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Microplastics (MPs) are important exempla of the Anthropocene and are exerting an increasing impact on
Earth’s carbon cycle. The huge imbalance between the MPs floating on the marine surface and those that
are estimated to have been introduced into the ocean necessitates a detailed assessment of marine MP
sinks. Here, we demonstrate that cold seep sediments, which are characterized by methane fluid seepage
and a chemosynthetic ecosystem, effectively capture and accommodate small-scale (< 100 lm)MPs, with
16 types of MPs being detected. The abundance of MPs in the surface of the sediment is higher in
methane-seepage locations than in non-seepage areas. Methane seepage is beneficial to the accumula-
tion, fragmentation, increased diversity, and aging of MPs. In turn, the rough surfaces of MPs contribute
to the sequestration of the electron acceptor ferric oxide, which is associated with the anaerobic oxida-
tion of methane (AOM). The efficiency of the AOM determines whether the seeping methane (which has a
greenhouse effect 83 times greater than that of CO2 over a 20-year period) can enter the atmosphere,
which is important to the global methane cycle, since the deep-sea environment is regarded as the largest
methane reservoir associated with natural gas hydrates.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microplastics (MPs) have been attracting increasing attention in
the oceanic environment, as more than ten million tonnes of plas-
tic enter the ocean due to anthropological activity every year [1].
MPs are particles of plastic smaller than 5 mm in length. Global
estimates indicate a large imbalance between the amount of MPs
estimated to have been introduced into the ocean and the amount
floating on the ocean surface [2]. The missing MPs (particularly
those < 1 mm) in the surface oceans have garnered widespread
attention. Several possible reasons for the missing MPs have been
proposed, such as ingestion by zooplankton [3], rapid degradation
and decomposition through the effects of light and water [4], and
transportation to the deeper layer of the ocean [5].
The spread of MPs throughout the unknown and remote deep-
sea areas has been verified, and MPs have been detected in the
Mediterranean Sea and the Atlantic Ocean at water depths ranging
from 1176 to 4844 m [6]. Modeling results have revealed that the
deep sea is the largest natural MP sink [7], and MPs have been
widely discovered in continental slopes [8], submarine canyons
[9], deep-sea trenches [10], and abyssal plains [11]. MPs can be
ingested by deep-sea animals; moreover, MPs can carry other pol-
lutants, such as heavy metals, dyes, and persistent pollutants,
thereby bringing combined pollution to marine ecosystems [12].
Nevertheless, the mechanism by which MPs sink into the deep
sea is unclear, and the amount of MPs that can be buried in the
deep-sea floor at a global scale necessitates attention [13].

Oceanic currents, which induce the vertical and horizontal
transfer of a large volume of water, are conducive to the trans-
portation of MPs from the surface to the deeper ocean. Offshore
convection [14], saline subduction [15], gravity currents, coastal
storms, and the deep thermohaline current are also important
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oceanic factors [16]. MPs seem to be more likely to accumulate in
the deep-sea trenches and canyons [17], as these formations pro-
mote the creation of gravity flows that can cause the negatively
buoyant MPs to gather in such regions [18]. Other areas that can
influence the down-welling of the flow, such as Taylor columns
on seamounts, can enhance the retention of MPs as well [19].

However, special regions that can impact water currents and
extreme ecosystems have been overlooked. Cold seeps, which are
unique deep-sea environments where methane-rich fluids seep
from the seafloor into the water zone, sustain the richest
chemosynthetic ecosystems [20]. In such environments, methane
seepage promotes the bottom current in the deep-sea floor, which
is the dominant factor influencing the distribution of particles in
the deep-sea environment [16]. Thus, we hypothesize that this
methane flow can affect the distribution of MPs in deep-sea sedi-
ments. The upwelling methane flow lifts denser and colder parti-
cles and entrains them into the fluid flow, and the strong
stratification of the water layer influences the energy transport of
the plume flow [21]. Once the upwelling flow can no longer raise
the denser flow, the plume water substantially descends, creating
an intrusion layer [22]. In particular, large-scale recirculation flow
can exist adjacent to the seepage point within the strong plume
pattern, resulting in a high concentration of methane and particles
in the water [23]. MPs can also be enriched and drawn toward the
methane-seepage point due to the intrusion flow and recirculation
flow.

However, the occurrence of MPs in cold seeps, especially the
role of methane flow in MP accumulation, remains unknown. In
addition, it is necessary to clarify how to identify fine-scale
(< 100 lm) MPs in cold seeps, because small-scale MPs can be
more easily ingested by organisms [24] and can potentially cause
damage to these special and fragile ecosystems. Due to MPs’ rough
surfaces, these particles can accommodate abundant infochemicals
(e.g., dimethyl sulfide) and microorganisms [25] and can influence
the element cycles (e.g., the carbon cycle) of the Earth system [26].
Thus, it is essential to identify the occurrence and distribution
characteristics of MPs in cold seeps and the effectiveness of their
sequestration after they enter seafloor sediments.

In this study, we experimentally investigated the full-size range
(0–5000 lm) of MPs in cold seep sediments with different
methane-seepage characteristics (Fig. 1 [16,19,27–30]). The Haima
cold seep in the northern part of the South China Sea was chosen as
the study area, as it is a typical continental cold seep [31]. The geo-
logical and ecological features of the study area are shown in
Figs. S1 and S2 in Appendix A, respectively. To overcome the diffi-
culty of identifying MPs smaller than 63 lm via the traditional
Fourier-transform infrared spectroscopy (FTIR) method [16], we
used a laser direct infrared (LDIR) chemical imaging system to
detect small-scale MPs. We observed that the cold seep is a major
sink of MPs, especially small MPs (< 100 lm). The effects of
methane seepage on the occurrence, abundance, fragmentation,
diversity, and aging of MPs were investigated. Moreover, iron
(Fe) enrichment on the MPs was found to promote the anaerobic
oxidation of methane (AOM), which is an important filter that
impedes the entrance of large quantities of methane into the atmo-
sphere [32].
2. Materials and methods

2.1. Sediment core samples and chemicals

Four sediment core samples were collected from the Haima cold
seep area in September 2020. Sub-sediment samples were
obtained for MP extraction by cutting the core into small pieces;
the samples originated from the 0–10 cm depth interval. All of
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the chemicals used in this study, including H2O2, ZnCl2, HCl, and
(NaPO3)6, were reagent grade or higher and were supplied by Sino-
pharm (China). The ultrapure water (18.2 mO�cm�1) used in this
study was prepared using a Millipore water system (ELGA Purelab
Chorus PC1LSCXM2, UK).

2.2. Pretreatment of sediment core samples

The four sediment samples were transferred to metal trays for
pre-rinsing, and were then placed in clean paper bags for freeze-
drying at –80 �C to remove all moisture. After drying, 50 g of each
sample was weighed and ground using a precleaned mortar and
pestle. The ground sample was then poured into a 2 L glass beaker.
Next, 200 mL of 30% H2O2 solution was slowly added to the beaker
to dissolve the sample. The beaker was covered with aluminum foil
and incubated at 60 �C in a water bath for 3–5 days until the visible
suspended matter disappeared.

2.3. MP extraction, identification, and analysis

The H2O2 solution containing the MPs was repeatedly extracted
three times using ZnCl2 solution (1.5–1.7 g�mL�1) in order to elim-
inate the effect of the organic matter. Then, all of the ZnCl2 extracts
containing MPs were filtered three times using GF/B membranes
(Whatman, UK; 1 lm pore size), and the membranes were placed
in petri dishes and dried at 45 �C. The details of the extraction and
analysis processes are described in Section S1 in Appendix A, and
the significant testing results for the MPs from different locations
are shown in Section S3 in the Appendix A.

2.4. Sediment grain size distribution analysis

The samples dissolved in H2O2 were further treated by adding
0.25 mmol�L�1 HCl to remove any calcium carbonate from the sedi-
ment. After settling, the upper solution was removed. Then, the
samples were transferred to 50 mL centrifuge tubes, and 45 mL
of ultrapure water was added. The samples in the centrifuge tubes
were centrifuged at 5000 r�min�1 for 10 min; next, the supernatant
was replaced with ultrapure water and the samples were re-
centrifuged. The above operation was repeated several times until
the pH of the solution was neutral. Once washed, each sample was
transferred into a 50 mL beaker, and 5–10 mL of saturated
(NaPO3)6 was added. The mixture was incubated for 24 h to com-
pletely disperse the sample. Finally, the size distribution of the
sediment grains in the dispersion liquid was analyzed using a laser
diffraction particle size analyzer (Malvern Mastersizer 3000, UK).

2.5. DNA extraction and polymerase chain reaction (PCR)

To extract the total genomic DNA, we used a FastDNA spin kit
for soil (MP Biomedicals, USA) and followed the manufacturer’s
instructions. To evaluate the quality and purity of the DNA, we
used both gel electrophoresis and a NanoDrop 2000 analyzer
(Thermo Fisher Scientific, USA). Forward primer 340F (50-CCCTAY-
GGGGYGCASCAG-30) and reverse primer 806rB (50-GGAC-
TACNVGGGTWTCTAAT-30) were used to amplify the archaeal taxa
[33]. For each sample, 30 cycles of PCRs were conducted in tripli-
cate. The PCR products were checked via gel electrophoresis.
Paired-end sequencing was conducted using an Illumina Miseq
PE300 Sequencer system (USA).

2.6. Processing and analysis of sequencing data

The sequencing data were mainly processed and analyzed using
VSEARCH v2.7.0 [34] and QIIME v1.9.0, with minor adjustments
[35]. The adapter and low-quality (quality scores of 20) base pairs



Fig. 1. Geological information, ecological features, and number concentrations of MPs in the diving locations. (a) Locations of submersible dives in the Haima cold seep in
2020. (b) Geological and biological features of the four areas were explored via a remotely operated vehicle (ROV). Detailed information about the basement rock in the
sampling locations is shown in the oval panels. The location labeled as ROV 1 was characterized by strong active methane seepage, with continuous and enormous methane
bubbles. ROV 2 was characterized by weak active methane seepage, with intermittent methane bubbles. Typical living indicator species, such as mussels, tubeworms, Alvin
shrimp, and deep-sea crabs, were found at sites ROV 1 and ROV 2. There was no evidence of methane seeping or biological activity at site ROV 3. Site ROV 4 was characterized
by large quantities of dead mussels and large blocks of carbonate but no indication of active methane seepage, indicating that historical methane-rich fluid seepage occurred
in this area. (c) Number concentrations of MPs in different methane-seepage areas. Distribution of the number concentration was based on the size grading of the MPs into
nine classes. (d) Comparison of number concentrations of MPs in cold seep sediments and other marine sediments [16,19,27–30].
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(bp) were identified and trimmed from the ends of the raw paired-
end reads using Trim Galore v0.4.5, followed by the removal of the
short reads (< 100 bp). The paired-end reads were merged using
VSEARCH, the primers were identified and cut out, quality filtering
was performed to discard the low-quality reads (with > 1 total
expected errors), and the sequences shorter than 300 bp were dis-
carded. The operational taxonomic units (OTUs) were clustered at
97% identity using VSEARCH after removing the singletons (i.e.,
sequences that were present only once). Chimeras were detected
and filtered using SILVA 132 [36]. The representative sequences
of the OTUs were blasted in SILVA 132 using assign_taxonomy.py
in QIIME v1.9.0.
3. Results

3.1. Enrichment and diversity of MPs in the Haima cold seep

The average number concentration of MPs in the Haima cold
seep was found to be (1412.25 ± 570.15) items�kg�1 of sediment
(Fig. 1(c)), which is the highest among that found in all types of
ecological habitats in the deep sea, including the seamount, conti-
nental slope, abyssal plain, submarine canyon, and contourite drift
environments (Fig. 1(d) [16,19,27–30]). The detailed information
for the comparisons of MPs abundance in deep-sea environment
are provided in Section S4 in the Appendix A. In this study, we
analyzed the distribution of the MPs’ surface areas in the surface
of the deep-sea sediments using an LDIR system and found that
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the MPs’ surface areas were significantly smaller than 1 � 103 lm2

(Fig. 2(a)). The average surface area of the MPs in the Haima cold
seep was (2273.38 ± 219.56) lm2. The information of the scanning
images, spectra, sizes, and areas of the detected MPs are provided
in Figs. S3 and S4 in the Appendix A. The identified MPs were
characterized as granular, fragment, fiber, foam, film, or linear
(Fig. 2(b)), and the color of the MPs were mainly examined as blue,
white, black, and red (Fig. 2(c)). A total of 16 types of MPs were
found in the sediments of the Haima cold seep (Table S1 in Appen-
dix A), among which polyurethane (PU), polyamide (PA), polyacetal
(POM), and polyester (PET) were the most important components
(Fig. 2(d)).
3.2. Influence of methane seepage on MP distribution

Interestingly, we found that the spatial distribution of the MPs
in the Haima cold seep was correlated with the methane seepage.
By counting the MPs in the sediments, we observed that the area
with strong methane seepage (i.e., ROV 1) had a higher number
concentration of MPs than the areas with weak seepage, no seep-
age, and historic seepage (i.e., ROV 2–ROV 4). The total number
concentrations of sites ROV 1–ROV 4 were calculated as 3114,
981, 700, and 854 items�kg�1, respectively. These findings encour-
aged us to continue to investigate the correlations between the
size, shape, color, and material types of the MPs and the
methane-seepage distribution.



Fig. 2. Distributions of area, size, morphology, color, and category of MPs in sites ROV 1–ROV 4. (a) Area distribution of the identified MPs. (b) Proportions of MPs with
different morphologies. Line: linear; gran: granular; frag: fragment. (c) Color distribution of detected MPs. (d) Sixteen categories of MPs distributed among the different
locations in the Haima cold seep. PU: Polyurethane; PA: polyamide; PET: ethylene terephthalate; POM: polyacetal; PC: polycarbonate; PE: polyethylene; PP: polypropylene;
PS: polystyrene; PSU: polysulfone; PTFE: polytetrafluoroethylene; PVC: poly vinyl chloride; PB: polybutadiene; ALV: alkyd varnish; PMMA: polymethyl methacrylate; POL:
polyether; AC: acrylates. (e) Number abundance of MPs larger than 500 lm. (f) Number abundance of MPs smaller than 500 lm.
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It should be noted that site ROV 1, which was characterized by
strong plume leakage, had no large MPs (800–3000 lm) (Fig. 2(e)).
Through a comparison of the size distributions of the MPs at the
different seepage locations, we found that the size distributions
of the MPs at the different locations were significantly different
(Kruskal–Wallis test, P = 6.82 � 10–7; Fig. 2(f)). Linear MPs were
dominant in the Haima cold seep, followed by granular MPs
(images of the MPs are presented in Fig. S5 in Appendix A). It is
very interesting that the abundance of the linear MPs tended to
decrease as the methane seepage intensity increased, while the
abundance of the granular MPs exhibited the opposite trend
(Fig. 2(b)). The granular MPs accounted for the greatest proportion
in the strong methane-seepage location (ROV 1), compared with
the other locations. This location also had the highest diversity of
MP morphologies, including linear, films, foams, granular, frag-
ments, and fibers (Fig. 2(b)). The colors of the MPs found in the dif-
ferent methane-seepage environments were not significantly
different (Kruskal–Wallis test, P = 0.999), and blue MPs were dom-
inant in all of the locations in the Haima cold seep (Fig. 2(c)). How-
ever, we found that the material types of the MPs in the different
methane-seepage environments were significantly different
(Kruskal–Wallis test, P = 4.48 � 10–8; Fig. 2(d)). The diversity index
of the category of MPs in the non-methane-seepage area (0.57) was
the lowest, compared with those in the strong (1.31), weak (1.59),
and historical (0.82) methane-seepage areas. The compositions of
the large MPs (> 500 lm) at the four sampling locations were
mainly polyethylene (PE) and polycarbonate (PC), according to
FTIR analysis (Fig. S5).
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3.3. Methane plumes cut into MPs and make their surfaces rougher

To understand how a strong methane-seepage environment
makes MPs smaller, we further analyzed the mass concentrations
of the MPs in the different regions of the Haima cold seep. The
mass concentrations of the MPs in the ROV 1–ROV 4 sites were
77.76, 471.14, 409.03, and 297.37 mg�kg�1 sediment, respectively
(Fig. 3(a)). It has been verified that smaller sediment grains can
strongly accommodate fine MPs [37], and the sediment grain size
of site ROV1 was the smallest (Fig. 3(b)), which contributed to
the enrichment of smaller MPs in this location. Because the num-
ber concentration of MPs was the largest and the particles were
the smallest in the strong methane-seepage area, we speculate that
this may be related to the strong fluid fragmentation caused by the
methane plume in the Haima cold seep.

As illustrated in Fig. 3(c), the lengths of the MPs were larger in
the no-methane-seepage environment (ROV 3, blue triangle) than
in the strong, weak, and historical methane-seepage environments,
but their surface areas were not significantly larger. These findings
prompted us to further explore the surface roughness of the MPs in
the different methane-seepage environments. Based on scanning
electron microscopy (SEM) analysis of the MPs’ surfaces, we found
that the surfaces of the MPs from the region without methane
seepage (ROV 3) were very smooth, while the surfaces of the
MPs from the regions with methane seepage were much rougher
(Fig. 3(d)). Many burrs were present on the edges of the MPs from
the strong methane-seepage (ROV 1) and weak methane-seepage
(ROV 2) sites. In addition, the MPs from all of the methane-



Fig. 3. Characterization of the fragmentation and surfaces of MPs. (a) Number and mass concentrations of MPs from the different locations. (b) Sediment grain size
characteristics of the four sampling locations. (c) Relationship between normalized length and normalized area of small MPs (0–500 lm). (d) SEM images of the MPs from
different locations.
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seepage areas were observed to have layered exfoliation. In sum-
mary, the strong fluid fragmentation caused by the methane plume
or methane seepage made the surfaces of the MPs even rougher.

3.4. MP sequestration can affect methane oxidization

The MPs of different shapes in the strong, weak, and historical
methane-seepage areas generally had rougher external surfaces
than those in the no-methane-seepage area. It is well-known that
MPs can play a significant role in promoting heavy metal ion accu-
mulation in marine environments [38], and the rough surfaces of
the MPs may promote heavy metal aggregation. Therefore, we fur-
ther explored the metal ion enrichment on the surfaces of the MPs
from the different methane-seepage environments in the deep sea.
Surface element analysis revealed that the indicator elements of
marine water and pore water (e.g., Si, K, Ca, Sr, and Ba) were widely
distributed on the surfaces of the MPs from the strong methane-
seepage (ROV 1) and weak methane-seepage (ROV 2) sites
(Fig. 4). It is noteworthy that, as a bulk element on the surface of
the MPs, Fe accounted for 7% of the total quantity of all heavy met-
als on the MPs’ surface at the strong methane-seepage site (ROV 1),
and only 3.4% at the weak methane-seepage site (ROV 2) (Figs. 4(a)
and (c)).

The accumulation of these heavy metals may serve important
environmental and ecological functions in the cold seep ecosystem.
A typical example is the Fe-driven AOM, which is ubiquitous in
methane-seepage zones. In this metabolic process, iron oxides
are important agents for the AOM, in which they act as
electron acceptors during the methane oxidation process [34].
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Methanotrophic bacteria participate in this metabolic process. They
convert methane into organic matter that ultimately flows into the
trophic cascade of the deep-sea ecosystem [39]. Based on an analy-
sis of the microbial communities in the cold seep sediments, we
found that methanomicrobia accounted for approximately 60%
and 25% of all microorganism in the sediments from the strong
and weak methane-seepage sites, respectively (Figs. 4(b) and (d)).
At the class level, the observed methane oxidation via microorgan-
isms was Fe-driven archaea [32]; for example, anaerbic methano-
trophs (ANME)-1 and ANME-2 were widely distributed at sites
ROV1 and ROV2, suggesting that the Fe enrichment on the MP sur-
faces may be beneficial to methane oxidation. Together, the specific
enrichment of Fe and the microorganisms on the MPs with rougher
external surfaces in the strong andweakmethane-seepage environ-
ments may facilitate the dynamic AOM process, which may pro-
mote energy and material flow in the deep-sea ecosystem.

In summary, our results indicate that the deep-sea cold seep
ecosystem is an MP enrichment funnel. The enrichment of MPs
may have a positive effect on the energy and material circulation
in the extreme deep-sea ecosystem to some extent, but its long-
term impact on deep-sea organisms and ecosystems remains to
be studied further in the future.

4. Discussion

4.1. The cold seep environment is an efficient MP sink

The particle sizes of the sediment samples were fine mud, with
a median pore diameter of approximately 10 lm (Fig. 3(b)),



Fig. 4. Characteristics of the surface morphologies of the MPs, the elements adsorbed onto the MPs, and the microflora in the active methane-seepage areas. SEM-energy-
dispersive X-ray spectroscopy (EDS) images of (a) ROV 1 and (c) ROV 2; Microflora of (b) ROV 1 and (d) ROV 2.
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resulting in a sediment permeability of approximately 2.97 D [40]
(1 D = 0.986923 � 10�12 m2). The grain sizes of the sediments are
shown in detail in Table S3 in Appendix A. Such a low permeability
makes it difficult for fluids to flow through the sediment, and the
silty-clay sediment is conducive to MP enrichment [41]. During
the past decades, there has been no reconciliation of the sources,
sinks, and stocks of MPs in the marine environment. The huge
imbalance between the MPs floating on the sea surface and the
annual amount of MPs discharged from rivers has led to a search
for the missing MPs in marine water [42]. Marine and seafloor sed-
iments have been considered to be huge sinks for MPs [43]. How-
ever, there is no global estimate of the MPs contained in marine
sediments because of the limited number of samples and amount
of data, especially in the extreme environment of the deep oceans.
It is essential to clarify the percentage of MPs that can be deposited
from the water column and the amount of MPs that can be cap-
tured and stored in these sediments on a global scale [13]. In this
study, the occurrence of MPs in cold seep sediments was investi-
gated for the first time. The substrates in the Haima cold seep
are fine mud. The high percentage of clay in the cold seep sedi-
ments is beneficial to the accommodation of small MPs [11]. The
geological environment and hydrodynamic conditions are impor-
tant factors that control the distribution of MPs on the seafloor.
We discovered that cold vents, fromwhich methane spills out from
its source in the deep sediments into the water column, govern the
abundance and diversity of MPs in the sediments. For the assess-
ment of an area, the abundance and diversity index have been
demonstrated to be efficient indicators of the degree of MP pollu-
tion [44]. In our study, the strong methane-seepage area had the
largest abundance of MPs and the highest diversity index. The
diversity index values of the category of MPs in the active cold seep
sites (ROV 1 and ROV 2) were more than twice that in the site
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without methane seepage (ROV3), suggesting that methane seep-
age increases the complex source of MPs in the sediments. As is
shown in Fig. 5, recirculation flow and intrusion flow occurred at
the rear of the methane plume in the seepage area [45]. Such
unique fluid flow contributes to the transport and enrichment of
small particles and MPs in the sediments.

A total of 16 types of MPs were detected (Fig. S6 in Appendix A),
including PA, PB, PTFE, PVC, ALV, POM, PE, PC, PET, PP, PU, PS, PSU,
POL, PMMA, and AC. Many more types than have been found in
other discovered areas [46–48]. Of these, PU is known to be the
fifth most abundant plastic in the world. PU paint has been widely
applied on metal surfaces to prevent corrosion, and it is commonly
used on the surface of ships and underwater cables. PA has the
advantages of being firm and wear-proof. Engineering plastics
made from PA can be used in the bearings and paddles of ships,
as well as in ocean plates and underwater equipment [49]. POM
is another type of high-performance engineering plastic. MPs can
be generated from engineering plastics under the effects of hydro-
dynamic forces and ultraviolet radiation [50]. PET, the main com-
ponent of plastic bottles, is common marine debris, and its
degradation period can be longer than 15 years [51]. PC [52], PVC
[38], PE [53], PP [54], and PS [55] have been extensively discovered
in sediments in coastal regions and in sea water. However, these
five primary types of MPs in coastal regions only accounted for a
small proportion of the total MPs detected in the cold seep sedi-
ments analyzed in this study. In addition, seven uncommon types
of MPs—namely, PSU, PTFE, PB, PMMA, AC, POL, and ALV—were
detected in this study. PTFE is considered to be a durable high-
quality plastic and is widely used for under cables, such as umbil-
ical cables, because it is waterproof and resistant to low tempera-
tures. PSU, PMMA, and POL can be utilized as electronic
components or applied in marine engineering. AC, ACM, and ALV



Fig. 5. Framework of the effects of MP enrichment in surface sediments by the
upwelling methane-containing fluid flow, and the relationship between the Fe
accumulated on MPs and the promotion of the anaerobic oxidation of methane
during methane transportation. The colorful lines, blocks, and fragments represent
the MPs. Blue arrows and transparent bubbles indicate the methane-seepage
phenomenon of methane flow and methane bubbles, while yellow arrows denote
the intrusion layer and recirculation flow of the methane-bearing fluid. Tube worms
and mussels represent the cold seep ecosystem.
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are important components of coatings and oil paints and are essen-
tial for marine monitoring, underwater equipment, and ship acces-
sories. In particular, these offshore and underwater activities may
generate MPs that can be buried in cold seep sediments—a process
that has been overlooked until now.

The average number abundance of the MPs in the surface of the
sediment was found to be higher in the cold seep than in other
extreme ecosystems. However, cold seep communities possess a
special metabolic pattern that relies on chemosynthesis and har-
vesting energy from methane [56]. Organisms living near cold
seeps act as a benthic filter to absorb methane and prevent it from
escaping into the upper part of the water column and the atmo-
sphere, thereby playing an important role in the marine and global
carbon cycles. Litter has been regarded as one of the major threats
endangering cold seep ecosystems [57]; thus, long-term and large-
scale monitoring of litter and MPs in the cold seep environment is
extremely necessary. In the future, the relationship between the
velocity of methane seepage and the behaviors of methane accu-
mulation should be quantitatively monitored and assessed.
4.2. Interaction between methane seepage and MP sequestration

Previous studies have mainly determined the effects of hydro-
dynamic conditions on the distributions of MPs. The physical,
chemical, and ecological feedbacks of MPs to the environment after
their sequestration in the seafloor remain unclear. The results of
this study indicate that methane seepage promotes the fragmenta-
tion of MPs. Small MPs can be ingested by and have great physio-
logical toxicity to marine organisms, such as killer whales, turtles,
and seabirds [26]. Therefore, in the future, the occurrence and eco-
toxicology of MPs to cold seep organisms should receive serious
attention.

The correlation between the length of MPs and the areas in
which they are found could be an essential indicator of MPs that
can be ingested by marine organisms or a tracer agent of the
165
degree of MP fragmentation during transportation in marine envi-
ronments. Based on the identification of such an indicator in detail,
it is notable that, as shown in Fig. 3(c), the normalized length–area
ratio of the MPs in the no-methane-seepage site (ROV3) is rela-
tively smaller than the normalized length, indicating that MPs
from the non-seepage site have relatively smooth surfaces. This
can be attributed to the fact that the turbulent effect of the
methane-bearing fluid flow can potentially enhance the aging pro-
cess of the surface of the MPs. The SEM observations verified that
the surfaces of the MPs from the methane-seepage locations were
rougher, which is due to the fact that the MPs in these sediments
were changed by the flushing effect of the ascending methane-
bearing fluid. In addition, the microbial activities associated with
methane generation and methane oxidation in the active cold seep
area are quite high [58], and the activity of microbes attached to
the surfaces of the MPs enhances the aging of the MPs [59]. The
rough surfaces of the aged MPs are beneficial to the adsorbance
of specific elements and microorganisms associated with methane
metabolism. As can be seen from Fig. 4, archaea that perform
methane anaerobic oxidation driven by ferric oxide and Fe were
found on the surfaces of the MPs from the strong and weak
methane-seepage sites, suggesting that the fragmentation and
aging of MPs driven by methane fluid seepage are beneficial to
the AOM. Methane oxidation provides basic energy and a carbon
source for chemosynthesis in the cold seep environment, fueling
the high level of metazoan biomass in the cold seeps [60]. In addi-
tion, methane oxidation acts as the main filter of methane associ-
ated with natural gas hydrate dissociation in the deep-sea
environment [61]. Elucidating the mechanism and efficiency of
iron ion-loading MPs in promoting the AOM necessitates field
and laboratorial controlled and repeatable experiments, which will
be carried out in the next work.
5. Conclusions

In summary, MPs’ occurrence characteristics in the deep-sea
cold seep sediment were investigated for the first time in this
work. The combined testing method of LDIR and FTIR was used
to test large-scale MP distribution (10–5000 lm), and the effec-
tiveness of this method was verified by identifying a total of 16
types of MPs, which is far more than the number of types identified
in previous work. Interestingly, the MP abundance in the surface of
the sediment in the methane-seepage areas was greater than that
in the non-seepage area. In addition, the strong seepage area had
the greatest number abundance and the smallest mass abundance,
as well as the largest diversity index. Furthermore, the surface of
the MPs in the methane-seepage areas was rougher, indicating that
methane-bearing fluid seepage is conducive to the accumulation,
fragmentation, diversity, and aging of MPs in cold seep sediments.
In turn, the sequestration of MPs in the seafloor can lead to the
accumulation of iron ions on the MP surface, which can potentially
promote the AOM, driven by metal ions. That is, MPs can serve as
the intermediary of methane migration and transformation, accel-
erating the methane and carbon cycles in cold seeps. In the future,
more attention should be paid to the interactions between
methane migration, the carbon cycle, and the occurrence of MPs
in the special and fragile ecosystems associated with cold seeps.
More data, samples, and simulation models are essential.
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