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An exposed gas hydrate (EGH) evolutional model as a function of water depth was
established by in situ EGHs ascent experiments in cold seep areas of Haima (1509 m,
2.88 °C and 15.22 MPa), Lingshui (1760 m, 2.56 °C, 17.76 MPa and pH= 7.97) and
Site F (1100m, 3.57 °C, 11.09MPa and pH= 7.69) in the South China Sea. A remotely
operated vehicle was used to reproduce the in situ EGH ascent. Changes and temper-
ature variations during EGHascent weremonitored in real time using a Raman inser-
tion probe and dissolved oxygen sensor. The EGH ascent involved three stages
of change: i) the metastable stage where no morphology changes, but where gas
escapes and there is a decrease in internal temperature; ii) a second stage of coexist-
ence of peripheral hydrate decomposition and internal hydrate growth; iii) a third

stage of internal hydrate decomposition at shallower depths. Experimental results indicated that EGHs can carry gas bubbles
to shallow depths and even to the sea surface. This could be an important transport mode for cold seep gases affecting shallow
waters or the atmosphere.
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Introduction

Exposed gas hydrates (EGHs) have been frequently reported
in shallow surface sediments, and are common beneath authi-
genic carbonate rocks and empty mussel shells in active cold
seeps (Fig. 1) (Sassen et al., 2004; Pohlman et al., 2005; Hester
et al., 2007). EGHs are formed by the accumulation of rising
methane bubbles, which are rapidly covered with hydrate film.
These EGHs contain a large amount of free methane gas and
have a soft and loose structure, representing the initial state
of hydrate formation (Zhang et al., 2017a; Du et al., 2018).
Disturbances such as submarine turbidity currents, processes
related to climate change, and geological activity can cause
the ascent of EGHs due to destabilisation (Rehder et al., 2009).
Rising decomposition may occur when EGHs are destabilised,
but thermodynamic conditions in the deep ocean environment
have the potential to convert the gas back to hydrates (Zheng
et al., 2020). The complex marine environment makes it difficult
to predict the fate of EGHs in the natural state after destabili-
sation occurs and they escape into seawater. Previous re-
search has shown that methane fluid from cold seep vents
can be dissolved into the water column or consumed by meth-
anotrophic microorganisms (Thornton et al., 2016; Egger et al.,
2018). It is unknown whether EGHs destabilised into seawater
can improve the survival ability of methane gas, and the depths
to which EGHs can carry methane gas after a destabilised
ascent remain uncertain.

The investigation of the hydrate evolution after their initial
formation has been conducted via laboratory simulations in
recent decades (Zhong et al., 2016; Lei et al., 2019). Themorphol-
ogy, thickening pattern, and growth resistance of hydrate film
have been explored in detail (Zeng et al., 2019; Qureshi et al.,
2022a; Dhamu et al., 2023). Research conducted on hydrates
in laboratories has typically been limited to steady-state systems
at specific temperature and pressure conditions. Laboratory
techniques are unavailable for use in real and complex ocean
environments (Brewer et al., 1998; Warzinski et al., 2014).
Compared to freshwater environments in the laboratory, EGHs
in themarine environment aremore unstable due to factors such
as salinity and currents (Qureshi et al., 2022b, 2022c). With the
development of underwater vehicle technology and the increase
in our understanding of cold seep regions, in situ technologies
that can more accurately analyse natural gas hydrates have
gradually matured. Initially, Brewer et al. (1998) made detailed
recordings of the formation and growth patterns of gas hydrates
as a function of depth, using a remotely operated vehicle (ROV).
Hester et al. (2009) concluded that mass-transfer is the rate-
controllingmechanism for the dissolution of EGHs and recorded
the in situ decomposition of EGHs located in the Barkley Canyon
area, off Vancouver Island, Canada. Recently, Du et al. (2018)
characterised the structural features and evolution process of
EGHs using Raman spectroscopy in the cold seep area of the
South China Sea. A series of investigations of hydrate formation
processes and their natural evolution have been performed
through in situ experiments in recent decades. One similarity
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among all these in situ experiments was that they were con-
ducted in stationary environments, and there were no records
obtained of EGHs as they rose to the surface. Thus, the evolution
of EGHs during their rise is not yet clear.

In this study, we performed in situ experiments on the
ascent decomposition of EGHs in the Haima, Lingshui, and
Site F cold seep areas in the South China Sea (SCS) (Fig. 2a).
The EGH samples were formed directly using gas-rich fluids that
erupted from cold seep vents (Video S-1). We monitored the
morphological changes that occurred during the EGH ascent
using a camera mounted on the remotely operated vehicle
(ROV) “Faxian” (Fig. 2b–g). A Raman insertion probe for gas
hydrates (RiP-Gh), previously developed by Zhang et al. (2017b),
and a dissolved oxygen sensor (DOS, JFE RINKO I ARO-USB)
were used to capture the kinetic and thermodynamic behaviour
of EGHs during their ascent (analytical methods are provided in
detail in the Supplementary Information). Here, we report data
from the in situ ascent of EGHs in a natural environment and
analyse the corresponding impact on the upper water layers.

In Situ Raman Spectra of Exposed
Gas Hydrate Samples

The Raman spectral data indicated that the gaseous component
of the cold seep fluids consisted primarily of methane gas
(Fig. S-1). When conducting the in situ experiments using cold
seep vent fluids in the seafloor, we found that the formation of
hydrates occurred nearly instantaneously (Video S-1). Methane
gas bubbles were rapidly wrappedwith a hydrate film during their
ascent, which provided separation between the internal gas and
external water (Fig. 2h). Multiple bubbles carrying hydrate films

accumulated in cells to form a honeycomb structure in the
EGH sample (Video S-1, Fig. 2h1). After a stationary period, an
RiP-Ghprobewas inserted into the EGHsample at approximately
20 cm for in situ Raman spectral observation (Videos S-2 to S-4).
Notably, the time that hydrates remained on the seafloor after for-
mation varied in each in situ experiment. Hydrate samples
remained on the seafloor for half an hour at the Haima cold seep,
2.6 hours at the Lingshui cold seep and 48 hours at the Site F cold
seep (Table S-2). The different stationary periods of hydrates
make our experiments more generalisable.

The Raman spectra of EGHs indicated two apparent
Raman peaks occurring at 2907 cm−1 and 2917 cm−1. Both
Raman spectra and the guest molecule species indicated that
the EGHs in our in situ experiments were all type I structures.
Notably, the peak intensity at 2907 cm−1 was less than that at
2917 cm−1 (Fig. S-2). The Raman peak located at 2917 cm−1 con-
sisted of a composite peak that was influenced by both a small
cage vibration and the gaseous CH4 vibration.

Stage Changes in the Rising Process
of Exposed Gas Hydrates

In the Haima in situ experiments, the entire monitoring time of
the rising EGHs was 0.79 h. There were three significant stage
changes during the rising of the EGHs towards the surface
(Video S-2). The first stage occurred at pressures of 15.22–
7.05 MPa (1509–700 m). There were no significant changes in
the morphology of the EGHs during this stage (Fig. S-3).
However, the 2917 cm−1 composite peak intensity exhibited
a decreasing trend, which was associated with the free CH4

gas escaping as the hydrate migrated towards the surface

Figure 1 Global map of gas hydrates (Kvenvolden, 1988; Waite et al., 2020) and cold seeps (Mazurenko and Soloviev, 2003; Suess, 2014).
Cyan stars represent the locations of exposed gas hydrate occurrence (MacDonald et al., 2003; Sassen et al., 2004; Pohlman et al., 2005;
Roberts et al, 2006; Hester et al., 2007; Case et al., 2017). Red stars indicate locations where in situ Raman investigations of exposed hydrates
have been performed (Hester et al., 2007; Zhang et al., 2017a).
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(Fig. 3b). In normal circumstances, the further growth of the
hydrate can only occur via the diffusion of water molecules
through the hydrate film, which occurs slowly (Dhamu et al.,
2023). However, during the ROV ascent, the hydrate film can
rupture due to the decrease in pressure exerted by the seawater.
Consequently, the gas inside the EGH samples will escape, lead-
ing to an accelerated exchange with water molecules and other
surrounding media. In contrast, the peak intensity that occurred
at 2907 cm−1 showed a weaker enhancement trend (Fig. 3b).
Simultaneously, the large cage vibration after Gaussian fitting
also shows an enhanced trend (Fig. 4a). This indicates the
growth of the EGH samples at this stage. By comparing the
hydrate stability curves, we found that the internal environment
of the EGHs was consistent with the stable existence of
hydrates (Fig. 4b).

The second stage occurs at pressures of 7.05–2.59 MPa
(700–257m) during the ascent. At this stage, the composite peak
at 2917 cm−1 also shows a decreasing trend (Fig. 3b), indicating
that the gas escapes. Raman spectral data suggest that the gas

escapes throughout the experiment (Fig. 3a). The same process
was also observed in the in situ experiments conducted at
Lingshui and Site F (Figs. S-5 and S-6). The hydrate samples
started decomposing from the periphery boundary at a pressure
of approximately 7.05 MPa (700 m), when the ambient temper-
ature of the seawater was 6.9 °C (Fig. 4a). The hydrate stability
curve (Dickens and Quinby-Hunt, 1994) shows that the theo-
retical depth at which the decomposition of the EGHs begins
is at the pressure of 6.19 MPa (614 m) (Fig. 4b). Here, the depth
where decomposition of the EGH sample occurred was
advanced during the ascent. Noticeably, although the EGH sam-
ple started to decompose from the periphery boundary, there
was also a continued increase in the Raman intensity of the large
cage inside of the EGHs (Fig. 4a). This suggests that there exists
a continued growth inside the EGHs.Moreover, the temperature
and pressure conditions inside the EGHs at this stage were con-
sistent with the stable existence of hydrates (Fig. 4b). We moni-
tored the continued hydrate growth process up to a pressure of
2.59 MPa (257 m) (Fig. 4a).

Figure 2 (a) Map showing the locations of the Haima, Lingshui and Site F cold seep vents. (b–g) Images showing hydrate collection and
monitoring controlled by the ROVmanipulator in Lingshui in situ experiment. (h1) Schematic diagram of the RiP-Gh and DOS probes touch-
ing and being inserted into the EGHs for dynamic monitoring. (h2) Schematic diagram of the hydrate film formed in the gas bubbles.
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The third stage occurs at pressures of 2.59–2.16 MPa
(257–214 m) during the ascent. At this stage, the peak intensity
at 2907 cm−1 and the large cage vibration (2905 cm−1) abruptly
decreased, indicating that the inside of the EGHs sample started
to decompose (Figs. 3c and 4a). At a pressure of 2.16 MPa
(214 m), the Raman signal of the hydrate disappeared, and only
gaseous CH4 remained (Fig. 3c). One interesting point we
observed is that internal hydrate decomposition started at
2.59 MPa (257 m) during this stage. However, the hydrate equi-
librium curve shows that the temperature and pressure inside
the EGHs did not satisfy the conditions for the stable existence
of EGHs as early as 3.34MPa (332m) (Fig. 4b). This indicates that
the peripheral hydrate decomposition causes a hysteresis effect
on the internal hydrate decomposition. Notably, at a pressure
of 2.16 MPa (214 m), the complete decomposition of EGHs
was recorded by the RiP-Gh probe. The residue of the EGHs,
however, was still present above the sample cell.

The above data and discussions are based on the experi-
ment conducted at the Haima cold seep vent. The in situ experi-
ments conducted at Site F (Video S-4) and the Lingshui cold seep
(Video S-3) vent locations also showed similar results to those at
the Haima cold seep vent. The monitoring time for the rising
process of EGHs in the Site F cold seep area was 0.61 h, while
in the Lingshui cold seep area the monitoring time was 1.34 h.
There were also three distinct stage changes during the EGH
ascent (Figs. S-3 to S-7). During the in situ ascent experiment
performed at Site F, the first stage occurred at pressures of
11.09–7.05 MPa (1100–700 m), the second stage occurred at
pressures of 7.05–0.65 MPa (700–65 m), and the third stage
occurred at pressures of 0.65–0.28 MPa (65–27 m) (Fig. S-7b).
The first stage of the in situ experiment conducted at the

Lingshui cold seep vent occurred at pressures of 17.76–7.05MPa
(1760–700 m) during the ascent process, and the second
stage occurred at pressures of 7.05–1.01 MPa (700–100 m)
(Fig. S-7a). TheROVdid not continue to ascend in the third stage
during the in situ experiment performed at the Lingshui cold
seep vent. The ROV instead remained stationary at a water
depth of 100 m (1.01 MPa), and we monitored the hydrate
decomposition process of the third stage over time (Fig. S-7a).
The third stage of the in situ experiment for the Lingshui cold
seep vent lasted approximately 270 s (Fig. S-7a).

Specific Temperature Variations Inside
Hydrates

The temperature of the EGHs showed a distinct trend from that
of seawater. This appeared inconsistent with both the commonly
believed exothermic and absorbed nature of hydrate formation
and decomposition. In the first stage, the internal temperature
of the hydrate samples dropped by 2.7 °C when the ambient
temperature-pressure conditions fit the zone of hydrate stability
(Fig. 4b). The ambient temperature of the seawater increased by
4 °C. At this stage, the hydrate periphery had not yet begun to
dissipate, thus protecting the internal temperature of the gas
hydrate from the influence of the ambient temperature of the
seawater. The decrease in internal temperature was attributed
to the dissolution of EGH samples. Various factors, such as
the highmethane chemical potential in the sample cell, the pres-
ence of oxygen, and the unsaturated methane concentration in
the seawater, are likely reasons contributing to the dissolution of
the EGHs.

Figure 3 In situ Raman spectra for EGHs during their ascent towards the surface in the Haima cold seep. (a)Overall ascent over the pressure
range of 15.22–2.16MPa (1509–214m). (b) The continuous growth stage at a Raman intensity of 2907 cm−1, and the continuous decrease at
2917 cm−1. (c) Hydrate decomposition stage.
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However, when the EGH samples decomposed at the
periphery boundary during the second stage, the internal temper-
ature increased by 1.02 °C (Fig. 4b), and the temperature of the
ambient seawater increased by 5.7 °C. During this stage, the inner
environment of the hydrate was gradually exposed due to the
periphery of the EGHs decomposing. The influence of seawater
ambient temperature on the internal area of the hydrates intensi-
fied. The increase in the EGH inner temperature was likely influ-
enced by the wide variation in the ambient temperature of the
seawater. In the third stage, an approximately 1.5 °C increase in
ambient temperature occurred at water depths of 257–214 m.
Since the third stage only spanned 43m, the influence of the ambi-
ent temperature of the seawater on the internal hydrateswas small.
The EGH internal temperature decreased by 0.31 °C at this stage
due to the hydrate decomposition and endothermic processes.

New Insights into the Vertical Spreading
of Bubbles in Cold Seep Areas

The depth of the location at which the Raman signal dis-
appeared during the third stage represents the complete EGH

decomposition. We estimated the variation in the hydrate vol-
ume with depth in the sample cells (Fig. S-8). All experiments
showed that the gas hydrate was still retained above the sample
cell at the end of the third stage. The rate of gas hydrate decom-
position during the third stage was the fastest. The gas hydrate
decomposition rates of the third stage in our three in situ experi-
ments were estimated to be approximately 7.1 ± 0.32 cm3/m at
the Haima cold seep vent site, 21.8 ± 0.31 cm3/m at the Site F,
and 3.7 ± 0.22 cm3/s at the Lingshui site (Fig. S-8). Even consid-
ering the rapid decomposition rate that occurred at the third
stage, the ROV retained some of the hydrate when it rose to
the water surface. The EGHs can significantly enhance the sur-
vival of methane bubbles. The EGHs easily form in the cold seep
areas on the seafloor, in shallow surface sediments, beneath
authigenic carbonate rocks, or even in an empty mussel shell
(Fig. S-9). Given the abundance of active cold seep vents world-
wide, the potential environmental impact caused by the ascent
and subsequent decomposition of EGHs carrying methane
bubbles cannot be ignored.

Conclusions

Here, we provide the first record of the destabilising ascent of
EGHs. The evolutional patterns of EGHs throughout the water
depth scale were established, including the gas escape processes,
and the specific temperature variations. Notably, the gas escape
process occurred throughout all depths in the experiment. At
water pressures> 7.05 MPa (depths> 700 m), the first stage of
the evolution of EGHswas observed, duringwhich themorphol-
ogy of EGHs remained stable. Pressures of 7.05–2.59 MPa
(depths of 700–257 m) corresponded to the second stage of
EGH ascent, during which peripheral hydrate decomposition
and internal hydrate growth coexisted. The decomposition of
the peripheral hydrates will cause a hysteresis effect on the
decomposition of the hydrates. The third stage (2.59–2.16 MPa,
257–214 m) was the period of internal hydrate decomposition.
From our in situ experiments, it appears that the presence
of EGHs results in methane gas influencing the overlying water
column or even the atmospheric environment. It can also
provide in situ data for gas hydrate exploitation to avoid con-
struction-induced block hydrate uplift, which may increase
greenhouse gas emissions.
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Methods 
 
Field Deployment 
 
The experiments were conducted using the ROV Faxian on the research vessel (RV) “KEXUE” of the Institute 
of Oceanology, Chinese Academy of Sciences. The experiments were conducted with four pan-tilt 10× zoom 
HDTV cameras mounted on the ROV Faxian. The real-time temperature and pressure parameters of the 
surrounding seawater were obtained with a conductivity-temperature-depth (CTD, SBE 25 plus; temperature 
range: −5 to +35 ℃, ±0.001 ℃; depth limit 6800 m) sensor on the ROV. Continuous Raman spectra of the 
EGHs during the ascent process were acquired through a Raman insertion probe (RiP) system installed on an 
open tool-carrying structure mounted below the ROV Faxian. The system was controlled and communicated 
with via the umbilical cable of the ROV Faxian. 

The RiP system included a 532 nm doubled diode-pumped Nd: YAG laser (ULA-532-100 Invictus®, 
KOSI), a custom-designed Raman spectrometer (N-RXNE-532-RA-SP, KOSI), and a charge-coupled device 
(CCD, 1024 × 256 pixel resolution, Andor Technology). The spectrometer and necessary electronic 
components for the communication power supply and controls were installed inside a titanium pressure 
chamber with a depth rating of 4500 m. A customized oil-filled optical fibre cable mounted on the outside of 
the titanium chamber was used to connect the Raman insertion probe for Gas hydrate (RiP-Gh) (Zhang et al., 
2017a, 2017b). RiP-Gh is an improved new version of the deep-sea Raman insertion Probe (RiP), designed 
specifically for the collection of solid-translucent samples (Zhang et al., 2017b; Du et al., 2018). RiP-Gh can 
directly touch or insert itself into gas hydrate samples. The focal point of the laser beam was designed to enter 
approximately 3 mm inside the volume of each gas hydrate sample, which allowed for the removal of 
interference caused by the surrounding seawater from the measured Raman signal. 
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Experimental Field Conditions 
 
The SCS contains numerous sizable petroliferous basins. High rates of sedimentation in the SCS facilitate the 
creation of natural gas hydrate formations, and the presence of complex bottom faults or diapiric structures 
provides ideal conditions for gas transport (Hu et al., 2013; Zhang et al., 2019, 2020). The experiment was 
conducted in the Haima, Lingshui, and Site F cold seep areas in the SCS. The Site F cold seep is located on 
the northern continental slope of the SCS, with a 1100 m water depth and 3.57 ℃ water temperature. Previous 
in situ detection studies have reported the existence of EGHs in the Site F area (Zhang et al., 2017a). 

The Haima cold seep is located at a depth of 1509 m and has a temperature of 2.88 ℃. The Lingshui 
cold seep is a newly discovered vent with strong eruption characteristics at a water depth of approximately 
1760 m, with a temperature of 2.56 ℃ (Table S-1). The Lingshui and Haima cold seeps are both located at 
the boundary of the Qiongdongnan Basin. Because of the thick organic-rich Cenozoic strata and the 
development of pathways for gas migration (consisting of faults and mud diapirs), the Qiongdongnan Basin 
is rich in natural gas hydrates (He et al., 2015; Fang et al., 2019). Notably, we investigated each cold seep 
vent with RiP-Gh before simulating the formation of EGHs (Fig. S-1). 
 
Sample Preparation and In Situ Detection 
 
In situ hydrate samples were formed in a cylindrical optical glass cell of approximately 9.4 L (30 cm × 20 cm, 
L × ⌀) in volume. The upper end of the cell was sealed with a specially made rubber gasket, which simulated 
natural media such as carbonate rocks and empty shells. The bottom end of the cell was exposed to the ambient 
seawater directly, thus creating a semi-closed space. Therefore, the cell could ensure the exchange of materials 
and energy between the inside and outside of the cell volume. The cell was transported to the seafloor by the 
ROV Faxian and was used to gather gas bubbles to simulate the formation of EGHs at different cold seeps 
(Video S-1). The EGHs samples were placed near the seafloor and revisited after different periods of elapsed 
time for in situ detection using Raman spectroscopy (Table S-1). The RiP-Gh probe was held by the left 
robotic arm of ROV Faxian, acquiring spectral information in real time during the ascent of the EGHs (Videos 
S-2 to S-4). We controlled the rate of uplift of the ROV in each in situ experiment at the same rate (Table S-
1). A dissolved oxygen sensor (DOS, JFE RINKO I ARO-USB; with a temperature range of −3 to +45 ℃, 
±0.02 ℃) was fastened to the frontend of the RiP-Gh probe to obtain the real-time temperature changes inside 
the gas hydrate. The DOS was placed at the same horizontal position as the RiP-Gh device to detect the 
temperature inside the EGHs. 
 
In situ Raman Spectroscopy Data Analysis 
 
GRAM/Al (Thermo Fisher Scientific, Inc., Waltham, USA) software was used to process the Raman spectra 
from the in situ experiments. The two apparent Raman peaks in the EGHs samples collected from the Haima 
and Lingshui cold seeps can be deconvoluted by performing three Gaussian fitting procedures. The three 
vibrational modes of methane are the 51262 large cage vibration (2905 cm−1), the 512 small cage vibration (2915 
cm−1), and the gaseous CH4 vibration (2917 cm−1) (Hester et al., 2007; Du et al., 2018). There was no water 
peak observed in the Raman spectra of the Haima and Lingshui EGHs samples, so the dissolved CH4 ν1 mode 
(2912 cm−1) was not considered in the Gaussian fit. However, the Raman spectra at Site F did show an obvious 
water peak, and the presence of dissolved phase methane was considered (Fig. S-2). 
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Supplementary Table 
 
Table S-1 Parameters for the in situ Experiments. 
 

Location Depth (m) Pressure 
(MPa) 

Stationary period 
in the seafloor (h) 

Temperature 
(℃) pH ROV rising 

rate (m/s) 
Haima 1509 15.22 0.5 2.88 - 0.61 

Lingshui 1760 17.76 2.6 2.56 7.97 0.63 
Site F 1100 11.09 48 3.57 7.69 0.61 

 
 
 
 
 
 
Supplementary Figures 
 

 
Figure S-1 Insert in situ detection of fluids and bubbles erupted from (a) Haima, (b) Site F and (c) Lingshui 
cold seep vent using RiP-Gh system. (d) In situ Raman spectra of different cold seep vent. 
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Figure S-2 Fluids and gas bubbles gathered to form the exposed hydrates for in situ detection in (a) Haima, 
(c) Site F and (e) Lingshui. (b, d, f) In situ Raman spectroscopy and the deconvolution with Gaussian fit 
conducted to the two Raman peaks in different cold seep areas. 
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Figure S-3 Images showing hydrate collection and monitoring controlled by the ROV manipulator in 
Haima in situ experiment. 
 
 
 
 

 
Figure S-4 Images showing hydrate collection and monitoring controlled by the ROV manipulator in Site 
F in situ experiment. 
 
 
 



 
 
	

Geochem. Persp. Let. (2023) 27, 9–14 | https://doi.org/10.7185/geochemlet.2327  SI-6 

	

 
Figure S-5 In situ Raman spectra for hydrate samples during ROV uplift in Lingshui. (a) ROV overall 
uplift process, 17.76–1.01 MPa (1760–100 m). (b) The stage of continuous growth of 2907 cm−1 Raman 
intensity and continuous decrease of 2917 cm−1 Raman intensity. (c) Hydrate decomposition stage at the probe 
starts. 
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Figure S-6 In situ Raman spectra for hydrate samples during ROV uplift in Site F. (a) ROV overall uplift 
process, 11.09–0.28 MPa (1100–27 m). (b) The stage of continuous growth of 2907 cm−1 Raman intensity 
and continuous decrease of 2917 cm−1 Raman intensity. (c) Hydrate decomposition stage at the probe starts. 
 
 
 
 

 
Figure S-7 Variation of large cage Raman intensity with pressure during hydrate uplift in (a) Lingshui and 
(b) Site F. 
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Figure S-8 (a) Schematic of EGHs volume estimation. (b) Volume variation of EGH with depth during 
the in situ experiments in the Haima cold seep area (the red line), Lingshui cold seep area (the blue line), and 
Site F cold seep area (the purple line). 
 
 
 

 
Figure S-9 Exposed gas hydrates formed in empty shells on the seafloor (Haima cold seep area). 
 
 
 
Supplementary Videos 
 
The video material provided for this study have all been accelerated. 
 
Video S-1 The formation of EGHs in the Haima, Lingshui, and Site F cold seep area in South China Sea. 
Video S-2 In situ experiments on the rise process of EGHs in the Haima cold seep area. 
Video S-3 In situ experiments on the rise process of EGHs in the Lingshui cold seep area. 
Video S-4 In situ experiments on the rise process of EGHs in the Site F cold seep area. 
 
Videos S-1 through S-4 (.mp4) are available for download from the online version of this article at 
https://doi.org/10.7185/geochemlet.2327. 
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