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Abstract :

Methane hydrates are widely distributed along continental margins, representing a potential source of
methane to the ocean and atmosphere, possibly influencing Earth’s climate. Yet, little is known about the
response of methane hydrates to global climate change, especially at the timescale of glacial-interglacial
cycles. Here we present a chronology of methane seepage from seep carbonates derived from a series
of tens to hundreds of meters long hydrate-bearing sediment records from the South China Sea, drilled
at water depths of 664-871 m. We find that six out of seven episodes of intense methane seepage during
the last 440,000 years were related to hydrate dissociation, all coinciding with major interglacials, the so-
called Marine Isotope Stages 1, 5e, 7c, 9¢, and 11c. Using numerical modeling, we show that these events
of methane hydrate instability were possibly triggered by the rapid warming of intermediate waters by
~2.5-3.5 °C in the South China Sea. This finding provides direct evidence for the sensitivity of the deep
marine methane hydrate reservoir to glacial-interglacial climatic and oceanographic cyclicity.
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1. Introduction

Seafloor methane seepage is a widespread phenomenon at continental margins (Suess,
2020), whereby methane-rich fluids can be derived from the thermal maturation of organic
matter at depth (Galimov, 1988), microbial methanogenesis in the sub-surface sediment
(Claypool and Kaplan, 1974), and/or the dissociation of methane hydrate (Bohrmann et al.,
1998). Globally, about 3-4% of the organic carbon deposited on the seafloor is converted to
methane (Egger et al., 2018). At methane seeps, the key biogeochemical process is the anaerobic
oxidation of methane (AOM), which is mediated by a consortium of methanotrophic archaea and
sulfate-reducing bacteria (Boetius et al., 2000). This microbial activity results in the precipitation
of authigenic carbonates close to the seafloor (Peckmann and Thiel, 2004). Additionally, the
oxidation of reduced chemical compounds by chemosynthetic microbes at methane seeps
supports a large diversity of benthic ecosystems (Boetius and Wenzhdofer, 2013). Although the
precipitation of carbonates represents an efficient sink for methane-derived carbon in the
sediment, large volumes of methane can be transferred into the water column and even to the
atmosphere (Solomon et al., 2009). In the geological past, massive methane releases have
occurred episodically at the seafloor in response to the dissociation of methane hydrates
(Dickens et al., 1995; Kennett et al., 2000; Dickens, 2003). Methane hydrates are unstable
phases, particularly sensitive to temperature and pressure variations (Buffett, 2000). For the
Santa Barbara Basin, Kennett et al. (2000) proposed that past changes in intermediate water
temperatures led to methane hydrate dissociation and enhanced methane fluxes during the last
interstadials, with an impact on the millennial variability of the Late Quaternary climate. While
this ‘Clathrate Gun Hypothesis’ (Kennett et al., 2003) has been subject to much debate over past
decades (Wallmann et al., 2018), especially concerning its presumed impact on short-term

climate change, recent work has suggested that a major episode of hydrate dissociation occurred



in the South China Sea (SCS) during the last interglacial (Chen et al., 2019), hence providing
support for a possible mechanism linking methane seepage to Late Quaternary climate change.
Nevertheless, it still remains unclear how methane seeps at marine continental margins may
respond to global climate change, especially at the timescale of glacial-interglacial cycles.
During the Quaternary, sea-level variations, major changes in deep-ocean temperatures, and
organic carbon burial are likely to have influenced seafloor methane emissions (Karstens et al.,
2018; Oppo et al., 2020). At the global scale, methane seepage is thought to be primarily
enhanced during periods of low sea level (Teichert et al., 2003; Feng et al., 2010; Tong et al.,
2013; Han et al., 2014; Oppo et al., 2020; Wang et al., 2022), because reduced hydrostatic
pressure can result in the destabilization of methane hydrates stored in the sediment. Tectonic
activity and ice sheet dynamics have also been shown to play a role in methane release on
glaciated continental margins (Crémiére et al., 2016; Wallmann et al., 2018; Himmler et al.,
2019). Also, the influence of bottom-water temperature on methane hydrate dissociation and
seepage has also been reported (Hill et al., 2006; Deng et al., 2021; Weldeab et al., 2022).

The dating of authigenic carbonates preserved in the sedimentary record can provide a
chronology of past methane release events (Teichert et al., 2003; Feng et al., 2010; Tong et al.,
2013; Han et al., 2014; Crémiere et al., 2016; Chen et al., 2019; Himmler et al., 2019). This is
usually achieved by direct dating of seep carbonates using the uranium series, but also through
age determination of the host sediments (Oppo et al., 2020). In previous studies, most uranium-
thorium (U-Th) investigations have focused on seep carbonates recovered at the seafloor or from
meter-long sediment cores, hence providing limited information on the temporal evolution of
fluid seepage over longer timescales. This limitation can be overcome when considering longer

sedimentary records that span multiple climatic cycles (Himmler et al., 2019). In their recent U-



Th investigation of drilled seep carbonates, Chen et al. (2019) suggested that increased bottom-
water temperature during Marine Isotope Stage (MIS) 5e caused methane hydrate destabilization
at the SCS margin. This finding provided the first direct evidence that methane seepage likely
intensified during full sea-level highstands. Additional investigation of deeply buried seep
carbonates is required to assess whether this hypothesis holds true for earlier interglacial
episodes, and to further test potential relationships linking both methane hydrate stability and
seepage intensity to Late Quaternary climate change.

The SCS is the largest marginal sea of the western Pacific and has an area of active
methane seepage (Tong et al., 2013; Han et al., 2014). The northern SCS exchanges intermediate
and deep waters from the Pacific through the Luzon Strait, with a sill depth of about 2600 m
(Liddmann et al., 2005). The vertical section of the net flow through the Luzon Strait shows a
vertical structure: water enters from the deep layer (>1500 m) into the SCS, and then flows out of
the SCS into the Pacific in the intermediate layer (500-1500 m). These water masses are referred
to as SCS deep and intermediate waters, respectively. The physical properties of the intermediate
water mass in the northern SCS are similar to those of intermediate water of the western North
Pacific, with temperatures between 11°C and 3°C and salinities between 34.5 and 34.6 per mil
(Wyrtki, 1961). Therefore, the SCS is particularly well-suited to investigate the effect of Late
Quaternary intermediate-water circulation changes on long-term methane hydrate instability and
related methane seepage at the continental marine margins. Here, we expand the geological
history of past methane releases in the SCS to about 440 thousand years BP. Based on U-Th
dating of the seep carbonates and age determination of host sediments from drill cores, we show
that six out of seven episodes of methane release events during the last 440 thousand years

coincided with major interglacials.



2. Materials and Methods

2.1. Sediment core sampling
The samples were collected from three conventional drilling cores by Fugro during the 2nd
Gas Hydrate Drilling Expeditions conducted by Guangzhou Marine Geological Survey in the

Dongsha (GMGS2-08, GMGS2-09B, GMGS2-16; water depth of 664-871 m) area (Fig. 1).

2.2. Carbonate mineralogy

Semi-quantitative carbonate mineral composition was determined by X-ray powder
diffraction (XRD) on bulk powders of representative samples. The analyses were conducted
using a BRUKER D8 ADVANCE (Germany) using CuKa radiation at 40 kV and 300 mA.
Scans were conducted from 2° to 65° (20) with a step size of 0.01° and a count time of 1 s per
step. The relative proportions of minerals were semi-quantitatively assessed by way of a Rietveld
analysis of the diffractograms using the program JADE 6.0. The measurements were

accomplished at Guangzhou Marine Geological Survey.

2.3. Carbon and oxygen stable isotope analysis

Planktonic (Globigerinoides ruber) and benthic (Uvigerina peregrina) foraminifera tests for
carbon and oxygen stable isotope measurements were picked from the > 154 um size fraction
and cleaned according to the standard protocol. The stable isotope compositions of foraminifera
and hand-drilled seep carbonates were analyzed at Guangzhou Marine Geological Survey using a
Kiel IV online carbonate preparation line connected to a Thermo Finnigan MAT253 mass

spectrometer (Thermo Scientific, USA). Isotope compositions are expressed using the & notation



relative to the Vienna Pee Dee Belemnite (VPDB) standard. The reproducibility is better than

+0.08%o for both 83C and 880 values.

2.4. U-Th chronology

Solution multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS):
Samples were selected from two carbonate layers in cores GMGS2-09. Carbonate nodules were
discarded because of the high contents of detrital minerals. Sample preparation and measurement
were the same as described by Chen et al. (2019). Briefly, measurements were carried out on
10—25 mg micro-drilled carbonate samples (Fig. S2 and Table S4). At Xi‘an Jiaotong University,
measurements were made on a MC-ICP-MS (Thermo-Finnigan Neptune). Analytical protocols
for the separation and purification of U and Th from carbonates and instrument dispositions are
the same as those described in Cheng et al. (2013). U decay constants: Az3s = 1.55125 x102° and
A2as = 2.82206 x10°° (Jaffey et al., 1971; Cheng et al., 2013). Th decay constant: A230 = 9.1705
x10® (Cheng et al., 2013). The uncertainties of our age data are quoted at 2c. 5?%*U =
([B*U/I8U] activity — 1) x1000. 8%**Uinitial Was calculated based on 23°Th age (T), i.e., 8**Uinitial =
84 Umeasured X €234 x T. A 229Th/2%2Th atomic ratio of 4.4 +2.2 x10°° was used to correct initial
230Th. Those are the values for a material at secular equilibrium, with the bulk earth 232Th/?%U
value of 3.8. The errors are arbitrarily assumed to be 50%.

In-situ laser ablation MC-ICP-MS: The U and Th isotopes of seep carbonate nodules were
measured using MC-ICP-MS (Neptune plus) coupled with the New Wave 193HE ArF Excimer
laser system at the State Key Laboratory for Mineral Deposits Research, Nanjing University.
Retarding Potential Quadrupole (RPQ) mode of the MC-ICP-MS was activated during the

analysis to improve the abundance sensitivity. Helium gas was used as the carrier gas and was



mixed with Ar and N2 before injection into the plasma. Large laser spot size (150 um) and high
repetition (20 Hz) were used to increase the intensity of the signal and line scanning (2 mm) was
applied to increase signal stability (Spooner et al., 2016). The NIST 612 glass standard was used
to tune the instrumental parameters before the analysis of seep carbonates. An inorganic
aragonite vein (VS001/1-A) was used as a bracketing standard to correct the instrumental mass
bias of isotopic ratios (Spooner et al., 2016). Such an in-situ dating method has been previously
proven to be accurate and reliable for the determination of U-Th isotopes of carbonates, such as
corals, seep carbonates, and speleothems (Spooner et al., 2016; Wang et al., 2022). Spooner et al.
(2016) provide details regarding data reduction and error estimation. A 2°Th/?*2Th atomic ratio
of 4.4 x 10°° with 10% uncertainty was used to correct the initial °Th (Feng et al., 2010). The
applied initial 2°Th/%2Th atomic ratio is representative of the upper continental materials at

secular equilibrium with the bulk earth 232Th/?%U value of 3.8 (Feng et al., 2010).

2.5. TOC, TS, CaCOs analysis

Total organic carbon (TOC) and total sulfur (TS) were quantified using a Heraeus CHN-O
Rapid elemental analyzer. For TOC measurements, 10% HCI was added to remove carbonate
before analysis. Carbonate content was analyzed using the EDTA (Ethylene diamine tetraacetic
acid) method. The precision and accuracy of the TOC, TS, and CaCOg3 values were better than

3%.

2.6. Major and trace element analysis
Major elements (Al, Mn, Fe) were analyzed using an X-Ray Fluorescence Spectrometer

(Axios PW4400/40, PANalytical, Netherlands). Trace elements (Mo, U, V, Cu, Ni, Co, Zn, Zr,



Rb) analysis was performed using HF-HNOs solutions according to the method established by
Liang et al. (2017). Trace elements were measured via ICP-mass spectrometry (MS) (X Series2,
Thermo Fisher Scientific, Waltham, MA, USA) at Guangzhou Marine Geological Survey. The
precision and accuracy of these values were better than 5% for Al, Mn, Fe, U, V, Cu, Ni, Co, Zn,

Zr, Rb, and 10% for Mo.

2.7. AMS 14C chronology

Two AMS C measurements were made on planktonic foraminifera tests (Globigerinoides
sacculifer) collected from core GMGS2-16. Pretreatment, preparation, and measurement were
conducted by Beta Analytic Inc. (Miami, FL, USA). Dates were calibrated by Beta Analytic Inc.

and reported to the 2 sigma range.

2.8. Methane hydrate stability diagram

CSMHYD software was used to predict methane hydrate stability under the assumed
conditions (Sloan, 1998). This method illustrates changes in the stability of methane hydrates
and does not consider the transient behavior of the system and methane solubility. We used the
present bottom water temperature of 5.4 °C for core GMGS2-16 from the Dongsha area; the gas
compositions are 100% methane (Zhang et al., 2015). The geothermal gradient at coring site
GMGS2-16 is 41 °C km™* (Feng et al., 2015). Sea-level and bottom water temperature records
during the Last Glacial Maximum (LGM) and 105 to 140 ka are those determined for ODP1123

(Elderfield et al., 2012; Bates et al., 2014).

3. Results

3.1.Stratigraphy of carbonate layers and nodules



Drill cores GMGS2-08 (water depth of 801 m), GMGS2-09B (water depth of 664 m), and
GMGS2-16 (water depth of 871 m) from the Dongsha area reached maximum depths of 93.84
m, 30.00 m, and 213.55 m, respectively. The cores are mainly composed of hemipelagic
sediment dominated by clay. Authigenic carbonates occur either as nodules or as crusts (Fig. 1b
and Figs. S2, S3, S4). Carbonate crusts occur as fillings that formed 0.5 to 1.0 centimeter pores
inside impure early-generation cement, mud, and early-generation carbonate cemented
sediments. Carbonate nodules are mainly composed of micrite cementing fine-grained
terrigenous sediment. Nodules represent the only type of authigenic carbonates in core GMGS2—
16, whereas both nodules and crusts are encountered in the other three cores (Fig. 1b). Massive
carbonate crusts up to 1 m thick were identified in core GMGS2-08F from 58.95 to 59.46 mbsf
(meters below seafloor) and 61.52 to 62.55 mbsf, respectively. Two thinner carbonate crusts (~5
cm-thick) were observed in core GMGS2-09B from 6.20 to 6.45 mbsf and 22.20 to 22.60 mbsf,
respectively. Bivalve shells were abundant in all studied cores. All shells were scattered
throughout the sediment rather than being cemented within seep carbonates. Direct dating of

these shells was not attempted in this study.

3.2. Mineralogy and carbon-oxygen isotope composition of seep carbonates

Aragonite is the dominant carbonate phase in all carbonate crusts (40-100% with an
average of 64%; Table S1). Carbonate nodules from the Dongsha area are mostly composed of
high-Mg calcite. The §*3C values ranged from —62.3%o to —38.9%o (mean value £ 1o: —49.7 +
4.5%o0; n = 143) for the seep carbonates (Fig. 2; Table S2), while 520 values ranged between

2.3%o and 6.0%o (4.0 = 0.6%0; n = 143) (Fig. 2; Table S2). There is no significant difference in



carbon and oxygen isotope composition between the microcrystalline matrix and the fibrous

cement (Table S2).

3.3. Carbon and oxygen isotopes in planktonic and benthic foraminifera

The 5'3C and §*0 values ranged from —5.4%o to 0.1%o and from 2.7%o to 4.1%o (n = 154)
for benthic species (Uvigerina peregrina) and from —8.4%o to 1.9%o and —3.5%o to —0.4%o
(n=1471) for planktonic species (Globigerinoides ruber; Fig. 3; Table S3). The §*3C values of
most planktonic and benthic foraminifera from the depth intervals between 3.50 to 10.50 mbsf
and 191.06 to 195.76 mbsf were significantly lower than those encountered at other SCS sites in
Late Quaternary hemipelagic sediment sequences unaffected by seepage (Fig. 3; Jian et al.,
2003). Note that the 5'80 depth profile for foraminifera from the above intervals displays an
opposite trend to 3!3C values. Most likely, the relatively negative 53C values measured for both
planktonic and benthic foraminifera at the study sites reflect diagenetic overprinting by

authigenic carbonate minerals having strongly negative *3C signatures (Panieri et al., 2017).

3.4. Age constraints on carbonate formation

Uranium-thorium dating was carried out on crust samples collected from one distinct
carbonate layer from core GMGS2-09 at depths from 6.20 to 22.60 m (Fig. S2 and Table S4).
Uranium concentrations and 52%*U values for these samples ranged from 3.1 to 10.7 ug/g and 134
to 148%o, respectively. The studied carbonate samples from cores GMGS2-09 yielded age
ranges between ca. 9 to 16 ka (mean age, ~13 ka; n = 8; Table S4). As shown previously
(Teichert et al., 2003), U-Th dating of carbonate nodules is often complicated by both low U

concentrations and the abundant presence of detrital minerals. In this study, dating of these



samples was attempted using in-situ laser ablation MC-ICP-MS (Figs. S3, S4, and Table S5).
The carbonate samples from cores GMGS2-08E at a depth of 58.81 to 66.54 m yielded age
ranges between approximately 108 to 137 ka (mean age, ~125 ka; n = 5). The carbonate samples
from cores GMGS2-08B in the upper 3.7 m yielded age ranges of ca. 7 to 10 ka (mean age, ~8
ka; n = 3; Table S6).

A more direct approach for dating seep carbonate layers is to determine the age of the
associated sediments (Oppo et al., 2020). This was conducted for core GMGS2-16 by
establishing a robust depth-age model, using foraminifera }4C dates (Table 1) and sediment
biostratigraphic ages (Chen et al., 2016b). The sediment Zr/Rb and Mn/Fe ratios were correlated
and tuned to the relative sea level change of ODP1143 records (Bates et al., 2014), and followed
by tuning the resulting planktonic 5'80 curve to the LR04 (Lisiecki and Raymo, 2005) and
ODP1146 (Clemens et al., 2008) stacked records (Figs. 4, 5).

The presence of seep carbonate accompanied by molybdenum (Mo) enrichments in host
sediments represents a reliable indicator of past intense methane seepage (Chen et al., 2016c¢).
Molybdenum, as dissolved molybdate, behaves is conservative in oxic seawater. In the presence
of hydrogen sulfide, the formation of thiomolybdates is scavenged by iron sulfides and organic
materials and removed from the aqueous phase (Erickson and Helz, 2000). Sedimentary Mo
enrichments have been used to constrain the redox conditions in the water column and sediment;
both anaerobic oxidation of methane and organoclastic sulfate reduction can produce the
hydrogen sulfide. In core GMGS2-16, significant Mo and total sulfur (TS) enrichments are
encountered in the sediment associated with authigenic carbonate layers (Fig. 6). In the absence
of high TOC content and any other enrichment of other redox-sensitive elements (V, Ni, Cu, Zn,

Co; Table S7), these enrichments are best interpreted to result from anaerobic oxidation of



methane (Chen et al., 2016c). In such cases, sediments bearing seep carbonate and typified by
molybdenum (Mo) enrichments can be expected to provide constraints on the timing of seepage
(Chen et al., 2016c¢). Using this approach, the seep carbonate layers with Mo enrichment
(Mogr>5) in core GMGS2-16 were dated as follows: ca. 2 to 8 ka, ca. 235 ka, ca. 303 ka, ca. 329

ka, ca. 419 to 423 ka, and ca. 432 to 436 ka (Figs. 6, 7a and Table S6).

4. Discussion

4.1. Seep carbonates record the dissociation of methane hydrates

Overall, the negative carbon isotopic compositions of the studied authigenic carbonates are
similar to other seep carbonates, thus producing strong support that the dissolved inorganic
carbon is mainly derived from methane oxidation (Peckmann and Thiel, 2004). The presence of
strongly 3C-depleted carbonates (8*3C < —45%o) in the studied samples indicates that the main
carbon source was biogenic methane, which is more *C depleted than thermogenic methane
(Schoell, 1980). Furthermore, the observed §**Ccarbonate and 8*Crmethane Values (Zhang et al., 2015)
also clearly indicate a biogenic origin for methane in the Dongsha area.

The 580 composition of seep carbonates is largely inherited from the fluid source but is
also dependent on temperature during precipitation (Bohrmann et al., 1998). Paleotemperature
calculations (Kim et al., 2007) using a seawater 520 value of —0.3%0 (VSMOW; Feng and Chen,
2015) result in an unrealistic estimate ranging from —3.8 to —1.8 °C, which is significantly colder
than modern bottom water temperature in the Dongsha areas (5.4 °C; in situ tests). When using
the seawater 80 value of 0.8%. (VSMOW), reflecting changes in the bottom water 520
associated with sea level oscillations, and present-day bottom water temperatures to calculate
equilibrium &80, the values of aragonite are about 3.5%.. Such value is significantly lower than

most of the §*80 values measured in the seep carbonates (2.3%o < 630 < 6.0%o; Fig. 2). This



finding reflects the influence of *¥0-enriched fluids on carbonate formation (Fig. 2), which could
reflect either clay mineral dehydration in the deeper sediment column (Hensen et al., 2004) or
dissociation of methane hydrates (Bohrmann et al., 1998). Considering the ubiquitous
distribution of methane hydrate at the study sites, the high §'80 values (as high as 6.0%o; Fig. 2)

of seep carbonates are consistent with local methane hydrate dissociation.

4.2. Interglacial-glacial cyclicity influences marine methane hydrate stability

Considering the new results and using different dating methods in combination with
previous observations from younger seafloor seep carbonates associated with SCS active seeps
(Site F; ~2 to 11 ka; Feng and Chen, 2015) and buried carbonate nodules from core GMGS2-
08E, GMGS2-08F at depths of about 61 m (~113 to 133 ka; Chen et al., 2019; Deng et al., 2021;
Table S6), our new data, in combination with the previous investigations, demonstrate
synchronicity between the intervals of intensified methane seepage and the last major interglacial
episodes of the Late Quaternary: that is MIS 1 (~2 to 16 ka), 5e (~114 to 132 ka), 7c¢ (~236 to
248 ka), 9c (~303 to 337 ka), and 11c (~384 to 422 ka; Figs. 7a). Furthermore, we identify an
additional methane release event, which appears to correspond to a local sea-level lowstand
(~432 to 436 ka).

In the marine environment, methane hydrates are stable at relatively high hydrostatic
pressure and low temperature conditions (Buffett, 2000). Consequently, any significant rise in
bottom water temperature and/or sea level fall may result in methane hydrate destabilization
from the top of the gas hydrate stability zone (GHSZ; Ruppel and Kessler, 2017). Previous
investigations have suggested that extensive methane hydrate dissociation was favored during

glacial periods in response to lower-pressures associated glacio-eustatic sea level fall (Teichert et



al., 2003). However, numerical simulations suggest that the impact of sea level change on the
thinning of the GHSZ during glacials could readily be compensated by bottom water cooling
(Ruppel and Kessler, 2017). Nevertheless, the evidence for active methane seepage during ca.
432-436 ka at site GMGS2-16 could possibly have resulted from an episode of hydrate
dissociation caused by sea level fall. However, in this case, neither seep carbonate nor
sedimentary Mo enrichment are evident in core GMGS2-16 during MIS 5e, suggesting that
methane seepage was less intense at this location compared to the other cores (Fig. 1a). This
interpretation is consistent with the mineralogy of seep carbonates in this core. The dominance of
high-Mg calcite among the seep carbonates likely indicates precipitation under relatively low
methane flux and more restricted, reducing conditions. In contrast, aragonite precipitation is
favored under conditions of strong seepage typified by the formation of methane bubbles (Aloisi
etal., 2002).

The ages we assign to the formation of seep carbonates in sequences of SCS margin, in
combination with evidence for positive §'80 signatures (> 4%o VPDB), suggest that major
episodes of methane hydrate dissociation took place during each of the last interglacial episodes.
The dissociation of hydrate provided both dissolved inorganic carbon and *80-enriched waters
during the precipitation of seep carbonates. The presence of recurrent methane release events
during interglacials over the last 440,000 years, found in the Dongsha area, calls for an external
forcing mechanism that affected the methane hydrate reservoir during sea-level highstands.
Potential triggers for enhanced methane seepage during the warmer interglacial episodes include
variations in local sedimentation rates, mass wasting processes, glacial tectonics induced by ice
sheet dynamics, and bottom water warming (Kennett et al., 2000; Hill et al., 2006; Karstens et

al., 2018; Himmler et al., 2019). Rapid sedimentation caused temperature reequilibration in the



sediment's column that triggered methane hydrate dissociation near the end of the last glaciation
in the margin off Norway (Karstens et al., 2018). However, the sedimentation rate in the SCS
areas did not exceed 1 m/ka, which is significantly lower than rates for the Norwegian margin (>
8 m/ka; Karstens et al., 2018). Since the carbonates from the Dongsha area were all sampled on
ridge crests (Fig. 1a), mass wasting processes were unlikely to be the primary cause affecting
local methane hydrate stability. Any effect induced by ice sheet fluctuations on methane seepage
is confined to glaciated areas. Other driving mechanisms proposed to explain past episodes of
methane hydrate destabilization include increased heat flow, reduced hydrostatic pressure,
regional decrease in methane concentration, or changes in pore water salinity (Hensen et al.,
2004; Ruppel and Kessler, 2017). However, for the SCS margin, none of these factors are likely
to have been important in affecting methane hydrate stability during the Quaternary. Thus water
mass temperature change represents the most plausible explanation for the episodic release of
hydrate-bound methane during interglacials.

Numerous observational and modeling studies have indicated that methane hydrates
within upper continental slope sediments can disassociate during ocean warming. As such, the
stability of gas hydrate can be affected even by small changes in intermediate water temperature
(e.g., Kennett et al., 2003; Westbrook et al., 2009; Phrampus and Hornbach, 2012; Phrampus et
al., 2014; Berndt et al., 2014; Brothers et al., 2014; Skarke et al., 2014; Ruppel and Kessler,
2017), a concept previously emphasized by Kennett et al. (2003) in the ‘Clathrate Gun
Hypothesis’. Seabed warming may therefore increase the methane release from the seabed
through the reduction of the extent of the GHSZ. This increased methane release from hydrate

dissociation was observed in the Santa Barbara Basin, the North Atlantic, the Arctic Ocean, and



other high-latitude shallow seas (Kennett et al., 2000; Hill et al., 2006; Westbrook et al., 2009;
Phrampus and Hornbach, 2012; Ruppel and Kessler, 2017).

The sediment sequences investigated are from the upper continental slope and influenced
by North Pacific Intermediate Water. During the last five interglacials, peak temperatures of
intermediate waters in the northern SCS rose by approximately 2.5 to 3.5 °C (Fig. 7b; see
Supplementary Material). Numerical modeling indicates that during the last glacial maximum
large volumes of methane hydrates formed in response to low bottom-water temperature,
resulting in the thickening of the GHSZ (Fig. 8a). Following deglaciation, warm Pacific waters
flowed into the SCS. This caused a 2.5 to 3.5 °C increase in bottom water temperatures on the
SCS margin in less than five thousand years. The increased temperature reduced the extent of the
GHSZ and triggering methane hydrate dissociation (Fig. 8a). This same hydrate dissociation

state also took place in intervals between 105 to 140 ka (Fig. 8b).

5. Conclusions and implications

Based on our studies of authigenic carbonate crusts from the Dongsha area of the South
China Sea (SCS), we consider that increased temperature of intermediate water masses at the
onset of interglacial episodes was the primary driver of intensified methane seepage in the SCS.
This study provides the first direct evidence that methane seepage was repeatedly triggered when
deep intermediate Pacific waters warmed during interglacial episodes. This study is likely to
stimulate further similar investigation in other parts of the world ocean, since it may have
significant implications for the history of climatic change. The same chain of events is likely to
have occurred elsewhere along the world’s continental margins, related to re-organization of
intermediate water circulation during glacial/interglacial oscillations. Evidence for a 2 °C

temperature increase has been reported for intermediate waters along the western North Atlantic



margin over glacial/interglacial cycles (Dwyer et al., 2000), while an even greater temperature

increase of 3 °C has been reported for the Southwest Pacific margin (ElImore et al., 2015).

Currently, there is little knowledge and understanding globally about methane seepage
change in the past. Nevertheless, this work suggests that if similar processes as those identified
for the SCS occur widely on continental margins, the climate change-induced hydrate
dissociation will become an important source of methane to the ocean, as evidenced by previous
studies for the Southern California margin (Hill et al., 2006). The impact of deep/intermediate
water warming on methane hydrate stability needs to be considered in the context of future ocean
warming (Weldeab et al., 2022), since major methane release from destabilizing hydrates into the
water column can potentially increase ocean acidity, decrease dissolved oxygen, affect the

marine carbon cycle, and serve as a feedback for climate change.
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Fig. 1. Location, age model of core GMGS2-16, and chronology of methane seepage from the
South China Sea. (a) Locations of the GMGS2 drilling sites of the South China Sea. Pink
dashed arrows and green arrows indicate the current directions of the South China Sea
intermediate water and the North Pacific deep water, respectively (Lidmann et al., 2005).
Multi-beam topographic map of the Dongsha area is from Zhang et al. (2015). The map was
generated with Ocean Data View. (b) The lithology of the studied cores and seep carbonates

used for U/Th dating. Carbonate layer thickness is exaggerated to enhance visibility.
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Fig. 2. Stable isotope compositions of seep carbonates from the Dongsha area (GMGS2-16,
GMGS2-09B, GMGS2-08F, GMGS2-08E, GMGS2-08C, GMGS2-08B) of the South
China Sea. Data of core GMGS2-09B is from Deng et al. (2019), data of core GMGS2-
08F is from Chen et al. (2019), and data of core GMGS2-08B, GMGS2-08C, GMGS2-
08E, and GMGS2-08F is from Chen et al. (2016a). The dashed lines indicate the §'80
values of aragonite and calcite precipitating in equilibrium with seawater at corresponding
present bottom water temperatures, respectively (Kim and O’Neil, 1997; Kim et al., 2007).
The bottom water temperature is approximately 5.4 °C for the Dongsha area, and the §'80
of seawater is —-0.3% V-SMOW (Feng and Chen, 2015). Considering differing %0 values
such as 0.8%0 (VSMOW), i.e. to take into account potential '80 variability due to sea
level change, calculated 5'0 compositions of aragonite precipitating in equilibrium with
present-day SCS bottom water would be about 3.5%o for the Dongsha area, hence being

significantly lower than the 580 values measured in studied seep carbonates.
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Fig. 3. Carbon and oxygen stable isotope compositions of planktonic (Globigerinoides ruber) (a,
b), benthic (Uvigerina peregrina) foraminifera (c, d), stable carbon isotope of seep
carbonates (e), and enrichment factor of Mo (Mogr) according to
Mogr=(MO0sample/ Alsampie)/(Mopaas/Alpaas) with PAAS values from Taylor and McLennan
(1985) (f) as well as content of CaCOz (g) in sediments of core GMGS2-16 from the
Dongsha area of the South China Sea. The shaded areas indicate horizons affected by
methane seepage, with 8*3C values of planktonic and benthic foraminifera possibly
modified by encrusted authigenic carbonates. The red line is the five-point moving average

of the oxygen isotope composition of planktonic foraminifera.
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Fig. 4. Age depth model for core GMGS2-16 based on (a) two *C dates (red squares), five
sediment biostratigraphic ages (blue triangles; Chen et al., 2016b), the 50 planktonic
foraminifera curve of GMGS2-16 correlated with (b) the 50 planktonic foraminifera
curve ODP1146 (Clemens et al., 2008) and (c) the 50 benthic foraminifera curve
ODP1146 (Clemens et al., 2008) and LR04 stack (Lisiecki and Raymo, 2005), and (d) the
relative sea level from ODP1143 (Bates et al., 2014) and (e) sediment Mn/Fe and (f) Zr/Rb
ratios of core GMGS2-16. Green and red crosses represent tie points. The shaded areas
indicate horizons affected by methane seepage (see Fig. 3). B E. huxleyi Acme — First
occurrence of Acme Emiliania huxleyi; T G. ruber (pink) — Last occurrence of
Globigerinoides ruber (pink); B E. huxleyi — First occurrence of Emiliania huxleyi; B G.
ruber (pink) — First occurrence of Globigerinoides ruber (pink); T P. lacunosa — Last

occurrence of Pseudoemiliania lacunosa (all indicated by blue arrows).
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Fig. 5. Age vs. depth of core GMGS2-16 from the Dongsha area of the South China Sea. **C
dates (red squares), sediment biostratigraphic ages (blue triangles), tie points of sediment

Mn/Fe and Zr/Rb ratios (red crosses), and tie points of 580 curve (green crosses).
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Fig. 6. Element and isotope composition of sediments in core GMGS2-16 from the Dongsha
area of the South China Sea. (a) Mo content (ug/g), (b) enrichment of Mo (Mogr) according
to Moer= (Mosample/ Alsampte)/ (MOpaas/Alpaas) with PAAS values from Taylor and
McLennan (1985), (c, d) carbon and oxygen isotope ratios (VPDB %o) of seep carbonates,
(e) total sulfur (TS) contents (wt%), (f) total organic carbon (TOC) contents (wt%), and (g)
carbonate (CaCOs3) contents (wt%). The red dashed line indicates Mogr equal to 5. The

shaded areas indicate the horizons of seep carbonates with Mo enrichment in sediment.
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Fig. 7. Timing of seepage compared with bottom water temperature and sea level for the South
China Sea during the past 450,000 years. (a) U-Th (error bars are 2s) ages of carbonates and
14C ages of shells cemented by seep carbonate from the Dongsha areas (Feng and Chen,
2015; Chen et al., 2019; Deng et al., 2021). (b) Estimated bottom water temperature records
from ODP1123 (South Pacific) based on Mg/Ca ratios of benthic foraminifera (Elderfield et
al., 2012), ODP1143 (Southern South China Sea) derived from 520 values of benthic
foraminifera (Bates et al., 2014), and Mg/Ca ratios of benthic foraminifera of core GH08—
2004 (subtropical northwestern Pacific; Kubota et al., 2015). (c) Sea-level record from
ODP1143 (Southern South China Sea; Bates et al., 2014). (d) §*80 benthic foraminifera
curve of ODP1146 (Clemens et al., 2008) and ODP1148 (Tian et al., 2008). (e) Benthic
foraminifera §*20 curve of the LR04 stack (Lisiecki and Raymo, 2005). Light green bars

indicate peak interglacials.
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Fig. 8. Changes of the base of methane hydrate stability zone (BHSZ) for the Dongsha area
(GMGS2-16, water depth of 871 m) of the South China Sea during (a) the last glacial

maximum (LGM) and (b) 105 to 140 ka. Red dots indicate the time of methane seepage (see

Fig.7a).
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