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Abstract

Marine carbon sequestration is an important component of carbon dioxide capture, utilization and storage (CCUS) technology. It is crucial for
achieving carbon peaking and carbon neutralization in China. However, CO, leakage may lead to seabed geological disasters and threaten the
safety of marine engineering. Therefore, it is of great significance to study the safety monitoring technology of marine carbon sequestration.
Zhanjiang is industrially developed and rich in carbon sources. Owing to the good physical properties and reservoirs and trap characteristics,
Zhanjiang has huge storage potential. This paper explores the disaster mechanism associated with CO, leakage in marine carbon sequestration
areas. Based on the analysis of the development of Zhanjiang industry and relevant domestic monitoring technologies, several suggestions for
safety monitoring of marine carbon sequestration are proposed: application of offshore aquaculture platforms, expansion and application of
ocean observation networks, carbon sequestration safety monitoring and sensing system. Intended to build a comprehensive and multi-level
safety monitoring system for marine carbon sequestration, the outcome of this study provides assistance for the development of marine carbon

sequestration in China’s offshore areas.
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1 Introduction

Ever since the Industrial Revolution, the application of
fossil fuels has led to a continued increase in carbon dioxide
emissions and the increasing severity of the greenhouse
effect. The total greenhouse gas emission in China in 2020
was approximately 13.6 billion tons, accounting for one-
third of global emissions (Zhang et al., 2021). In 2019, the
United Nations Intergovernmental Panel on Climate Change
pointed out the necessity to control global warming within
1.5 °C. This climate change control target (Turgut et al.,
2022) has been recognized by the United Nations and aca-
demia. Major countries worldwide have proposed their own
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strategies to control CO, emissions. China has also proposed
the “3060” carbon neutrality and peak carbon strategy, with
the goal of peaking CO, emissions by 2030 and achieving
carbon neutrality by 2060. Carbon capture, utilization, and
sequestration (CCUS) is currently an important technologi-
cal means for achieving large-scale greenhouse gas reduc-
tion. In the short term, China’s reliance mainly on fossil
fuels such as oil and coal will not change. CCUS technolo-
gies can promote the efficient utilization of fossil fuels and
accelerate the transformation of traditional high-emission
industries, which is beneficial for China to achieve its
“3060” strategic goal (Zhao et al., 2023).

CCUS refers to the process of capturing and separating
CO, from emission sources such as energy utilization, indus-
trial production, or air and then transporting it to suitable
locations for sequestration or utilization, ultimately achiev-
ing CO, reduction. Its feasibility largely depends on the
reliability of carbon sequestration, which mainly includes
onshore geological sequestration and seabed sequestration
(Li et al., 2023b). Compared with terrestrial carbon seques-
tration, marine carbon sequestration has the advantages of
being far from habitats, surface water bodies, and ground-
water layers that humans rely on for survival with higher
safety and lower environmental risks (Li et al., 2023a). How-
ever, similar to resources such as methane hydrates, subsea
oil, and shallow natural gas, subsea carbon sequestration
also faces the threat of geological hazards caused by gas
migration and leakage. Monitoring environ-mental geolog-
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ical hazards for potential CO, leaks during carbon seques-
tration is necessary to maximize carbon sequestration ben-
efits and minimize disaster risks. As a typical multi-phase
multi-field coupling process (Dixon et al., 2015), CO, leak-
age is complex and uncertain. Small-scale CO, leaks can
be repaired in a timely manner. However, in the absence of
a comprehensive and continuous monitoring plan, the leak
expands and seriously affects the stability of the seabed,
damages marine engineering facilities, and even triggers
large-scale marine geological disasters such as submarine
landslides, resulting in large life and property losses. There-
fore, for carbon sequestration efficiency and regional secu-
rity (Zhang et al., 2023), conducting a multilevel, multidi-
rectional, and multi-cycle environmental geological moni-
toring and quantitative evaluation of marine carbon seques-
tration is necessary to ensure the safety and rationality of
the entire project (Huo et al., 2014). This step must be car-
ried out synchronously and throughout the process (Tanase
et al., 2023).

In the Leizhou Peninsula, where Zhanjiang is located,
the heavy chemical industry produces high CO, emissions
above a certain scale. This region has the unique offshore
natural burial conditions of China—offshore developed oil
and gas fields and huge potential for subsea carbon seques-
tration. It also has superior conditions for CCUS projects.
This work analyzes related domestic technologies based
on the development of Zhanjiang’s industry, proposes thoughts
and suggestions on the monitoring plan for marine carbon
sequestration, and helps achieve China’s “3060” goal.

2 Overview and risks of marine carbon
sequestration

2.1 Overview of submarine carbon sequestration

Underwater carbon sealing has been proven to be safe
and effective in other countries. Norway has the earliest
and most mature underwater carbon sequestration opera-
tions. As early as 1996, this country launched the CCUS
project for the Sleipner oil field. As indicated in Figure 1,
CO, generated during natural gas and oil extraction was
first separated and then injected into the saltwater layer
through inclined wells. The airtightness of the geological
structure of the seabed saltwater layer was utilized for CO,
storage. As the world's first commercial-scale submarine
carbon sequestration project, the Sleipner Oilfield CCUS
project has been in operation for over 20 years. This project
stores more than 1 million tons of CO, annually and has
recorded no abnormal activity or leakage of stored CO,.

In addition to Norway, countries such as Denmark, Aus-
tralia, and Brazil have successively launched undersea car-
bon sequestration projects. Sixteen CO, geological seques-
tration projects are ongoing in 9 countries and cover major
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Schematic of marine carbon sequestration

Figure 1

sea areas worldwide. One of them is China’s first underwa-
ter carbon sequestration demonstration project launched in
2021. The equipment was completely built by Qingdao
Offshore Oil Engineering Co., Ltd. in 2022 and has been
employed in Enping 15-1 Oilfield in the Pearl River Mouth
Basin, South China Sea. This project separates and dehy-
drates the CO, generated by offshore oil fields and then
injects it back into the saltwater layer for permanent seques-
tration deep in the seabed. This project is expected to store
approximately 300 000 tons of CO, annually, with a cumu-
lative sequestration capacity of over 1.46 million tons, equiv-
alent to the emission reduction target achieved by 1 million
cars. China has neither put forward clear environmental
monitoring requirements for marine carbon sequestration
nor implemented targeted environmental geological moni-
toring for sequestration areas. Nevertheless, the Enping 15-1
oilfield marine carbon sequestration demonstration project
conducted environmental monitoring research for the first
time, monitoring elements such as delayed earthquakes,
formation water, environmental conditions, and reinjection
parameters (Bourne et al., 2014) to fill the gap in China’s
regional environmental monitoring demonstration for marine
carbon sequestration.

2.2 Risk of subsea carbon sequestration

In the long run, the uncertainty and complexity of the
geological conditions of the seabed always lead to the pos-
sibility of slow gas leakage in the carbon sequestration area
of the seabed, especially because the injection wells, for-
mation fractures or faults, and pore paths corroded by car-
bonate fluids are all channels for gas leakage. Numerical
simulations reveal that regardless of the form of marine
carbon sequestration, a certain degree of leakage will always
occur. The retention rate is between 65% and 100% after
100 years, and between 30% and 85% after 500 years
(Zhang et al., 2010). Although the release of CO, after
marine carbon sequestration is extremely slow, the risk of
leakage cannot be ignored. Once CO, leaks, it first causes
seawater acidification, thereby disrupting the balance of
marine ecosystems and threatening the diversity of marine
life. During this process, the activity of marine organisms,
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the horizontal and vertical movement of seawater, and
even the geological and geomorphic features of the seabed
may be affected (Rosenbauer et al., 2005). Cracks, espe-
cially in rock formations, can expand or even penetrate
under high pressure and easily cause splitting failure.
Stress concentration can even lead to the appearance of slid-
ing surfaces within a rock formation, triggering a series of
geological disasters such as fault activation, seabed col-
lapse, and seabed earthquakes. CO, migration changes the
stress of a rock formation and further exacerbates its insta-
bility through chemical reactions (Metz et al., 2005).

CO, leakage in the ocean inevitably causes damage to
the ecological environment, but the degree is not yet clear.
Safety issues resulting in CO, leakage throughout marine
carbon sequestration must be taken seriously. The benefits
and risks of marine carbon sequestration coexist. Subma-
rine sediments have enormous carbon sequestration capa-
bilities, but the development and promotion of marine car-
bon sequestration technologies are constrained by the geo-
logical and environmental safety of carbon sequestration
areas (Krylov et al., 2021). The temporal and spatial spans
of underwater carbon sequestration are large, the geologi-
cal conditions of the seabed are complex, and the propaga-
tion methods and pathways of gas leaks are uncertain.
Therefore, developing and applying targeted geological
environment monitoring technologies for marine carbon
sequestration areas are crucial. These technologies quantify
the amount of CO, leakage on the seabed, accurately eval-
uate the efficiency of carbon sequestration on the seabed,
and make emergency responses to CO, leakage accidents
on the seabed.

2.3 Main technologies for monitoring marine
carbon sequestration

The two main types of technologies for the geological
environment monitoring of underwater CO, leakage are
acoustic (quantitative estimation of bubbles) and chemical
(detection and characterization of chemical anomalies in
seawater). Both types are supplemented by other methods,
such as ocean current meters and CTD measuring instru-
ments. The monitoring content mainly includes marine envi-
ron-mental factors such as partial pressure of carbon diox-
ide (pCO,), CO, plume, hydrogen ion concentration, sea-
water pH, and metal ion concentration. The main environ-
mental geological monitoring technologies for marine car-
bon sequestration areas include relatively mature solu-
tions, such as seismic survey monitoring, gravity monitor-
ing, resistivity monitoring, sediment pore pressure moni-
toring, and seabed deformation monitoring.

2.3.1 Earthquake investigation and monitoring

Seismic survey and monitoring is one of the most widely
used and effective means to investigate and monitor the
distribution of seabed resources. This technology can deter-

mine the escape characteristics of fluids. Earthquake inves-
tigation and monitoring utilize the elastic differences between
different media to study the propagation characteristics of
seismic waves underground, thereby exploring the specific
situation of underground soil layers. Through seismic explo-
ration, we can analyze deep fault distribution, seabed geo-
logical structures, and various potential geological hazard
factors. Submarine seismic survey and monitoring can be
used to observe micro-seismic events caused by gas migra-
tion in carbon sequestration areas on the seabed and has
been widely applied in the qualitative and quantitative
research of free gases. For example, underwater seismome-
ters in the Arctic Ocean have recorded seismic response
characteristics caused by tectonic processes and methane
bubble release from the seabed (Blackford et al., 2014).

2.3.2 Gravity monitoring

After being injected into the seabed, CO, fills and replaces
the existing pore fluid in the reservoir, changing the corre-
sponding gravitational acceleration field of the reservoir.
Therefore, monitoring the spatiotemporal variation of the
gravity acceleration field in the marine carbon sequestra-
tion area allows us to estimate the mass change and distri-
bution of CO, after sequestration, monitor CO, migration
on the seabed, and reveal the spatial distribution pattern of
CO, on the seabed. Gravity monitoring is a supplement to
earthquake investigation and monitoring. At present, the
dynamic monitoring of marine carbon sequestration areas
through gravity has been carried out using underwater
robots (Stegmann et al., 2012).

2.3.3 Electrical resistivity monitoring

CO, leakage directly affects soil conductivity. Electrical
resistivity can be used to determine the relationship between
sediment physical and chemical properties and to examine
permeability, porosity, and structural factors. Therefore,
resistivity monitoring can infer the process of CO, leakage
from the seabed by monitoring the evolution of electrical
parameters. Germany has deployed a vertical resistivity
array for monitoring CO, leakage in undersea carbon seques-
tration areas in the Ketzin CCS project and found that resis-
tivity is highly sensitive to CO, saturation (Wu et al., 2020).
Multiple experiments were conducted using the resistivity
probe in-dependently designed and produced by the Ocean
University of China, and the test results show that resistivity
monitoring can determine the gas diffusion process in a
certain space (Nooner et al., 2007). This technology also
pro-vides a potential in-situ monitoring method for CO,
leakage in marine carbon sequestration areas.

2.3.4 Sediment pore pressure monitoring

In addition to CO, injection and leakage, CO, sequestra-
tion influences the stress dynamic equilibrium of soil layers.
Recorded by a pore pressure sensor, the pore pressure can
accurately reflect the characteristics of fluid migration, char-
acterize the external stress and internal strain of seabed
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rock and soil, and indirectly reflect the evolution of seabed
stability through the judgment of pore pressure data. It is
an important indicator for determining the possibility of
submarine geological hazards. Since the emergence of NGI
[llinois differential pore pressure monitoring equipment,
pore pressure monitoring rods have been widely used to
study the geo-logical problems caused by gas migration,
such as shallow gas escape and natural gas hydrate decom-
position in the seabed environment (Saleem et al., 2021).
For example, the Plance pore pressure monitoring rod
developed by the University of Bremen in Germany was
successfully applied in mud volcano monitoring tasks from
2014 to 2016, recording multiple sudden changes in pore
pressure events.

2.3.5 Seabed deformation monitoring

CO, leakage from the seabed can disturb the stress field
in the rock formation, reduce the stability of the seabed,
and ultimately lead to geological disasters such as seabed
de-formation and sliding. Acoustic monitoring methods,
such as side-scan sonar depth measurement and multi-beam
depth measurement, have been widely used in seabed topog-
raphy and geomorphology measurements. Acoustic sound-
ing technologies can monitor seabed deformation; however,
they have difficulty monitoring the deformation and slid-
ing in real time, and the monitoring accuracy is relatively
limited. With technological advancement, sensors have grad-
ually been accepted and applied due to their long monitor-
ing time and high data accuracy. For seabed deformation
monitoring, the IFREMER SAAF inclinometer probe inte-
grating a three-axis accelerometer was designed and devel-
oped in France (Wang et al., 2017). It has shown good
application performance in underwater landslide monitor-
ing in Nice, France. Developed by the Ocean University of
China, the in-situ real-time automatic monitoring equip-
ment for seabed deformation and sliding is equipped with
a displacement sensor array, which can record dynamic
seabed deformation in real time. At present, it has been
successfully applied in multiple in-situ monitoring works
in the Chengdao area of the Yellow River underwater delta
(Chen et al., 2022). Therefore, this technology can effec-
tively monitor the deformation and sliding of the seabed.

2.3.6 Acoustic monitoring

As the only carrier of long-distance information trans-
mitted in the ocean, sound waves can be effectively applied
to underwater monitoring. Acoustic monitoring can effec-
tively detect gas leakage in the seabed by combining the
unique acoustic characteristics of gas leakage with bubble
formation, bubble wall vibration, and sound generation. Cur-
rent acoustic monitoring tools for underwater gas leaks
include active acoustic and passive acoustic sensors. The
detection distance of active acoustic sensors reaches several
kilometers, and that of passive acoustic sensors ranges from
several meters to tens of meters. Owing to their low energy
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consumption, acoustic sensors can be deployed on the sea-
bed for a long time. The main factors affecting acoustic mon-
itoring include monitoring system design, operating fre-
quency, and marine environment, such as terrain, physical
obstacles, and background noise. Some acoustic devices are
built with multiple receiving units to improve the effective-
ness of signal processing and the signal-to-noise ratio of
received signals. After the signal is received, the receiving
end needs to process these raw data to obtain a clear acous-
tic image. This type of signal processing typically requires
advanced acoustic data processing algorithms to improve
signal-to-noise ratio, such as target array signal process-
ing, recognition, and localization algorithms for automatic
detection of gas leaks, including adaptive beamforming
algorithms.

The active acoustic detection of seabed gases is made
possible by the significant acoustic impedance difference
between water and gas, which leads to the high-intensity
acoustic echoes of bubbles. Active acoustic technologies
for monitoring marine carbon sequestration include single-
beam scanning sonar, multi-beam sonar, fish exploration
sonar, side-scan sonar, synthetic aperture sonar, and seabed
profiler.

Bubbles form on the seabed surface when underwater
gas leaks. At the moment when the bubbles detach from the
leakage hole, the uneven pressure inside and outside causes
the bubble wall to vibrate and produce sound waves that
radiate outward. These sound waves can be measured by
passive acoustic sensors (hydrophones). However, the power
of the sound waves emitted by the bubbles themselves is
usually lower than that of active sound systems. Hence,
passive acoustic measurements are easily affected by the
background noise of the marine environment. In addition,
the marine carbon sequestration area is usually large, and
the assessment of high-risk areas for potential gas leaks
may not be accurate. Therefore, the passive acoustic moni-
toring of underwater gas leaks requires high-sensitivity
sensors and additional advanced signal processing algo-
rithms to identify the acoustic characteristics of bubbles
and distinguish them from the environmental background
noise (Roche et al., 2021).

Passive acoustic sensors are typically manufactured with
low costs, durability, and energy efficiency, making them
suitable for long-term large-scale deployment on the sea-
bed. Some methods have begun to use hydrophones to
record bubble acoustic data for detecting seabed gas leaks
and quantifying leakage flux and hydrophone arrays to
improve the signal-to-noise ratio for monitoring bubble
vibration acoustic signals and locating seabed leakage
points (Leighton and White, 2012). However, the monitor-
ing range of a single tool is usually only a few tens of
square meters. One of the future development directions
is to deploy multiple hydrophone arrays or underwater sen-
sor networks in high-risk areas. The equipped hydrophones
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of AUVs or underwater gliders can also be used for under-
water patrol recognition and monitoring and combined
with active acoustic sensors only if their self-noise does
not affect acoustic signal processing.

3 Suggestions for carbon sequestration
monitoring in the Zhanjiang region

The development of carbon sequestration monitoring
technology and the establishment of monitoring systems
play a significant role in many aspects of carbon sequestra-
tion. First, comprehensively monitoring carbon sequestra-
tion in the sea-bed is beneficial to accurately evaluate its
efficiency. Second, monitoring also aims to ensure safety.
Once a safety hazard occurs, emergency response can be
quickly undertaken before the leak, and remedial measures
can be adopted in a timely manner after the leak. The mon-
itoring and research of marine CO, content in China are
still in the early stages. With increasing attention to this
issue, the monitoring of CO, content in seawater will be
listed as an important component of China’s marine scien-
tific research and marine carbon sequestration research
(Wang et al., 2009). The selection of monitoring technology
should adhere to the principles of adapting to local condi-
tions, complementing strengths and weaknesses, highlight-
ing key areas, fully considering the characteristics of car-
bon sequestration sites, evaluating potential environmental
risks and geological safety issues, optimizing the monitor-
ing technology, achieving the complementary advantages
of the monitoring technology, and focusing on key areas. On
the basis of the current development status of the Zhanjiang
industry and the relevant technologies at home and abroad,
this study puts forward several suggestions for the safety
monitoring of marine carbon sequestration in the Zhanjiang
region to provide a reference for carrying out China’s
marine carbon reduction tasks and helping achieve the
“3060” goal.

3.1 Overview of Zhanjiang region and CCUS

Zhanjiang is the only prefecture-level city among the
three major peninsulas in China. It occupies a single penin-
sula, is located at the junction of Guangdong, Guangxi,
and Hainan provinces (regions), and borders the Beibuwan
Gulf to the west. Zhanjiang is the main seaport for the
provinces in southwest China and an important port with
the shortest sea voyage from the Chinese Mainland to
Southeast Asia, Oceania, Africa, and Europe. It is the pre-
fecture-level city with the longest coast-line of 2 023.6 km
in China. The mainland coastline is 1 243.7 km, the island
coastline is 779.9 km, and the total sea area is approxi-
mately 20 000 km. Zhanjiang has a tropical northern mon-
soon climate and is constantly regulated by the oceanic cli-

mate. It was once a shallow sea area. Influenced by the
Indochinese and Himalayan movements, the land was
uplifted and separated from Leigiong, forming a situation
facing Hainan Province across the Qiongzhou Strait to the
south. The terrain of Zhanjiang is mainly plain with a high
central axis, low east-west sides, high north—south areas, and
low middle region. It has the largest island in Guangdong
Province—Donghai Island.

Compared with the Pearl River Mouth Basin, Zhanjiang
Beibuwan Gulf Basin is closer to the coastline (coastal
industrial zone) and the high emissions of its heavy chemi-
cal industry account for a large proportion. High-emission
enterprises such as Baosteel Zhanjiang, Zhongke Refining
and Chemical, Guangdong Electric Zhanjiang, Datang
Leizhou, Zhanjiang Dongxing Petrochemical, and BASF
gathered in this region, prompting an urgent need for emis-
sion reduction. The developed oil and gas fields near the
coast of Zhanjiang region provide sufficient carbon seques-
tration capacity. The offshore burial conditions in China
are unique, with superior CCUS-EOR and saltwater layer
carbon sequestration conditions. To effectively solve the
sustainable development problem of Lingang Heavy Chemi-
cal Industry under the “dual carbon” situation, upstream
and downstream enterprises and research institutions in
Zhanjiang combined the inherent advantages of near-source
carbon burial and the drilling ad-vantages of CNOOC to
promote the application of offshore CCUS engineering and
full industry chain technology research and help this zone
achieve green steel, green petro-chemicals, and green
coal-fired power after 2030.

3.2 Monitoring of marine environment above
carbon sequestration space

The main purpose of monitoring the marine environ-
ment above marine carbon sequestration areas is to predict
the risk of CO, leakage and its migration distribution range.
This process generally includes determining the monitoring
scope and analyzing the factors that may cause geological
safety and leakage hazards throughout the carbon seques-
tration and using them as the basis for evaluation and early
warning to determine monitoring tasks and objectives. Pre-
liminary monitoring results from multiple global marine
carbon sequestration projects indicate that the likelihood
of CO, leakage caused by marine carbon sequestration is
extremely low. However, in the long run, the complexity
and uncertainty of seabed geological conditions always lead
to the possibility of slow gas leakage in carbon sequestra-
tion areas. As indicated in Figure 2, injection wells, forma-
tion fractures or faults, and pore paths corroded by carbon-
ate fluids are all possible channels for gas leakage.

Gas leakage in carbon sequestration areas can increase
local CO, content, leading to seawater acidification, changes
in undersea biological com-munities, and damage to the
marine ecological environment. If the amount of CO, leak-
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Figure 2 Changes in the marine environment above a carbon
sequestration space

age is too large, then CO, will be released back into the
atmosphere, exacerbating the green-house effect. CO, injec-
tion or leakage changes the stress field of the rock forma-
tion and the pore structure of the reservoir and adjacent
layers, resulting in the deformation of the rock layer, affect-
ing the permeability of the cap rock, and accelerating CO,
leakage. Under high pressures, especially in rock layers
already containing cracks, cracks can expand or even pene-
trate. As a consequence, splitting failure can easily occur.
Stress concentration can even lead to the appearance of
internal slip planes in the formation, triggering a series of
geological disasters such as fault activation, seabed col-
lapse, and seabed earthquakes. The Sleipner project in Nor-
way simulated and calculated the stress changes in the res-
ervoir and cap rock after CO, injection and sequestration.
After CO, injection into the reservoir for 10 years, the
hydraulic fracturing margin in the lower part of the cap
rock is only approximately—0.1 MPa. Simulation results
indicate a fracturing risk in the formation. Faults may also
reactivate with the occurrence of earthquakes. CO, migra-
tion changes the stress of the rock formation while exacer-
bating its instability through chemical reactions. Indoor
experimental research reveals that saturated CO, saline
solution can change reservoir rock composition and porosity.
A saturated CO, saline solution with low sulfate content
can dissolve 10% of primary calcite in rocks and increase
porosity by 2.6%. This finding indicates that excessive
CO, leakage further leads to crack expansion and reduces
the physical and mechanical properties of the reservoir,
thereby shortening the CO, sequestration life.

3.3 Application of offshore aquaculture platforms

Owing to the vastness and complex environment of
marine carbon sequestration areas, the construction of spe-
cialized environmental monitoring systems is expensive
and difficult. With the scope of marine aquaculture extend-
ing from near-shore to offshore, aquaculture facilities are
becoming increasingly automated and intelligent because
they are being equipped with many sensors and data trans-
mission instruments. Zhanjiang Bay Laboratory follows the
development strategy of a national marine power, building a
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modern marine ranching demonstration city in Guangdong
Province. It has laid out a series of scientific research plat-
forms that can provide important support for monitoring
marine carbon sequestration.

Figure 3 shows two types of Deep Sea Intelligent Aqua-
culture Platforms: Zhanjiang Bay-1and Haita-1.

Figure 3 Two types of aquaculture platforms designed by Zhanjiang
Bay Laboratory

The advantages of using a fishery-specific aquaculture
platform specifically to monitor CO, leakage are as follows:
employing professional measurement equipment, such as
the existing sensors on the aquaculture platform; serving
as a support platform for the safety monitoring of marine
carbon sequestration; and monitoring the environment in
the sea area where carbon sequestration is located, thereby
reducing the cost of the monitoring system and improving
its efficiency. Its shortcomings include the lack of national
and industry standards for the construction, renovation,
monitoring, and evaluation of marine aquaculture plat-
forms, such as site selection evaluation standards and post-
construction evaluation standards. In addition, the long-term
reliability of the environmental monitoring system for
marine aquaculture platforms requires testing. The applica-
tion of monitoring elements and data processing can be
expanded, further strengthened, and improved.

The carbon sequestration monitoring system based on
oft-shore aquaculture platforms relies on marine aquacul-
ture facilities and adapts and installs existing sensors on
the plat-form, integrating technological achievements such
as data collection, transmission, and processing. Intelligent
algorithms such as data mining, multisource data fusion,
and deep learning are utilized for the data monitoring of
carbon sequestration areas. As indicated in Figure 4, the
architecture of a carbon sequestration safety monitoring
system based on off-shore aquaculture platforms mainly
includes a perception and collection layer, a data layer, a
service layer, an application layer, and a support and guar-
antee system.

3.3.1 Perception acquisition layer

The perception acquisition layer adapts and installs exist-
ing sensors on offshore aquaculture platforms to collect
environmental data related to carbon sequestration in the
sea area. These marine aquaculture platforms include large-
scale fishing and aquaculture factory ships, shallow-sea
marine ranches, and deep-sea aquaculture cages. With the
use of off-shore aquaculture platforms as information carrier
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systems, multifunctional integration and coordinated devel-
opment can be achieved for large-scale fishery and aqua-
culture platforms, marine environmental monitoring plat-
forms, and marine scientific research platforms. Large off-
shore aquaculture plat-forms are equipped with sensors such
as navigation radar, AIS, cameras, and marine environment
monitoring. Depending on the task requirements, marine
environmental monitoring equipment such as gravity meters,
electromagnetic measurement equipment, and acoustic mea-
surement equipment can be added to these existing sensors.

3.3.2 Data layer
The data layer needs to control the data quality of differ-
ent structures, sensors, and monitoring platforms. It stores

the initial data and analyzes and sorts out the data prod-
ucts. The data layer should also have business data that
support system operation and management. Owing to the
large scope, long duration, and multiple monitoring param-
eters of ocean monitoring, the database structure should
have good scalability, be able to adapt to changes in moni-
toring system requirements with minimal changes and pro-
vide fast query response and data import and export services
to the service layer and application layer (Hu et al., 2019).

3.3.3 Service layer

The service layer mainly includes a data collection system,
data processing system, and shared service system. The data
collection system implements the access collection, quality
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control, standardization, classification and sequestration of
perception data, industry data, and external data. The data
processing system realizes the analysis of multisource data.
The shared service system realizes the exchange and shar-
ing of raw and processed data.

3.3.4 Application layer

The application layer utilizes algorithms, such as data
mining and deep learning, to analyze and process data.
Technologies such as seabed modeling, marine environ-
ment modeling, behavior prediction, and target recognition
are also employed to support the safe monitoring of marine
carbon sequestration.

3.3.5 Communication transmission

Communication transmission includes three parts: mari-
time information transmission, shore-based information trans-
mission, and information exchange network. The trans-mit-
ted information includes CO, monitoring data and marine
environmental information. In offshore areas, CO, moni-
toring data and marine environmental information can be
directly transmitted back to the data processing center
through shore-based communication. In the open sea, com-
munication methods such as aerial platforms, Beidou satel-
lites (Eide et al., 2019), and Tiantong can be comprehen-
sively utilized to transmit ocean monitoring information
back to the data processing center. As information relay
platforms, marine aquaculture platforms can connect via
shortwave, ultrashort wave, WIFI, wire, and LTE; receive
data information from surrounding fishing vessels; and
transmit the information back to shore-based data centers
through satellite systems.

3.3.6 Support and guarantee system
3.3.6.1 Develop service standards

The standards and specifications of a comprehensive
information service system are developed, and basic tech-
nical specifications for carbon sequestration security moni-
toring are provided by selecting, revising, and developing
standards suitable for information collection, processing,
transmission, and security confidentiality.
3.3.6.2 Establish an operational guarantee mechanism

The operation service system mainly realizes the opera-
tion and engineering support of marine basic networks and
information service platforms. The operation guarantee
mainly relies on the organic integration of system control
technology, operation, service management processes, and
operation and maintenance team resources, providing strong
support for the normal operation and continuous service of
the network (Wang et al., 2007).

3.4 Expansion and application of ocean
observation networks

With the development of science and technology, the
observation range of the marine environment extends from
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the sea surface to the interior of the ocean for long-term
sequence measurement. Various scientific exploration instru-
ments are deployed to the seabed to collect real-time and
continuous ocean information. The ocean observation net-
work from the acoustic monitoring system of the United
States Navy during the Cold War is the third type of ocean
science observation platform established by humans. Driven
by new technologies such as modern sensors, the Internet
of Things, submarine optical cables, underwater robots,
and big data, the ocean observation network integrates multi-
ple disciplines, such as marine geophysics, physical ocean-
ography, marine ecology, and marine chemistry. It solves
the technical difficulties of real-time transmission of ocean
observation data and deep-sea dynamic transmission. It
achieves all-weather, comprehensive, long-term, in-situ,
continuous, and real-time observation from the seabed to
the sea surface. In the past 20 years, countries such as the
United States, Canada, Japan, and Europe have invested a
significant amount of funds in developing underwater
observation networks. Typical examples include the Cana-
dian Submarine Observation Net-work (NEPTUNE) indi-
cated in Figure 5, the European Sub-marine Observation
Network (ESONET), the Japan Sub-marine Observation
Network (DONET), and the United States Submarine
Observation Network (MARS; Chen et al., 2019). In the
past decade or so, China has also established a regional sea-
bed observation network testing system in relevant sea areas.

A corresponding ocean observation network in the marine
carbon sequestration area, which can include underwater
and terrestrial parts, has been established. As indicated in
Figure 6, the underwater part is equipped with a sufficient
number of ocean observation nodes and various types of
ocean observation equipment such as acoustic analyzers, CTD
measuring instruments, dissolved oxygen sensors, sound
velocity profilers, acoustic Doppler velocity profilers, turbidity
sensors, and side-scan sonar.

Hydrological instruments and physical and chemical sen-
sors can monitor the ocean environmental parameters of
carbon sequestration areas in real time, such as pH, dissolved
oxygen, salinity, water temperature, and turbidity. On shore,
shore-based base stations can be established for onshore
energy supply, ocean data reception and sequestration, and
ocean environmental measurement data processing to col-
lect, process, and analyze relevant marine environmental
parameters; develop an intelligent monitoring plan for
marine carbon sequestration safety; and provide data anal-
ysis support for marine carbon sequestration.

3.5 Carbon sequestration safety monitoring and
sensing system

With the rapid development of special optical fibers and
their sensing devices, optical fiber sensing technologies
have been elevated. The optical fiber sensing technology
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for ocean exploration and monitoring has received in-depth
research from many scholars worldwide and has received
widespread attention from industrial and academic com-
munities. Fruitful research results have been achieved. The
basic principle of fiber optic sensing is that the light beam
incident by the light source enters the fiber optic sensor
through the fiber optic and interacts with the external sub-
stances inside the sensor. The light beam becomes an opti-
cal signal modulated by the physical parameters to be mea-
sured, causing changes in optical parameters such as wave-
length, intensity, frequency, polarization state, and phase.
After the optical signal is fed into the optoelectronic device
through a fiber optic and demodulated by a demodulator,
the measured parameters can be obtained (Yuan et al., 2022).
In this process, the fiber optic and its sensor components
play a crucial role in signal transmission and external phys-

ical quantity perception and are an important component
of fiber optic sensing. Different from long-distance com-
munication optical fibers, the waveguide structure of the
optical fiber must be specifically designed and processed
into various high-precision optical fiber sensor components
to sensitively perceive various external information. Fiber
optic sensors use light as a carrier for sensitive informa-
tion and optical fibers as a medium for transmitting sensi-
tive information. Compared with traditional sensors, fiber
optic sensors have unique advantages such as high sensitiv-
ity, good electrical insulation performance, flexible shape,
strong resistance to electromagnetic interference, corrosion
resistance, noninvasiveness, explosion proof, and easy remote
monitoring of measurement signals.

As indicated in Figure 7, a safety monitoring and sensing
system can be established for the marine carbon sequestration

@ Springer
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Figure 7 Carbon sequestration safety monitoring and sensing system

area based on fiber optic sensors, including ocean fiber
optic temperature and salinity depth sensors, fiber optic hydro-
phones, ocean fiber optic oil pollution sensors, ocean fiber
optic flow velocity, ocean wind fiber optic magnetic field
sensors, directional sensors, and fiber optic seismic sensors.

The static monitoring to the marine carbon sequestration
area is carried out through data processing and method
analysis using a fiber optic sensing system to collect ocean
environ-mental factors such as temperature, salinity, depth,
flow velocity, seismic wave signals, metal ion concentra-
tion, and hydrogen ion concentration acoustic signals.

Although fiber optic sensors have basically reached the
level of practical application, problems such as high fre-
quency, large volume, and small dynamic range still exist.
With the maturation of unmanned aerial vehicles (UAVs),
new ocean exploration technologies based on these vehi-
cles, such as UUV, USV, ROV, and underwater gliders, are
constantly emerging. Owing to the advantages of UAVs,
such as not relying on the mother ship for power and hav-
ing a wide range of activities, strong maneuverability, and
high operational efficiency, their application to an adaptive
sampling net-work for monitoring the regional marine
environment has become one of the current research hot-
spots. Some systems have been subjected to demonstration
applications. Un-manned vehicles can carry relevant moni-
toring equipment and conduct the environmental monitor-
ing of carbon sequestration waters based on predetermined
algorithms. They can also be used for fixed-point observa-
tion operations and navigation monitoring operations within
a certain range and have application advantages in extreme
environmental investigations and detection, such as deep-
sea hydrothermal systems. The fiber optic sensor monitor-
ing system can be effectively supplemented with UAVs
equipped with ocean sensing, achieving a system with
dynamic and static integrated safety monitoring and sens-
ing for marine carbon sequestration.

@ Springer

4 Conclusions

The safety of marine carbon sequestration is a focus of
attention and a key factor restricting the development and
promotion of this technology. Therefore, establishing a
comprehensive CO, leakage monitoring technology system
is crucial. The selection of monitoring technology should
fully consider the characteristics of carbon sequestration
plant sites, evaluate potential environmental risks and geo-
logical safety issues, optimize the monitoring technology
to achieve complementary advantages, and focus on key
areas. This work analyzes the regional overview of Zhanjiang
City, determines the factors affecting the safety of marine
carbon sequestration and the hazards of CO, leakage, and
proposes several considerations for monitoring marine car-
bon sequestration. A collaborative intelligent monitoring
technology with multiple aspects, levels, and types of disas-
ters has been constructed. This method is suitable for quan-
tifying CO, leakage, obtaining the geological information
of carbon sequestration areas, correctly evaluating the effi-
ciency of marine carbon sequestration, and facilitating emer-
gency responses to disasters caused by CO, leakage. This
study has practical significance for the implementation of
marine carbon sequestration.
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