, Figures 2(c), 2(d)). The
GI guns are 12.5 m apart and deployed at 5 m below the
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sea surface. These four sources are triggered in a flip-
flop model with an interval of 9.375 m. A combination of
three short streamers and a long streamer are towed behind
the vessel and 100 m apart. The short streamers are 900 m
long, and the long streamer is 2 500 m long. All of them
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(c) Shot record from conventional seismic method

are solid streamers. The receiver streamers are deployed 4 m
below the sea surface. The final Hcable data is of high
signal-to-noise ratio and has a bin size of 6.25 mx3.125 m.
More detailed information on data acquisition can be found
in Liu et al. (2022).
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Figure 2 Comparison of seismic data from Harrow cable and conventional seismic method

A routine marine data processing workflow was applied
to process the data, with the following steps: 1) geometry
definition; 2) noise attenuation; 3) velocity analysis; 4)
regularization; 5) time-domain migration. Although multiple
attenuation is a fundamental step in marine seismic data
processing, it is not used here because we are interested in
only the shallow part, and the multiples are not involved in
the target region. It should be noted that the velocity anal-
ysis of Hecable data is different from that of conventional
seismic data because the short streamer data are not useful
in velocity analysis. Only the long streamer data were
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extracted to perform velocity analysis. Prestack time migra-
tion was then applied to obtain the final image.

Figure 3 compares the images of a gas chimney structure
with those of the conventional 3D seismic (Figure 3(a)) and
Hcable seismic (Figure 3(b)) methods. Figure 4 compares
the images of a mass transport deposit (MTD) from con-
ventional 3D seismic (Figure 4(a)) and Hcable seismic
(Figure 4(b)) methods. Figure 5 displays the slices at 2 200 ms.
From these comparisons, it is clear that both the lateral and
vertical resolutions are significantly improved by using the
Hcable seismic method.
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Figure 3 Seismic expressions of a gas chimney from different seismic data
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Figure 4 Scismic expressions of a mass transport deposit structure from different seismic data
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(a) Slice at 2 200 ms from conventional 3D seismic method (b) Slice at 2 200 ms from hcable seismic method

Figure5 Comparison of Slices at 2 200 ms

distribution of CO, may be small scale. For the purposes
of estimating the concentration and determining the growth
of the CO, plume, high-resolution seismic images are there-
fore necessary. Furthermore, when CO, migrates upward,

4 Discussion on the use of Hcable in CCS

After injection of CO, into the storage unit, it may migrate
upward and spread over a large area. As stated above, the

@ Springer



632

Journal of Marine Science and Application

some fluid escapes the pipe structures or minor faults may
be induced, which is similar to what occurs in cold seep areas
(Riedel, 2007). In fact, the existing gas chimney structures
are one of the focuses of the CCS project (Schramm et al.,
2021; Robinson et al., 2021; Jedari-Eyvazi et al., 2023).
Usually, these structures are small compared with the
wavelength of the seismic wave used in conventional seis-
mic surveys. A good monitoring program should character-
ize such small-scale structures with as high resolution as
possible.

Seismic resolution is usually improved by widening the
source frequency band (McGee, 2000; Wood et al., 2008),
reducing the diameter of the Fresnel zone (Massret et al.,
2014), and reducing the acquisition and migration bin size
(Petersen et al., 2010). However, in most cases, only a 2D
image is obtained. For example, in the Sleipner project, a
2D high-resolution survey was conducted in 2006 with a
dominant frequency of 50 Hz.

The proposed Hcable seismic technique can produce a 3D
high-resolution image of the subsurface structure. Improve-
ment in resolution is achieved by using a high-frequency
source with a dominant frequency over 100 Hz and a small
bin of 6.25 mx3.125 m.

The potential of using Hcable to characterize small-scale
structures is first demonstrated by the improved imaging
of the gas chimney structure. This gas chimney structure pro-
vides an analog to possible CO, leakage scenarios. For the
Hcable seismic method, reflectors that cross through the gas
chimney can be better traced. The boundary and the internal
structure are also better delineated. All of these improve-
ments could be useful for assessing the upward migration
of CO.,,.

In addition, it is further demonstrated by the improved
imaging of the internal structure of a MTD. The MTD is a
sedimentary body formed due to the failure of the sedi-
ments on the shelf and may alter the original properties,
generate traps, and influence migration pathways, which is
similar to the case of CO, migration. From this viewpoint,
the MTD provides an analog to the storage unit of CO,.
Even though the current 3D seismic approach is a very
effective tool for investigating MTDs, imaging the internal
structure remains difficult because MTDs experience com-
plicated internal deformation. Comparisons in Figures 4—5
reveal that the internal structure is well characterized on the
Hcable profile but hard to distinguish on the conventional
profile.

Given the usage of a high frequency source, the penetra-
tion depth may be an issue. In this work, only the shallow
part (about 500 ms below he seafloor) is displayed because
our primary attention is on the resolution issue in this work.
However, in the previous work (Liu et al., 2022), reflec-
tion could be detected 4 s below the seafloor. Furthermore,
a single GI gun of 210 cu.in is used in the current case
study. A more powerful source can increase the penetration
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depth. So, the penetration depth of Hcable can cover the
depth range of CCS project.

Based on the above results, we therefore expect that
Hcable could be a promising tool for CCS project monitoring.

5 Conclusion

A CCS project must have integrated monitoring for a
variety of reasons, including public support and safety assur-
ance. It has long been established that seismic monitoring
is an essential tool for CCS monitoring. However, one
problem is that the large bin size and low dominant fre-
quency (usually less than 50 Hz) of the typical 3D seismic
approach prevent the creation of high-resolution, high-density
seismic images. Herein, a newly developed Hcable method is
presented for use in CCS monitoring. It uses high-frequency
sources with a dominant frequency of over 100 Hz. It uses
a harrow-like configuration to achieve a small-size bin
(6.25 mx3.125 m). The case study demonstrates the ability
of the developed Hcable to produce a 3D high-resolution
image, within which a gas chimney structure and an MTD
provide analogs to a potential leakage pathway and storage
unit. The high-resolution characterization of the gas chimney
structure and MTD demonstrates that Hcable is a promising
tool for monitoring the subsurface structure within a CCS
project.
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