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ABSTRACT 
 Methane seepages from natural process or gas 
hydrate dissociation are proposed to cause adverse 
effect of climate change. The ultimate fate of methane 
leakage from the deep sea is less understood. Here, a 
systematic investigation of dissolved methane intensity, 
characteristic of pore fluid migration, metallogenic 
features of the sediment, and evolutions of biological 
communities in different methane seeping areas was 
conducted by high-resolution image, pore fluid 
geochemical analysis, and lithologic and surface analysis 
of the sediment. Results indicate that with high methane 
flux, biogeochemical progresses dominated by AOM in 
sediments, excess methane emissions to seawater and 
the methane metabolic communities dominate. While at 
low methane fluxes, AOM co-exists with OSR. This work 
reveals the dynamic marine methane cycle mechanism in 
different seepage intensities. 
Keywords: natural gas hydrate, methane seepage 
intensity; biogeochemical footprints, community 
succession sequence 

1. INTRODUCTION
Marine sediment is regarded as the largest methane

pool because of the huge amount of methane trapped in 
the solid form of nature gas hydrate (NGH) [1]. Once the 
NGH was dissociated or dissolved with the 
destabilization of pressure, temperature, or chemical 
composition change, methane bubbles or methane-
bearing fluids migrate continually upward to the seafloor 
and water column.  

NGH is a promising clean energy, because the large 
amount of methane trapped in NGH is conducive to 
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decarbonization of the traditional fossil energy system. 
Nevertheless, methane is also one of the greenhouse 
gases, which has 28 times the global warming power of 
carbon dioxide [2, 3]. Hence, rational exploitation of NGH 
and uncovering the geological and environmental 
footprint of methane release play significant role in the 
low-carbon energy transition and dealing with climate 
change [4]. Abundant evidence shows that significant 
quantities of methane were released into the 
atmosphere, triggered by large amounts of NGH 
dissociation in the paleoclimatic events [5, 6]. Not only 
that, massive and uncontrollable NGH dissociation 
causes the deep-sea landslides, deep-sea volcanic 
activity, huge amounts of methane emitting to the 
atmosphere, and other geological hazards [7, 8]. 
However, in the majority of cases, for continuous and 
controllable methane release at the seafloor, the 
majority of methane was converted anaerobically, 
fueling the flourishing chemosynthetic cold seep 
ecosystem, and leads to less than 10% of the released 
methane can be transported into the atmosphere [9]. 
Therefore, to understand the dynamic marine methane 
cycle mechanism, clarifying the characteristics of 
geochemical evolution associated with ecosystem 
development at different stages of methane release at 
the seafloor are essential. 

Currently, sulfate-driven methane anaerobic 
oxidation reaction (S-AOM) is regarded as the main 
methane oxidation pathway in marine sediments [10]. 
The following reaction is the result of the combined 
action of sulfate-reducing bacteria and methane 
oxidizing archaea [11, 12]: 
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2

4 4 3 2HCCH SO HS H OO      (1) 

Such reaction releases HCO3
– and HS– while 

consuming methane and sulfate. In addition, the organic 
matter sulfate reduction is typical biogeochemical 
process in normal marine sediments by sulfate-reducing 
bacteria to generates HCO3

– and H2S while use organic 
matter [13, 14]: 

2

2 4 3 22 2CH O SO HHCO S    (2) 

The rates of sulfate consumption by OSR and AOM 
were variation in different regions [15]. In active 
methane seeps, massive methane emission from 
sediments. Sulfate was heavily consumed by the 
interaction of AOM, more HCO3

– and HS–released to pore 
fluids [16]. The AOM in sediments be called filter for 
methane in the ocean. Furthermore, these reactions 
usually result in authigenic minerals and has an impact 
on the migration and transformation of metal ions in 
pore fluids. In contrast, the AOM was weak in areas with 
inactive methane seeps, ion migration in pore fluids and 
authigenic minerals in sediments are mainly influenced 
by early diagenesis. Methane leakage level will result in 
AOM with varying intensities in sediments at various 
stages of cold seep development, which will change the 
mineral composition of the sediments and ion 
concentration in pore fluid. Formation of different 
chemosynthetic ecosystems that use sulfide and 
methane in pore fluids for food, with the change in 
released upward fluid components and the geological 
conditions there. Those progress contributed to 
biogeochemical cycles. Clearly, it is important to 
developing full understanding of the biogeochemical 
footprint of methane leakage in this methane filter for 
better regulation of contemporary climate change and 
resource development of gas hydrates. 

Methane seepage fields where hydrocarbon-rich 
fluids are transported upward to form cold seep. The 
“Haima” cold seep in the northern part of the South 
China Sea is the second active methane cold seep 
discovered in China. Compared with the Formosa cold 
seep, the “Haima” cold seep has a larger range and a 
higher resource reserve. Previous studies about “Haima” 
cold seep have focused on the geochemical processes 
and elemental cycling, or investigated the biological 
characteristics of biomes [17-24]. Nevertheless, our 
understanding of the characteristics of geochemical 
evolution associated with ecosystem development at 
different stages of methane release at the seafloor in this 
area remains scarce. 

The present study investigated the various 
biogeochemical footprint of pore fluids that in different 
stages of methane emissions, combined with the 
evolution of the ecosystem. Due to the biogeochemical 

characteristics of pore fluids can only represent current 
characteristics, whereas more persistent presence of 
sediments presence allows it to preserve the 
biogeochemical footprint over a wider historical time 
scale [25], we integrated with physical and chemical 
properties of sediment in this study. Here, we revealed 
the effects of methane leakage level on metal ion 
migration in pore fluids and authigenic mineral 
composition in sediments and its coupling relationship 
with ecosystem evolution. Our results will offer new 
knowledge about biogeochemical progress in sediments 
with different methane seepage intensity and their 
potential roles in communities succession sequence for 
the “Haima” seep. 

 
2. MATERIAL AND METHODS  

2.1 Geological Settings and sampling 

The Qiongdongnan Basin has favorable geology and 
NGH source conditions [26]. High purity gas hydrate 
samples were found in the Qiongdongnan Basin in 2015. 
The “Haima” cold seep was discovered in 2016, an active 
cold seep of remarkable size by the Guangzhou Marine 
Geological Survey. Then, it has also been found that the 
signature cold seep characteristics, including 
chemoautotrophic faunal communities, bubble plumes, 
and abundant authigenic carbonates deposits [19, 27, 
28]. A flat topography shows at “Haima” cold seep hence 
it is unlikely that any recent rapid sedimentary events 
have occurred. The temperature of the bottom water 
at“Haima” cold seep of approximately 4°C. 

Two sites with different cold seep conditions were 
selected for sampling in the “Haima” cold seep. The 
water depth at the Ⅰ and Ⅱsampling sites are 1394 m 
and 1441 m. The site Ⅰ without the chemoautotrophic 
megafauna or methane bubbles, which was in early stage 
of cold seep. The site Ⅱ was in active stage and share 
some characteristics with those from both active seeps 
in other parts of the world, including bubble plumes 
were discovered, and observed the high densities of 
seep-associated taxa, like bathymodiolin mussels. 
Therefore, the two sites will naturally show various 
methane intensity in marine sediments, which enables 
us to develop a hypothesis about different cold seep 
development stages.  
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Fig. 1 (a) Locations of sampling sites and characteristics 

of ecological communities captured by ROV; (b) 
methane fluxes in sediments at two stations; (c) 

Schematic diagram of ecological community 
development at two stations 

 
Gravity cores were taken by a cruise in May 2021 

utilizing a gravity piston sampler at those four sites and 
by Rhizon samplers with pore diameter of 0.2 µm for 
pore waters. With increasing depth of sediments, the 
sampling interval rises, and the deep sampling interval 
under 2 m is 50 cm. Pore waters were kept at 4°C until 
analysis. The sediment was sampled at the same interval 
with the pore water, and the samples were freeze-dried 
and ground in an agate morta. 

2.2 Analytical methods 

Pore fluids: The pore water samples were tested for 
Ca2+, Mg2+ concentrations using inductively coupled 

plasma emission spectrometer （ ICP-OES), (Thermo 
Fisher, ICAP 7000 SERIES). The pore water samples were 
tested for Fe, Mn ions concentrations by inductively 
coupled plasma mass spectrometer (ICP-MS), (Thermo 
Fisher, ICAP RQ). Ion chromatography (Thermo Fisher, 
Aquion) was used to test SO4

2- concentrations in pore 
water samples. The pore water samples were tested for 
TOC (Total organic carbon) and DIC (Dissolved inorganic 
carbon) concentrations by total organic carbon analyzer 
(SHIMADZU, TOC-L).  

Sediments: The sediment powder was thoroughly 
ground and screened with a 200-mesh stainless steel 
screen and scanned with an X-ray diffraction (Rigaku 
Miniflex-600) in the range of 3–80°. Sediment samples 
were tested for TOC and DIC concentrations by total 
organic carbon analyzer (SHIMADZU, TOC-L). Sediment 
Particle Size distributions were measured using Laser 
Particle Size Analyzer (Malvern, Mastersizer 3000). The 
morphology and elemental mapping of the sediments 

were analyzed on scanning electron microscopes 
(Tescan, LYRA 3 XMU). 

Concentration of methane: The methane 
concentration in the pore water was determined by 
injecting 600 µL aliquot of the headspace into a gas 
chromatography instrument (TRACE 1300, Thermo 
Scientific) equipped with a Molesieve column. The 
carrier gas was argon, and the column temperature was 

60℃. 

2.3 Methane flux calculation 

Methane concentration profiles in the sediment 
were used to compute methane fluxes in the sediment. 
Methane flux is calculated by Fick's first law [29]: 

Ca

dC
D

dz
F 

 
  





    (3) 

where φ is the porosity of the sediment. The first 
derivative of linear regression based on the gradient of 
pore fluids in the sediments is used to calculate dC/dz 
[29]. DCH4 is the diffusion coefficient of methane in pore 
fluids, which is corrected for sediment tortuosity using 
the equation [30]: 

4 0

2/ (1 ln( ))CHD D      (4) 

where D0, is the coefficient of methane diffusion in 
surface sediments in seawater, under the assumption of 
an average temperature of 4℃. 

 
3. MATERIAL AND METHODS  

3.1 Low methane flux drives deeper AOM onset 

The site I as depicted in Fig. 1a, seafoor’s image show 
that there was absence of all mega-epifauna, there was 
also absence of bacterial mats or chemolithoautotrophic 
communities across a wide range. Which indicated that 
site I was in the early stages of seep community 
development.  

Less than 1 μM of methane concentration within 0–
700 cm in the sediments at site I indicated that the low 
methane flux in this region. The methane flux diffused 
from sediments into seawater calculated by Fick's first 
law was 0.17 mmol/m2/yr (Fig. 1b). Site I was in an early 
stage with low intensity methane seepage. 

Metal ions migration in pore fluids were impacted by 
the distinct biogeochemical progress in high-flux 
environments. Consumption of reactants in pore fluids 
and the enrichment of reaction product will produce 
carbonate rocks, pyrite, and other AOM associated 
minerals, as well as the dissolution and crystallization of 
barite, changing the mineral fraction of the sediment. As 
shown in Fig. 2c, the mineral components of the 
sediment were calculated by using the K-value method 
on XRD pattens [31]. The sediments mineral composition 
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at site I were mainly composed of clinochlore and illite, 
indicating that the sediments are primarily derived from 
river inputs from Taiwan rather than volcanic ash from 
Luzon [32]. The terrigenous inputs from Luzon are 
primarily composed of montmorillonite and kaolin. 
Although illite can also formed by montmorillonite 
dehydration which usually happens above 60℃ [33]. 
Crystallization frequently results in the formation of 
small amounts of gypsum and halite when sample dried. 
Feldspar and amphibole are two typical rock-forming 
minerals, and anomalous changes in the climate typically 
have an impact on how they are deposited. It has been 
well documented that the carbonate and pyrite are two 
typical authigenic mineral of AOM [34]. At site I, XRD 
patterns of sediments at 2.5 cm and 625 cm depth 
showed clear calcite (JCPDS Card No.05-0586) peaks at 
29.4°, while sediments at 425 cm were almost free of 
calcite. Insignificant pyrite (JCPDS Card No.42-1340) 
peaks at 33.08° appeared only in sediments at 425 cm 
and 625 cm depth. 

Early diagenesis mainly occurred at the top layer (0–
400 cm depth) of the sediments. Fe/Mn oxide or 
hydroxide serves as the electron acceptor with higher 
free energy than SO4

2– of organic matter reduction 
reaction. Fe/Mn oxide or hydroxide are consumed by 
metal organic matter reduction reaction (OMR), 
releasing large amounts of Fe/Mn ions, and the reaction 
rate was limited by the Fe/Mn oxide or hydroxide 
contents in sediment as depth increases, as a result that 
unique Fe/Mn ions concentration profiles in pore water. 
And DIC was released into the pore fluids and reacts with 
Ca2+ and Mg2+ in pore water to produce authigenic 
carbonate precipitation. Resulting in a high content of 
calcite in the surface sediment (16.5%). Due to the high 
intense material exchange between bottom water and 
surface sediment, Ca2+ and Mg2+ are constantly 
replenished from bottom water, and the Fe/Mn ions 
released by the OMR diffused to bottom water. 

Sulfate is more abundant in seawater even though it 
has a lower free energy than Fe/Mn oxide or hydroxide 
as an electron acceptor. With Fe/Mn oxides or 
hydroxides were gradually depleted, and sulfate takes 
their place as the electron acceptor for reducing organic 
matter. The SO4

2– concentration at pore fluids ranged 
from 20 mM to 15 mM in the surface layer (0–400 cm) 
may be the result of the OSR. Limited by the amount of 
organic matter, OSR often occurs in the shallow surface 
of sediments, and the reactivity becomes weaker with 
the increasing of depth [35]. With the depth increasing, 
the OSR reaction slows down due to the amount of active 
organic matter gradually declines. At the same time, 
HCO3

– and H2S were released during the OSR. In the 
range of 200–400 cm, DIC concentration increased 

slightly and accompanied by a small consumption of Ca2+ 
and Mg2+ in pore fluids, and a small amount of carbonate 
precipitates were produced. SO4

2– concentration 
declined in pore fluid below 425 cm, from 16 mM at 425 
cm to 7 mM at 775 cm, while DIC concentration also rose 
quickly below 425 cm. Indicated that below 425 cm in 
sediment of site I, the decreased SO4

2– concentration in 
pore water was primarily attributed to the AOM instead 
of OSR. There are three factors here. Fist, as a general 
rule, OSR occurs at the shallow surface of sediments, 
constrained by the amount of organic matter that is 
readily available, and the reactivity weakens with depth. 
The OSR was attenuated with increasing depth. Second, 
the OSR reaction consumes TOC, but TOC content has a 
pattern of quick accumulation at this range. Third, the 
bottom has higher methane concentrations than the top 
sediments. 

 
Fig. 2 Ion concentration of pore waters and mineral 

fraction of sediments at site I. (a) concentration of metal 
ions, methane, sulfate, organic carbon, and inorganic 
carbon in pore fluids; (b) XRD patterns of sediments at 

depths of 2.5 cm, 425 cm, and 625 cm; (c) mineral 
composition of sediments at depths of 2.5 cm, 425 cm, 

and 625 cm. 
 

Around 425 cm depth, the SO4
2– concentrations profile 

displayed a severe kink. The formation of kink-type 
features presupposes two sediments with different SO4

2– 
profiles sliding against each other. The unusually sharp 
kink indicated that the event was very recently [36]. 
Based on SO4

2– profile characteristics, it is hypothesized 
that there are two stages of SO4

2– consumption. The first 
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stage was within 425–575 cm, which rapid depletion of 
SO4

2– in pore fluids. The rate of SO4
2– consumption begins 

to slow down below 575 cm in the sediment due to the 
limitation of sulfate concentration. Methane seepage 
intensity is a significant impact of the biogeochemical 
footprint in the sediments, and the sulfate profile in 
steady-state diffusion control systems is linear. This 
concave sulfate profile may be due to the methane flux 
variation on time scales [36, 37]. Additionally, geological 
processes like erosion may result in the formation of a 
concave sulphate profile. The lower concave sulfate 
profile illustrates the erratic conditions in the dynamic 
sedimentary environment, to sum up. Low methane flux 
and continuous methane depletion by AOM lead to low 
methane concentration in the pore fluid at site I. Below 
425 cm depth, the AOM releases a large amount of HCO3

– 
into the pore fluid to react with Ca2+ to produce a large 
amount of authigenic calcite. This process consumes Ca2+ 
in the pore fluids and resulting in an increase of the 
Mg/Ca ratio, with increasing rates of Mg/Ca ratio, which 
may lead to the formation of high-magnesium calcite. 
Lower amount of calcium carbonate precipitation at the 
early stage of AOM was the cause of the low calcite 
content at depths of 400–500 cm. Deeper at site I, the 
enrichment of HCO3

–in pore water of sediments owing to 
the AOM will promote cold seep carbonate precipitation. 
Additionally, carbonate precipitation was inhibited by 
sulfate, and this inhibition was lessened as the 
concentration of sulfate decreases. The carbonate 
content at the bottom was significantly rose and reached 
13.5% as DIC concentration accumulated with depth. 
AOM lead to sulfide builds up in pore water at a rapid 
rate, and the surplus H2S generates significant amounts 
of intermediate molecules, such as sulfur. However, the 
intermediate was unstable and first produces FeS. With 
the release of HS– in excess, the FeS is converted to 
pyrite, as a result that pyrite minerals appear in the 
bottom sediment [38-40]. 

In short, site I with low methane flux, AOM occurs only 
at the bottom of sediment, and there were no epifaunal 
communities at the sediment seawater interface, 
indicating that site I was in the early cold seep stage. 

3.2 High methane flux drives shallow AOM oneset 

At the site Ⅱ, bubble plumes could be seen clearly, 
which indicate that established methane-rich fluid flow 
here. And observed the high densities of seep-associated 
taxa, contained Mytilidae, Ophiuridae, Turridae, 
Galatheidae, Alvinocarididae, Lithodidae, and other 
organisms. Among them, bathymodiolin mussels have 
higher populations than others.  

Mineral composition of sediments at site Ⅱ were 
mainly composed of clinochlore and illite, too. XRD 

patterns of the sediments at 2.5 cm, 425 cm, and 625 cm 
depth both showed clear calcite peaks, shown at Fig.5b, 
indicated the presence of calcite, and faint peaks of 
pyrite are present at different depths. 

 

 
Fig. 3 Ion concentration of pore waters and mineral 
fraction of sediments at site Ⅱ. (a) concentration of 
metal ions, methane, sulfate, organic carbon, and 
inorganic carbon in pore fluids; (b) XRD patterns of 

sediments at depths of 2.5 cm, 425 cm, and 625 cm; (c) 
mineral composition of sediments at depths of 2.5 cm, 
425 cm, and 625 cm. (d) corresponding EDXS elemental 

mapping images. 
 

Bioerosion impacted the geochemical processes in 
the shallow sediment when there was active life above 
the sediment. In the range of 0–100 cm depth at site Ⅱ, 
a large amount of Fe/Mn ions were released, like site I, 
indicated that the reduction of organic matter with 
Fe/Mn oxides as electron acceptors occurred in the 
surface of the sediments. However, it is worth noting 
that other ions show large fluctuations within this range, 
which may be due to biological erosion. 

The methane concentration in pore water at site Ⅱ 
decreased with increasing depth, from 120 μM at 625 cm 
to roughly 0 μM at 400 cm. The methane seepage 
intensity in the pore fluid was significantly higher than 



  6 

sites I. Additionally, the methane flux diffused from 
sediments into seawater reached 15.9 mmol/m2/yr, 
shown at Fig. 2. The sulfate concentration also decreased 
rapidly within 200–300 cm, indicating that AOM progress 
occurred here. The AOM took conducted at shallower 
sediment compared to sites I, which was another 
evidence of high seepage intensity. However, it is worth 
noting that below 300 cm depth of the sediment, the 
SO4

2– concentration was not depleted at as typical for the 
SMTZ region with increasing depth, but instead 
increased to be comparable to the shallow surface layer. 
Combined with the characteristics of bubble plumes 
observed at the site Ⅱ, it was speculated that a fluid 
migration channel at this depth which could accelerated 
material exchange and circulation, lead to SO4

2– 
concentration recovered. The DIC, Mg2+, and Ca2+ 
concentration in the pore fluids vary less than those in 
the surface pore fluids in the same depth range, which 
was thought to be related to the same reason. The 
substance concentration profile in pore fluids of site Ⅱ 
was complicated by the peculiar geological structure. 
Carbonates make up 15.9% of the mineral composition 
of surface sediments, which was not a lot but was close 
to the 16.5% found in surface site I. This was because 
gravity column sampling site has specific requirements, 
and the hard carbonate crust is typically not chosen for 
gravity column sampling site. As large amounts of sulfide 
continue to be released, and as reactive iron was 
depleted in pore fluids, the continuously generated HS– 
will accumulate and diffuse in the upper and lower layers 
to form a wider range of pyrite in sediment. Scanning 
Electron Microscopy (SEM) observed pyrite in the 
sediment at a depth of 625 cm, shown at Fig 5d, and 
relative Energy-dispersive x-ray spectroscopy (EDXS) 
spectrum also prove high sulfur and iron contents of the 
sediment. The result is that the distribution of pyrite in 
the surface sediments as well. Pyrite appeared is a crucial 
indicator of the oscillation of methane flux, and pyrite 
was produced across the range indicated that methane 
fluxes in the region did not change significantly over this 
time period [41]. Otherwise, iron-sulfide minerals 
represent the most important form of sulfur in sediment, 
iron-mediated sulfur burial controlled by AOM is also an 
important component of sulfur burial in marine 
sediments. 

Massive methane seepage causes carbonate 
precipitates formed at the sediment-seawater interface 
through distinctive biogeochemical progresses. The hard 
substrata of methane-derived authigenic carbonate 
mounds were unsuitable for the Vesicomyid clams 
settlement, which requires soft sediments for absorbed 
sulphides [42]. Bathymodiolin mussels are rely primarily 
on methanotrophic symbionts, and they settlement in 

the zone of methane-rich fluid or sediment, supplying 
both methane and oxygen to commensal organisms and 
creating a stable environment for bacteria that helps 
them adapt to temporal and spatial variations [43]. 
Additionally, bathymodiolin mussels need to connect to 
hard substrata by byssus, like Carbonate crust [42]. 
Consequently, with the increased of methane flux 
through the sediment-water interface, bathymodiolin 
mussels be later successional species than Vesicomyid 
clams, and become the most abundant taxa, a thriving 
cold seep ecology developed. 

In a word, site Ⅱ was in the cold seep stage of the 
high methane leakage intensity, suggested that the 
sediments were in a methane-rich environment and 
intensification of AOM, cause series of biogeochemical 
reactions, accelerated metal ion migration in pore fluid 
and sediment mineral formation, additional methane is 
likely to escape directly into the bottom waters and 
facilitating seep community development. At the 
sediment-seawater interface, a large number and variety 
of organisms thrive in this stage. 

 
4. CONCLUSIONS  

We thoroughly analyzed the intrinsic interactions of 
the succession sequence for seep communities and 
biogeochemical footprints of cold seep at various stages 
by observing and analyzing the ecosystem at the 
sediment-seawater interface of different methane 
leakage intensity regions, combining with the ion 
concentration profile in pore fluids and sediment 
composition of gravity column core. Our research 
demonstrates that in the early stage, the low methane 
flux at the sediment and biogeochemical processes in the 
sediment are good filters for methane emission. As the 
methane flux increases, the AOM in the sediment is 
enhanced, with the benthic community development 
and converts the released methane into carbonate rock 
to storage through biogeochemical processes. Based on 
the above analysis, we revealed the mechanism of the 
influence of different methane seepage intensities on 
the developmental stages of cold seep, and offerd 
valuable insights into biogeochemical footprints and 
ecosystem evolution cold seeps. Our research reveals 
the mechanisms of the marine methane carbon cycle and 
contributed to the understanding and development of 
NGH resources in marine and has implications for climate 
change regulation. 
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