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Submarine cold seeps have recently attracted significant attention and are among the most effective indicators of gas hydrate in the
oceans. In this study, remotely operated vehicle (ROV) observations, seismic profiles, core sediments, bottom seawater, and fluid
vented from cold seeps in the deep-water Qiongdongnan Basin were used to investigate the origin and evolution of cold seeps
and their relationships with gas hydrate. At stations A, B, and C, inactive cold seeps with dead clams, cold seep leakage
with live clams, and active cold seeps with a rich mussel presence, respectively, were observed. The salinity and Na+ and
Cl- concentrations of the cold seeps were different from those of typical seawater owing to gas hydrate formation and
decomposition and fluid originating from various depths. The main ion concentrations of the bottom seawater at stations B and C
were higher than those at station A, indicating the substantial effects of low-salinity cold seep fluids from gas hydrate
decomposition. The Na+-Cl-, K+-Cl-, Mg2+-Cl-, and Ca2+-Cl- diagrams and rare earth element distribution curves of the water
samples were strongly affected by seawater. The concentrations of trace elements and their ratios to Cl- in the bottom seawater
were high at the stations with cold seeps, suggesting the mixing of other fluids rich in those elements. Biochemical reactions may
also have caused the chemical anomalies. Samples of HM-ROV-1 indicated a greater effect of upward cold seep fluids with higher
B/Cl-, Sr/Cl-, and Ba/Cl- values. Moreover, the Re/Cl- value varied between fluid vents, possibly due to differences in Re
precipitation strength. Differences in cold seep intensity are also believed to occur between areas. The cold seep fluxes changed
from large to small before finally disappearing, showing a close connection with gas hydrate formation and decomposition, and
influenced the local topography and ecosystems.

1. Introduction

A cold seep is a natural fluid spillage phenomenon in
which fluid, usually rich in hydrothion and hydrocarbons,
is discharged from submarine sediments and transported
under the influence of a pressure gradient [1]. Generally
related to the decomposition of gas hydrate [2] or the
upward migration of gas and oil beneath the seafloor
along geologically weak zones, cold seeps are widely dis-
tributed around the world and play an indicative role in

the exploration of deep-water oil and gas resources [3].
Furthermore, gas hydrate is a significant gas source at cold
seeps, and the cold seep fluid flow velocity can also affect
the hydrate formation rate [4, 5]. Cold seeps are among
the most effective indicators in explorations for gas hydrate
in the ocean [3].

Cold seeps are usually characterized by the migration and
seepage of methane-rich fluids. Owing to their special fluid
environment and unique ecosystem, these seeps experience
complex and diverse biochemical reactions. The coupling of
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sulfate reduction and the anaerobic oxidation of methane
(AOM) is a vital biochemical reaction [6]:

CH4 + SO2−
4 ⟶HCO−

3 + HS− + H2O: ð1Þ

AOM increases the alkalinity of the surrounding fluid,
leading to local oversaturation of bicarbonate produced by
methane and enhancement of carbonate precipitation.

Several additional reactions such as organoclastic sulfate
reduction (OSR) [7], authigenic precipitation of certain
metallic elements [8], or formation and decomposition of
gas hydrate [9] may also result in abnormal phenomena in
the surrounding seawater, sediments, and ecosystems.

Cold seep fluids include the pore water left in sediments
and leakage into the overlying seawater. The chemical anom-
alies of bottom seawater comprehensively represent the
source and composition of cold seep fluid as well as the bio-
chemical reaction and interaction occurring between the
water and the surrounding rock during fluid migration. In
recent years, detailed geochemical analyses of cold seeps were
performed internationally on columnar sediments and pore
water samples obtained through ocean drilling and subma-
rine observation [10–14]. Such research has led to better
understanding of the characteristics of pore water in cold
seeps and the relationship between cold seeps and gas
hydrates [15, 16]. The geochemical anomaly of pore water
is considered to be an important indicator of the existence
of gas hydrates [17, 18]. Previous studies have indicated that
the formation and decomposition of gas hydrate changes the
concentrations of Cl-, Ca2+, Mg2+, SO4

2-, and Sr and the
Mg2+/Ca2+, Sr/Ca2+, and Sr/Cl- ratios in interstitial water.
The values of some isotopes such as δ18O, δD, and δ7Li also
show anomalies [19–24]. During upward migration, the
seepage fluid in the cold seep mixes pore water from different
strata and finally vents into the bottom seawater, intensively
affecting the chemical characteristics of the bottom seawater.
In addition, due to the significant exchange of matter
between the bottom seawater and pore water in the bottom
shallow surface sediments, the formation and decomposition
of gas hydrate in the bottom shallow surface sediments will
be influenced by the bottom seawater, and the anomalies
resulting from gas hydrate can also be reflected in the bottom
seawater to some extent. Compared with pore water, which is
of more general significance in chemical exploration of
hydrate fluid, although the sampling of bottom seawater is
simpler, relatively few studies have been conducted on cold
seep bottom seawater. Most of those studies have been
focused on the indicator function of bottom seawater in rela-
tion to gas hydrate [22, 24]. It has been found that seawater at
the bottom of a cold seep area often has a high methane con-
tent and that the total dissolved CO2 concentration increases
owing to local oxidation of the methane overflow [25]. In
addition, the isotopic information of the bottom seawater
indicates abnormalities such as low δ13C and high δ4He
[26–28]. However, most investigations of the origin and evo-
lution of cold seeps have only been based on combinations of
the chemical anomalies of shallow bottom seawater, and sub-
marine seismic profile information in the absence of drilling

information remains insufficient, impeding further under-
standing of the relationship between cold seep activities and
the accumulation of gas hydrates.

Generally, the components and intensity of fluid in cold
seeps vary in time and space. The Qiongdongnan Basin
(QDNB) is a key area for investigating cold seeps and gas
hydrates in the northern slope of the South China Sea
(SCS) [29–32]. Recent investigations have been performed
on the cold seep systems in the QDNB, including gas bubble
plumes, seafloor features, near-seafloor gas hydrates, and the
fluid flow structure by using multibean data, sediment cores,
multichannel seismic data, and other resources [33, 34].
However, there remains a lack of comprehensive analysis of
the evolution characteristics of cold seep activities and the
relationship between cold seeps and the formation and
decomposition of gas hydrates based on combined shallow
biochemical information and deep structural data (especially
seismic profile data) in this region.

This article consists of 6 sections. Section 2 clearly
described the study area, QDNB. Section 3 presented the
seafloor observations at various stations, the acquisition of
samples and seismic data, and chemical and analytical pro-
cedures. The study results of section 3 were displayed in sec-
tion 4. Section 5 analyzed and compared the geochemical
characteristics of samples of bottom seawater and fluid
vented from cold seeps at various locations in the cold seep
area of the deep-water QDNB. Besides, the results were
combined with high-precision seismic data to reveal the
relationships between the cold seep conditions and chemical
anomalies of the bottom seawater obtained from the differ-
ent locations in this section, realizing the purpose of com-
bining the shallow phenomena with deep structure analysis
to determine the formation and development mechanism
of cold seeps in the deep-water area of the QDNB and their
spatiotemporal coupling relationship with the formation and
decomposition of gas hydrate. Section 6 concisely summa-
rized the main conclusions of our research, and we believed
that the formation and evolution of cold seeps require
further research.

2. Regional Setting

The QDNB, a large NE-trending Cenozoic sedimentary
basin, lies in the western section of the continental slope in
the northern SCS, with Hainan Island to the north, Yinggehai
Basin to the west, and the Pearl River Mouth Basin to the
east. The QDNB covers an area of about 8:3 × 104 km2 with
~60% of the area in deep-water settings.

The tectonic evolution of the QDNB can be divided into
two stages: the Eocene-Oligocene rift stage and the Neogene
post-rift thermal subsidence stage [35]. After the rift stage, a
series of half-grabens or depressions set southward are filled
with lacustrine sediments [29]. Since the Miocene, the
QDNB has deposited thick marine sediments dominated by
sedimentary mudstone following the Neogene thermal subsi-
dence stage, with a maximum deposition thickness of more
than 8 km and a maximum burial depth of more than
9.4 km. The maximum thickness of the Cenozoic sediments
in the basin is 12 km, and the maximum area of hydrocarbon
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generation depression is more than 9000 km2. In addition,
overpressure in the basin is common owing to the rapid
deposition of terrestrial sediments and the pressurization of
hydrocarbon generation. Currently, the Tibet Plateau shows
strong uplift, which has caused the sediment supply from
the Red River to increase dramatically. Therefore, strong sed-
imentary continental slope deposition occurs in the QDNB,
with a maximum sedimentation rate of 1.2mm per year
[36] and a geothermal gradient of 39–45°C/km [37]. The
QDNB is presently in the stage of particularly strong sedi-
ment accumulation [34]. The Neogene sedimentary strata
in the basin are rich in organic matter, which provides a gas
source foundation for the generation of abundant oil and
gas, and the emergence of fluid activity.

The QDNB is characterized by complex and diverse struc-
tures, including abundant fault depression, uplift and low
uplift, and submarine channels. Pathways such as polygonal
faults [38], mud diapirs, gas chimneys, and associated faults
have been discovered in the QDNB [39, 40], all of which are
beneficial for fluid migration. Additionally, past intense mag-
matic activity occurring in the northern margin of the SCS
may also have controlled the evolution of the QDNB and the
formation and migration of the fluids [41, 42].

To summarize, the combination of a thick sedimentary
sequence and high geothermal gradient, as well as the trans-
port and overpressure functions of gas chimneys or diapirs,
provides favorable conditions for the formation and migra-
tion of natural gas in the QDNB and the development of
active cold seeps [38].

3. Materials and Methods

3.1. Seafloor Observations and Sampling. The seafloor obser-
vation images and experimental samples used in this study
were acquired by the Guangzhou Marine Geological Survey
in 2018 during station sampling in the deep-water area of the
QDNB using the remotely operated vehicle (ROV)Haima car-
ried by the Chinese vesselHaiyang-6. As the sampling method
of this voyage, the ROV observation dive used mechanical
arms to collect samples such as sediments, submarine organ-
isms, and carbonates. Conductivity, temperature, and depth
(CTD) sensors and pressure-holding water intake devices were
also used to sample the bottom seawater. The specific locations
of this investigation were stations A, B, and C in Figure 1, and
vents HM-ROV-1 and HM-ROV-2 were located at station C.
At station A, the cold seep was no longer active, and numerous
large dead clams were found (Figure 2(a)). At station B, cold
seep leakage was present, as well as numerous large live clams.
At station C, fluid of active cold seep flow was present, as were
many relatively small mussels (Figures 2(c)–2(e)). In addition,
the plume of HM-ROV-1 flowed continually (Figure 2(b)),
and a small mud dome was discovered near the vent. Gas
hydrate was clearly detected at HM-ROV-1 during this
sampling (Figure 3). Mussels were distributed mainly at the
bottom of the mud dome. Moreover, a submarine dome and
numerous mussels were found near HM-ROV-2.

The samples used in this study included the bottom
seawater collected from each station and vent fluids from
HM-ROV-1 and HM-ROV-2 at station C.

The seismic profiles employed in the study were collected
by the Guangzhou Marine Geological Survey from 2007 to
2013. We selected mainly seismic lines that extended through
several vents and paleovents in the cold seep region to study
possible fluid migration pathways and their connections with
the seafloor.

3.2. Chemical and Analytical Procedures. The main ion, trace
element, and rare earth element (REE) concentrations were
measured after the water samples were filtered through a
0.22μm membrane.

The SO4
2-, Cl-, Ca2+, and Na+ concentrations were deter-

mined by using a Dionex ICS-5000+ ion chromatograph
with an analytical precision of <5% at the South China Sea
Institute of Oceanology, Chinese Academy of Sciences. The
anions (SO4

2- and Cl-) and cations (Ca2+ and Na+) were
determined by 500-fold and 100-fold dilution, respectively,
using ultrapure water. In the anion concentration analyses,
28mM KOH was used as the eluent, and an IonPac AS11HC
analytical column was used for ion separation. For the cation
concentration analyses, methanesulfonic acid (20mM) was
the eluent, and an IonPac CS12A analytical column was used
for ion separation.

Both the trace elements and REEs of our samples
were measured by ALS Chemex (Guangzhou) Co. Ltd.
using test method number LU-MS02. After solution acid-
ification, precipitation and ion exchange chromatography
were used to enrich and separate the elements. The REEs
were then tested via fan-shaped magnetic field ionization
mass spectrometry (HR-ICP-SFMS) (see [43] for detailed
operating procedures).

After receiving the experimental data, we calculated the
ratios of the main ions—including Na+, Ca2+, K+, Mg2+,
and SO4

2-—to Cl- (Table 1) and also calculated the
ratios of several trace elements, such as B, Sr, and Ba,
to Cl- (Table 2). In addition, we generated comparison
images of the main cations—including Na+, Ca2+, K+, and
Mg2+—to Cl- and did the same for some trace elements,
including B, Sr, Ba, and Re (Figures 4 and 5). Moreover, to
define the REE sources in bottom seawater and vent fluids
further, we standardized the REE values in the water samples
based on Post-Archean Australian Shale (PAAS), created an
REE distribution curve (Figure 6), and calculated the Eu and
Ce anomalies. In this study, the Eu and Ce anomalies were
defined as follows [44]:

δCe = 2CeN
LaN + PrN

, ð2Þ

δEu = 2EuN
SmN + GdN

, ð3Þ

where CeN, LaN, PrN, EuN, SmN, and GdN represent the values
of Ce, La, Pr, Eu, Sm, and Gd normalized by PAAS [45],
respectively. δCe > 1 indicates a positive Ce anomaly;
otherwise, the Ce anomaly is negative. Similarly, δEu > 1
and δEu < 1 indicate positive and negative Eu anomalies,
respectively.
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4. Results

4.1. Main Ions. The cations in the samples mainly
included Na+, Mg2+, Ca2+, and K+, whereas the anions
were dominantly Cl- and SO4

2-, where Na+ >Mg2+ > K+ >
Ca2+ and Cl− > SO4

2−. Furthermore, the concentrations of
Na+ and Cl- showed the largest proportions (Tables 3 and 4).

The concentrations of Na+, Mg2+, Ca2+, K+, Cl-, and
SO4

2- in the bottom seawater samples were lower than those
of typical seawater ions. The concentrations of these ions in
the bottom seawater from stations C and B were similar
and lower than those at station A.

The concentrations of Na+, Mg2+, Ca2+, K+, Cl-, and
SO4

2- at HM-ROV-1 were similar to those in the bottom sea-
water samples from station C, with relatively low concentra-
tions compared to those of typical seawater ions and about
half of those at HM-ROV-2. The concentrations of these ions

at HM-ROV-2 and in typical seawater were similar, and the
Cl- concentration was slightly higher than that in typical
seawater (Tables 3 and 4).

4.2. Trace Elements

4.2.1. B and Sr. The trends of the concentrations of the B and
Sr of the bottom seawater were similar at each station, with
the lowest concentrations at station A. In the other areas,
the concentration of B was 4.6–4.9mg/L (Table 2), which
was higher than the average concentration of B in typical
seawater (4.5mg/L; Figure 5). The Sr/Cl- and B/Cl- values
at station A were similar to those of seawater, typically at
0.396–0.406‰ and 0.232–0.236‰, respectively. The values
at stations B and Cwere higher, about twice those of seawater.

The concentrations of B and Sr at HM-ROV-1 were
lower than those at HM-ROV-2 (Table 2, Figure 5). The
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Figure 1: (a) Map of the study area in the Qiongdongnan Basin (QDNB), northern South China Sea (SCS). The QDNB lies in the western
section of the continental slope in the northern SCS, with Hainan Island to the north. (b) Positions of stations A, B, and C. The white
boxes represent ROV dive areas in this research. The red lines represent the seismic lines that were selected and used. The seismic line at
station A extends through an inactive seep site, while those at stations B and C extend through modern cold seeps. Two evidently active
cold-seep vents, HM-ROV-1 and HM-ROV-2, were located at station C.
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Sr/Cl- and B/Cl- ratios at HM-ROV-2 were similar to those of
seawater, as were nearly half those at HM-ROV-1 (Table 2).

4.2.2. Ba. The average concentration of Ba at the different
stations was higher than that in typical seawater, at 14μg/kg,
as was the ratio Ba/Cl- (Figure 5).

The concentration of Ba in the bottom seawater
decreased in the order C>B>A and C≈ 2A, and the ratio
Ba/Cl- followed the same order (Figure 5).

The concentration of Ba at HM-ROV-1, which was sim-
ilar to that in the bottom seawater at station C, was about half
of that at HM-ROV-2. The Ba/Cl- ratio at HM-ROV-2 was
slightly lower than that at HM-ROV-1 (Table 2).

4.2.3. Re. The concentration of Re in the bottom seawater at
stations B and C was lower than that at station A, and the
concentration of Re at station A was similar to the average

(a) (b)

(c) (d)

(e) (f)

Figure 2: Seafloor observations at different stations taken by ROV: (a) dead clams at station A, (b) continually flowing plume in HM-ROV-1,
(c) numerous mussels around HM-ROV-1, (d and e) abundant mussels around HM-ROV-2, (f) submarine mud dome near HM-ROV-2.

Figure 3: Sampling near HM-ROV-1. Some of the bright spots in
the image are bubbles of gas hydrate.

Table 1: Ratios of Na+/Cl-, K+/Cl-, Mg2+/Cl-, and Ca2+/Cl- at
different stations.

Site Na+/Cl- Mg2+/Cl- Ca2+/Cl- K+/Cl- SO4
2-/Cl-

HM-ROV-1 0.81 0.082 0.017 0.020 0.044

HM-ROV-2 0.77 0.092 0.017 0.017 0.046

Station A 0.81 0.083 0.017 0.017 0.051

Station B 0.79 0.086 0.017 0.021 0.037

Station C 0.79 0.091 0.017 0.021 0.039
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Table 2: Concentrations of B, Sr, Ba, and Re and ratios B/Cl-, Sr/Cl-, and Re/Cl-.

Sample B (μg/L) B/Cl- Sr (μg/L) Sr/Cl- Ba (μg/L) Ba/Cl-(10-6) Re (μg/L) Re/Cl- (10-10)

HM-ROV-1

CM-1 3760 0.00042 6178 0.00069 15 1.7 0.0068 7.6

CM-2 3851 0.00043 6383 0.00071 15 1.7 0.0061 6.8

Average 3806 0.00043 6281 0.00070 15 1.7 0.0065 7.2

HM-ROV-2

CM-3 4702 0.00023 8024 0.00039 31 1.5 0.0079 3.9

CM-4 4785 0.00023 7947 0.00039 31 1.5 0.0060 2.9

Average 4744 0.00023 7986 0.00039 31 1.5 0.0070 3.4

Station A

CM-5 2980 0.00020 5199 0.00035 13 0.88 0.0054 3.7

CM-6 4007 0.00027 6776 0.00046 17 1.2 0.0076 5.2

Average 3494 0.00024 5988 0.00041 15 1.0 0.0065 4.4

Station B

CM-7 4818 0.00045 8357 0.00079 24 2.3 0.0075 7.1

CM-8 4789 0.00045 8202 0.00077 24 2.3 0.0097 9.1

Average 4804 0.00045 8280 0.00078 24 2.3 0.0086 8.1

Station C

CM-9 4663 0.00049 8111 0.00085 29 3.1 0.0081 8.5

CM-10 4705 0.00049 8108 0.00085 31 3.2 0.0077 8.0

Average 4684 0.00049 8110 0.00085 30 3.1 0.0079 8.2

y = 0.0181x –0.2771
R² = 0.9919

0

2

4

6

8

10

12

y = 0.8227x –6.8244
R² = 0.9834

150

200

250

300

350

400

450

500

y = 0.015x +1.4446
R² = 0.967

y = 0.1014x –4.559
R² = 0.9795

10
15
20
25
30
35
40
45
50
55
60

Ca
2+

 (m
M

/L
)

0

2

4

6

8

10

12

K+
 (m

M
/L

)
N

a+
 (m

M
/L

)

M
g2

+  
(m

M
/L

)

Cl– (mM/L)Cl– (mM/L)
150 200 250 300 350 400 450 500 550 600

Cl– (mM/L)
150 200 250 300 350 400 450 500 550 600

Cl– (mM/L)
150 200 250 300 350 400 450 500 550 600

150 200 250 300

HM-ROV-1
HM-ROV-2
Station A

350 400 450 500 550 600

Station B
Station C
Typical seawater
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concentration of Re in the Pacific Ocean, at 43:9 ± 0:3 pmol
/kg [46] (Figure 5). Moreover, the ratio Re/Cl- at stations B
and C was higher than that in the Pacific Ocean, and the
value at station A was similar.

The ratio Re/Cl- at HM-ROV-2 and HM-ROV-1 was
lower and higher, respectively, than that in the Pacific Ocean
(Table 2).

4.3. Rare Earth Elements REE. All of the samples had low
REE concentrations, showing different degrees of negative
Ce anomalies. δCe increased in the order A<B<HM-
ROV-1<C<HM-ROV-2. The results at station B and
HM-ROV-1 showed no Eu anomalies; station A showed
a slightly negative Eu anomaly; and positive Eu anomalies
were found at station C and HM-ROV-2 (Table 5).

5. Discussion

5.1. Geochemical Anomalies of Cold Seep in the QDNB

5.1.1. Differences in Main and Trace Elements under the
Influence of Cold Seep. The origin and evolution of cold seeps
are mainly related to seawater, sediment alteration, clay dehy-
dration, organic degradation, and the formation and decom-
position of shallow gas hydrates [46]. Some researchers have

determined that the formation of the cold seep in the south-
western QDNB is closely related to the gas hydrate decompo-
sition [9]. The decomposition of gas hydrate releases fresh
water, thereby reducing the salinity and concentrations of
Cl- and Na-, among other ions. In addition, we consider the
upward migration of fluid from the deep strata of the QDNB
to be a significant factor affecting the chemical composition
of cold seeps as some of the numerous faults and gas chimneys
acting as the migration pathways are characterized by strings
of “beads” indicating the migration of low-velocity fluid [47,
48] (Figure 7). TheQDNB experienced the alternation of con-
tinental and marine facies during the Neogene, leaving differ-
ent marine or lacustrine sediments among the strata [29].
Sedimentary pore water from different periods can reflect
the salinity of the sedimentary water environment at that
time, which had various effects on cold seeps.

Although most of the concentrations of Na+, Mg2+, Ca2+,
K+, Cl-, and SO4

2- in our samples were lower than those of
typical seawater, no Na+ enrichment or K+ deficit was appar-
ent. Thus, the clay mineral dehydration was not significant
enough, and the decomposition of gas hydrate or the upward
migration of low-salinity groundwater may be main factors
affecting the ion concentration in seawater (Tables 3 and 4).
Cl- is very stable in the process of fluid migration as well as
in many diagenetic reactions; however, its concentration will
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change when the water volume changes. Thermodynamic
reaction processes such as the formation and decomposition
of gas hydrate and clay mineral dehydration actually affect
the concentration. Therefore, it is helpful to determine the
source and sink of the ions in water samples by comparing
the ratios of the ions to Cl-. Although some differences
occurred between the ion concentrations in the samples
among the stations, the ratios Na+/Cl-, K+/Cl-, Mg2+/Cl-,
and Ca2+/Cl- were similar to those in typical seawater
(Table 1). In the Na+-Cl-, K+-Cl-, Mg2+-Cl-, and Ca2+-Cl- dia-
grams, the values in the samples and typical seawater are
roughly on the same straight line, showing an obvious posi-
tive correlation (Figure 4). Thus, the samples tested are
strongly affected by seawater and have similar sources.

5.1.1.1. Differences in Bottom Seawater among Stations A,
B, and C. Stations A, B, and C are areas in which cold seeps
occur or have previously existed. This study did not detect
any cold seep leakages at station A; alternatively, the fluid
leakage could have been too weak to support the continued
existence of a cold seep ecosystem at that location. A large

amount of cold seep leakage related to the decomposition
of gas hydrate occurs in the cold seep area in the western
QDNB [29]. Therefore, the ion concentration in the cold seep
area in this region is lower than the average value of typical
seawater, which explains the low ion concentration at station
A despite the absence of an active cold seep.

The concentrations of Na+, Ca2+, Mg2+, Cl-, and SO4
2- at

stations B and C, under the strong influence of cold seep leak-
age, were significantly lower than those at station A (Tables 3
and 4). Moreover, the ratio SO4

2-/Cl- at all three stations,
ranging from 0.037 to 0.051, was significantly lower than that
of typical seawater, at 0.069; B≈C<A (Tables 3 and 4). Con-
sumption of SO4

2- in the cold seep system includes mainly
OSR and AOM. The AOM reaction consumed more SO4

2-

as cold seep leakage was obvious at stations B and C. Further-
more, the presence of cold seep ecosystems at stations B and
C also increased the amounts of organic substances in these
areas. Consequently, more SO4

2- could have been required
to produce the OSR reaction, leading to an obvious loss of
SO4

2- in the bottom seawater of stations B and C.
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Figure 6: REE distribution curves of water samples at different stations. The PAAS data are from [45]. The REE distribution curves of water
samples at all stations show similar general trends, with heavy REE content higher than that for light REEs. The curves were accompanied by
an obvious negative Ce anomaly, showing the typical REE distribution curves of seawater.

8 Geofluids



Both B/Cl- and Sr/Cl- at stations B and C had signifi-
cantly large values, indicating that the fluid source was also
affected by the mixing of other fluids rich in B and Sr. The
concentration of Ba and the ratio Ba/Cl- had high values in
our samples. Previous researchers have reported that deep
fluid rich in Ba ions is likely to deposit barite on a sulfate–
methane interface [49, 50]. However, with the burial of sedi-
ments, the previously deposited barite buried downward
from the sulfate-deficit zone will be dissolved into Ba ions
and transported upward with the cold seep fluid, leading to
a higher Ba content in the surface sediments and seawater
in the cold seep area.

5.1.1.2. Differences between the Water Samples from HM-
ROV-1 and HM-ROV-2. The concentrations of Na+, Ca2+,
K+, Mg2+, Cl-, and SO4

2- from the HM-ROV-1 water sample
were significantly lower than those from the HM-ROV-2
sample. The concentrations of the former were about half
of those of the latter and were close to the bottom seawater
values at station C (Tables 3 and 4). The formation of gas

hydrate consumes H2O and creates a high-salinity fluid.
Recent studies have proven that many regions of the SCS,
including the QDNB, have a high salinity or Cl- concentra-
tion resulting from gas hydrate [16, 18, 51, 52]. The increased
ion concentrations at HM-ROV-2 might be explained by the
presence of high-salinity fluid emitted through gas hydrate
formation [9]. However, we cannot rule out the possibility
of the value having been affected by the pore water retained
in marine sediments, which also has a high salinity.

The reason for the similarity of the concentrations of the
main ions, such as Na+, between HM-ROV-1 and station C
may be that the sampling position of the bottom seawater
at station C was close to HM-ROV-1 and the flow at this vent
is larger. Therefore, the bottom seawater at station C is
strongly affected by HM-ROV-1. The concentrations of
B, Sr, and Ba at HM-ROV-1 were lower than those at
HM-ROV-2, whereas B/Cl-, Sr/Cl-, and Ba/Cl- were higher.
It is speculated that the fluid flow at HM-ROV-1 is greater
than that at HM-ROV-2; thus, the concentrations of B, Sr,

Table 3: Main cation concentrations of samples recovered from
different cold seeps.

Sample Ca2+ (M/L) Mg2+ (M/L) K+ (M/L) Na+ (M/L)

HM-ROV-1

PCM-1 0.0046 0.023 0.0052 0.22

PCM-2 0.0045 0.022 0.0053 0.22

PCM-3 0.0040 0.019 0.0048 0.19

PCM-4 0.0039 0.019 0.0048 0.19

Average 0.0042 0.021 0.0050 0.20

HM-ROV-2

PCM-5 0.0099 0.053 0.010 0.44

PCM-6 0.010 0.053 0.010 0.44

PCM-7 0.0099 0.053 0.010 0.44

PCM-8 0.010 0.053 0.010 0.44

Average 0.0099 0.053 0.010 0.44

Station A

PCM-9 0.0051 0.024 0.0054 0.26

PCM-10 0.0050 0.024 0.0053 0.26

PCM-11 0.0088 0.044 0.0086 0.41

PCM-12 0.0089 0.045 0.0087 0.42

Average 0.0069 0.034 0.0070 0.34

Station B

PCM-13 0.0046 0.023 0.0059 0.21

PCM-14 0.0047 0.023 0.0059 0.21

PCM-15 0.0055 0.028 0.0067 0.26

PCM-16 0.0056 0.028 0.0067 0.26

Average 0.0051 0.026 0.0063 0.24

Station B

PCM-17 0.0047 0.025 0.0057 0.21

PCM-18 0.0049 0.025 0.0058 0.21

PCM-19 0.0048 0.025 0.0058 0.22

PCM-20 0.0047 0.025 0.0057 0.21
°Average 0.0048 0.025 0.0057 0.21

Table 4: Main anion concentrations of samples recovered from
different cold seeps.

Sample Cl- (M/L) SO4
2- (M/L)

HM-ROV-1

NCM-1 0.27 0.012

NCM-2 0.27 0.012

NCM-3 0.23 0.010

NCM-4 0.23 0.010

Average 0.26 0.011

HM-ROV-2

NCM-5 0.58 0.026

NCM-6 0.58 0.027

NCM-7 0.57 0.026

NCM-8 0.57 0.027

Average 0.58 0.026

Station A

NCM-9 0.31 0.017

NCM-10 0.31 0.016

NCM-11 0.52 0.026

NCM-12 0.52 0.025

Average 0.41 0.021

Station B

NCM-13 0.27 0.010

NCM-14 0.27 0.0010

NCM-15 0.33 0.012

NCM-16 0.33 0.012

Average 0.30 0.011

Station C

NCM-17 0.27 0.010

NCM-18 0.27 0.011

NCM-19 0.27 0.011

NCM-20 0.27 0.011

Average 0.27 0.011
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and Ba decreased more owing to gas hydrate decomposi-
tion. However, the volume of the fluid rich in B, Sr, and
Ba at HM-ROV-1 was greater than that at HM-ROV-2.
Moreover, the volume of fluid rich in B, Sr, and Ba may
be related to intense sediment transformation [46].

Re behaves conservatively in oceans [46, 53, 54] and is
influenced by redox environments. The average residence
time of Re in the ocean is 7:5 × 105 a. It migrates from seawa-
ter under hypoxic conditions and is enriched in reductive
marine sediments. Moreover, Re shows different enrichment
levels in different hypoxic zones, of these, weak reduction

zones are more beneficial than severely hypoxic zones for
gathering Re [55]. The Re/Cl- value of HM-ROV-1 was
higher than that of the Pacific Ocean, suggesting the mixing
of Re-rich fluids. However, the Re/Cl- value at HM-ROV-2
was lower than the value in the Pacific Ocean, showing a def-
icit of Re. One possible reason is that the Re precipitation at
HM-ROV-2 was stronger than the input of Re-rich fluids.
The flow at HM-ROV-2 is lower than that at HM-ROV-1;
thus, the cold seep fluid mixes with the upper layer of sea-
water less effectively, and the environment at HM-ROV-2
is less open.

Table 5: Concentrations of REEs and values of δCe and δEu.

HM-ROV-1 HM-ROV-2 Station A Station B Station C Typical seawater
Unit μg/L μg/L μg/L μg/L μg/L 10-12 mol/kg

La 0.0048 0.0042 0.0053 0.0033 0.0057 20.800

Ce 0.0037 0.0065 0.0016 0.0021 0.0058 9.640

Pr 0.0014 0.0014 0.0011 0.0011 0.0013 —

Sm 0.0018 0.0013 0.0023 0.0015 0.0012 4.320

Eu 0.00025 0.00050 0.00025 0.00030 0.00035 0.823

Gd 0.00085 0.00085 0.00070 0.0011 0.00050 5.200

Tb 0.00020 0.00020 0.00020 0.00030 0.00020 —

Dy 0.00085 0.00095 0.0011 0.0016 0.0012 5.610

Ho 0.00060 0.00060 0.00045 0.00040 0.00035 —

Er 0.00060 0.00085 0.00040 0.00065 0.00035 4.940

Tm 0.00025 0.00015 0.00025 0.00010 0.00020 —

Yb 0.00075 0.0010 0.00040 0.00060 0.00095 4.660

Lu 0.00025 0.00020 0.00025 0.00020 0.00035 —

Y 0.013 0.012 0.012 0.018 0.018 —

δCe 0.33 0.61 0.16 0.25 0.50 —

δEu 0.93 2.3 0.82 1.1 2.1 —

Note: the values of the typical seawater are from [40].
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Figure 7: Seismic profiles of stations A and B. (a) Evident gas chimney and a migration pathway blocked by the formation of gas hydrate.
(b) Deep gas chimney directly connecting the seafloor with a fluid migration pathway.
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5.1.2. Differences in REEs under the Influence of Cold Seep.
The REE distribution curves of the water samples at all sta-
tions showed a similar general trend, with a higher heavy
REE than light REE content. The curves were accompanied
by an obvious negative Ce anomaly, showing the typical
REE distribution curves of seawater (Figure 6).

The Ce anomaly is related to the oxidation of Ce3+ to
Ce4+; Ce4+ precipitates from the solution in the form of
CeO2 [56, 57]. The bottom seawater of stations A, B, and C
showed the same negative Ce anomaly as that in normal sea-
water (Figure 6). However, the difference in the degree of the
Ce anomaly may be related to the relatively reductive envi-
ronment caused by the active biological reactions and the
existence of organic matter in the cold seep, which increased
the difficulty of the transformation from Ce3+ to Ce4+. The
Ce anomalies also affected AOM and alkalinity changes [56,
58–60].

The bottom seawater samples from station C and the vent
water samples from HM-ROV-2 showed a slight positive Eu
anomaly (Figure 4), which is likely associated with AOM [61,
62]. Recent research has suggested that in a reducing envi-
ronment, reductive dissolution or desorption of Fe and Mn
oxides enables Eu to be released more easily than other REEs;
thus, Eu is given priority for entering the liquid and presents
a positive Eu anomaly [63]. Moreover, the Eu anomaly is
related to the concentration of Ba2+ [64].

5.2. Tectonic-Influencing Factors of Cold Seep Formation and
Evolution. Comparison of stations A, B, and C revealed that
differences in the activity and flow of cold seeps lead to differ-
ent reflections of their biochemical characteristics, which are
often closely related to their regional geology. In recent years,
various geophysical techniques such as three-dimensional
seismic data have been widely used in the study of cold seeps
and their submarine plumbing systems as a powerful tool for
examining deep structures [65–67]. In addition, the perme-
ability of migration pathways is believed to be a vital factor
in the distribution and temporal and spatial variability of
seeps [68]. Therefore, to improve the understanding of the
different behaviors of the fluid from cold seep that lead to
biochemical differences among cold seeps, we analyzed the
seismic profile information of these three stations.

An obvious gas chimney was noted deep in the sampling
point of station A; discontinuous parts of a bottom-
simulating reflector (BSR) were observed near this depth at
~2.5 s. The reflection masked by gas indicates abundant gas
sources in the deep strata. The fluid in the gas chimney was
transported upward through the BSR by a nearly vertical
migration pathway (Figure 7(a)). However, considering the
ROV observations, we found that the migration pathway
did not travel straight to the seafloor; rather, the fluid was
blocked by the formation of gas hydrate and could not con-
tinue to transport upward. We also detected a slight depres-
sion on the seafloor in the sampling position, indicating a
pockmark, by carefully observing seismic data from station
A. The presence of a gas chimney near station A could
directly affect the local microgeomorphic characteristics of
the corresponding seabed, which could lead to different
degrees of local subsidence [69]. This feature combined with

the presence of numerous dead clams at station A suggests
active paleocold seep leakage at that location.

The seismic profile of station B is similar to that of station
A, with slight depressions present at the bottom of the sea-
floor. However, its deep gas chimney directly connects the
bottom of the sea with fluid migration pathways, resulting
in cold seep leakage at that location (Figure 7(b)). Pockmarks
and submarine domes also occur near station B, as do large
gas chimneys with sufficient gas sources and cold seep devel-
opment [69].

The water depth at station C is shallower than that at the
other two stations. Owing to abundant gas sources, the sea-
floor of station C slopes slightly upward. Many well-
developed migration pathways and topographies, such as
pockmarks and domes, occur in this area. Cold seep activity
is very strong here (Figure 8). Topographic uplift is evident
at both HM-ROV-1 and HM-ROV-2. According to the
ROV observations, small domes have developed near these
two cold seep vents. Moreover, geomorphologic features
formed by cold seeps such as mud domes have developed
near HM-ROV-1. The migration pathways under HM-
ROV-1 are more obvious and deeper than those beneath
HM-ROV-2; thus, the flow of the cold seep fluid at the for-
mer is greater than that at the latter. In addition to the influ-
ence of the formation and decomposition of gas hydrate, the
source of the cold seep fluid is also likely to be very influenced
by the low-salinity groundwater from the sediments depos-
ited during the exchange of sea and land or even from lacus-
trine sediments in the QDNB, which resulted in the flow of
low-salinity fluid from the cold seep. In contrast, the shal-
lower migration pathway below HM-ROV-2 may suggest

2 km

HM-ROV-1 HM-ROV-2

Migration pathway 

BSR

2.50
Tw

o 
w

ay
 tr

av
el

 ti
m

e (
S)

2.25

2.00

1.79
Site C

Figure 8: Seismic profile of station C showing the slightly upward
slope of the seafloor and the many well-developed migration
pathways. The positions of HM-ROV-1 and HM-ROV-2 are shown.
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the influence of relatively high-salinity pore water mixing
with the marine sediments in the QDNB.

5.3. Cold Seep Formation and Evolution Models in the Study
Area. Based on the seismic profiles and information about
the bottom seawater chemical anomalies at various stations,
we believe that the formation and evolution of cold seeps in
this area are closely related to the formation and decomposi-
tion of gas hydrate. Many studies have shown that the forma-
tion of gas hydrate will reduce the permeability of sediments
to different degrees and will change the direction of fluid
leakage. For example, one report stated that during the pro-
cess of fluid migration, gas hydrate will block some of the
migration pathways and lead to more concentrated fluid
migration in the region [70]. Another study revealed that
the lateral migration of methane-containing fluid was driven
by the formation of gas hydrate and the blockage of pore
space at the seepage center [71]. The seismic profile of station
A shows an obvious gas chimney below the sampling point
displaying the abundance of gas sources and in-phase axial
pull-downs occur in the migration direction, indicating the
presence or movement of vulgar fluids, which may result
from the upward cold seep fluids. Considering these findings
as well as the ROV observations, we consider gas hydrate for-
mation to be the most likely reason for the death of the cold
seep at station A.

In addition, many researchers have found that the evolu-
tion of ecological communities can reflect changes in cold
seep. The type and distribution of cold seep bivalves are influ-
enced by the components, such as methane; the strength of

the cold seep fluids; and the bacteria species in the sediments.
Mussels inhabit only active cold seep vents with high meth-
ane and sulfate contents; they have symbionts and rely on
their symbiotic partners to provide most of their nutrients.
However, clams have sulfate-reducing bacteria symbionts,
which are suitable for cold seep in which the flow rate
changes and the spout point is concentrated. Therefore, the
presence of mussels and clams can indicate the composition
and strength of cold seep fluid [3]. Roberts et al. [72]
summarized the responses of hydrocarbons, formation
fluids, fluidized sediments, and organisms to different cold
seep flow rates.

In this study, the cold seeps at stations A, B, and C dis-
played the characteristics of inactive cold seeps, cold seep
leakage, and active cold seep eruptions, respectively. The dif-
ferences in their activities and basin spaces were apparent,
which could be a good indication of the evolutionary charac-
teristics of the regional cold seeps.

Fluids from the deep seabed move upward though the
fluid migration pathways. Initially, the fluid migration path-
way is unobstructed, and fluid with a certain flow can reach
the seafloor through the stable area of gas hydrate, which is
sufficient for supporting the growth and development of
clams and other organisms. Therefore, many clams are pres-
ent, and the cold seep ecosystem is developed. Moreover, the
leakage of the cold seep fluid resulted in submarine land-
forms such as pockmarks (Figure 9(a)) generated near the
fluid migration pathway, such as at station B in this study.
However, because the upwelling fluid flow rate is insufficient,
gas hydrate gradually forms to obstruct the fluid migration
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Figure 9: Cold seep evolution in the study area. (a) Fluids from the deep seabed move upward though the fluid migration pathways,
generating a cold seep ecosystem with clams as the dominant population and a pockmark on the seafloor. (b) Gas hydrate gradually forms
to obstruct the fluid migration pathway, causing the cold seep ecosystem to collapse gradually and kill creatures such as clams. (c) When
the flow rate of seepage is sufficiently high, gas hydrates form around the fluid migration pathways instead of inside them due to the
strong submarine fluid activity, and a submarine dome and the cold seep ecosystem with mussels as the dominant species are created in
this region.
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pathway, which decreases the flow capable of reaching the
seafloor. Eventually, the fluid flow is unable to continue to
provide enough nutrition for its ecological system; thus, the
cold seep ecosystem will gradually collapse, and creatures
such as clams (Figure 9(b)) will die. Such conditions are sim-
ilar to those occurring presently at station A.

The study of station C revealed that if the flow rate of
seepage is sufficiently high, submarine fluid activity will be
strong, leading to abnormal heat conduction and convection
and creating temperature changes at various locations. The
high flow rate and temperature in the fluid migration path-
way will prevent the formation of gas hydrate; thus, the fluid
migration pathway will not be easily obstructed, and gas
hydrates will form around the fluid migration pathways
instead of inside them. Finally, the large flow of fluid will
reach the seafloor and spill out in the form of bubbles and
plumes (Figure 2(b)) to create submarine landforms such as
mud domes and mud volcanoes. Moreover, a unique cold
seep ecosystem with mussels as the dominant population will
develop in this region (Figure 9(c)). Furthermore, when the
fluid flow gradually decreases, this cold seep may gradually
change to the states shown in Figures 9(a) and 9(b), and the
dominant biological population will also gradually change
from mussels to clams.

6. Conclusion

Through the analysis of ROV observations, bottom seawater
samples, vent water samples, and seismic profiles obtained
from each station, the following conclusions were drawn.

(1) The bottom seawater of the cold seep zone is influ-
enced by seawater and fluid from deep strata. The
bottom seawater at stations A, B, and C had lower
salinity than typical seawater, and the salinity of the
existing stations with cold seep leakage, B and C,
was lower than that of station A, which may be
related to the decomposition of gas hydrate or the
upward migration of groundwater

(2) The chemical characteristics of cold seep fluids are
closely related to biochemical reactions such as
AOM. The AOM reaction may lead to a loss of
SO4

2- in the fluid, leading to S enrichment in the sub-
marine sediments. In addition, the AOM reaction
will change the alkalinity of the fluid to reflect a rela-
tively reducible redox environment, which can easily
cause anomalies in the amounts of Re, Eu, Ce, and
other elements

(3) The cold seep changes are temporal and spatial,
which will determine the evolution of the cold seep
ecosystem. The formation of gas hydrates may
obstruct the fluid migration pathways in the middle
flow of the cold seep leakage, causing the cold seep
flow to weaken gradually and finally to disappear.
In addition, a large flow of cold seep may inhibit
gas hydrate formation and cause a large flow of water
on the seafloor to be maintained for a longer period.
However, the cold seep cannot maintain a state of

large flow permanently. In the later stage, as the flow
decreases, the cold seep may also gradually weaken
and finally disappear

The objectives of this study were to analyze and compre-
hensively discuss the differences in the ecological commu-
nity, hydrochemistry, and seismic profiles of different cold
seeps by combining several disciplines—including biology,
chemistry, and geology—to improve the understanding of
the formation and evolution of cold seeps in the study area
and the relationship between cold seeps and gas hydrate.
However, the tectonic setting of the cold seep area of the
western QDNB is extremely complex, with many factors
influencing the formation and development of cold seeps.
In this study, the research scope and samples were limited
and we did not consider differences in the geothermal gradi-
ent or the water–rock reaction during the fluid migration.
Therefore, the formation and evolution of cold seeps require
further research.
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