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Numerous methane seepage events occurred in periods of low or falling sea level since 330 ka BP, which is attributed to decrease in hydrostatic pressure and subsequent gas hydrate dissociation in the northern South China Sea (SCS). The seepage intensity likely decrease due to gas hydrate stabilization once there was a relatively high-stand sea level. However, there are few geochemical records of decline in upward methane flux in the northern South China Sea. Here, combing porewater and solid-phase analyses, the geochemical cycling of barium was investigated in two piston cores from sites HD109 and HD319 within two areas with inferred gas hydrate occurrence in the Taixinan Basin of the northern SCS, in order to track the net decrease in the upward methane flux and to estimate the total duration time of these events in the studied sediments. The results indicate that there are four intervals with barium enrichments in the sediment section overlying the occurrent sulfate-methane transition zone (SMTZ) at both cores, suggesting the SMTZs have downward migrated through time. Based on the excess barium contents and the diffusive Ba2+ fluxes above the current SMTZ, we estimate the total time for barium accumulation at both cores is about ten thousand years. It is suggested that some methane seepage events temporarily enhance the upward flux of methane, inducing anaerobic oxidation of methane and associated SMTZ close to the sediment surface before the Holocene. After the most intensive seepage event ceased in the post-glacial period, the upward methane flux decreased and the SMTZ migrated downward gradually, preserving enrichments of diagenetic barite. Overall, these new data confirm the episodic decrease in upward methane flux recorded by authigenic barite after the last glacial maximum, which is likely related to the stabilization of underlying gas hydrate reservoir. This study may fill in the gap of the geochemical records of the variations in methane seepage and gas hydrate system during the post-glacial period in the northern SCS.
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INTRODUCTION
Substantial amounts of methane existing as dissolved and free gas, as well as ice-like gas hydrates are hosted within the sediments in continental margins (Judd and Hovland, 2007). Dissolved and free gas can migrate from underlying reservoirs to the subsurface sediments through specific fluid conduits like faults and fractures (Boetius and Wenzhöfer, 2013). The majority of dissolved methane upward migrated is consumed by anaerobic oxidation of methane (AOM) mediated by a microbial consortium in the sulfate-methane transition zone (SMTZ) where both seawater sulfate and methane are consumed (AOM: CH4 + SO42− → HCO3− + HS− + H2O) (Barnes and Goldberg, 1976; Boetius et al., 2000; Wu et al., 2022). The AOM typically induces formation of several types of authigenic minerals including carbonate (e.g., Peckmann and Thiel, 2004), pyrite (e.g., Peckmann et al., 2001) and barite (e.g., Torres et al., 1996; Torres et al., 2003; Castellini et al., 2006; Feng and Roberts, 2011).
Authigenic barite is widely used as a valuable proxy for tracing past methane fluxes in marine sediments (Dickens, 2001; Griffith and Paytan, 2012). The barium in authigenic barite is mostly derived from biogenic barite particles which form in the water column during the decomposition of organic substances and are transported to the seafloor. The sedimentary barite particles become undersaturated and decompose into barium (Ba2+) and sulfate (SO42−) ions when they are buried below the SMTZ. The released Ba2+ then migrates upward and enters the sulfate-bearing zone where authigenic barites form again just above the SMTZ (Ba2+ + SO42− → BaSO4; Torres et al., 1996). The diagenetic barite is significantly different in the size from normal microcrystalline biogenic particles, especially in methane-rich sediments where it can grow to as large as several 10 μm (Torres et al., 1996). Sometimes at active methane seeps, massive barite deposits, e.g., chimneys, as high as 10 m in height can form on the seafloor (Greinert et al., 2002). Therefore, massive authigenic barite and barium element enrichments in sediment column can be utilized as a useful proxy to constrain the changes in the position of SMTZ and the duration time of methane release activities in the geological past (e.g., Dickens, 2001; Riedinger et al., 2006; Snyder et al., 2007a; Snyder et al., 2007b; Nöthen and Kasten, 2011; Kasten et al., 2012; Sauer et al., 2017; Schneider et al., 2018; Yao et al., 2020; Wood et al., 2021). Interestingly, significant barium enrichments occurred widespreadly at the times of some huge paleo-climatic perturbations, including the Paleocene-Eocene thermal maximum (Dickens et al., 2003), Permian-Triassic extinction (Burger, et al., 2019), and Ediacaran Shuram excursion (Cui et al., 2021). The formation of these barium enrichments may be attributed to massive input of dissolved barium from subsurface gas hydrate reservoirs due to gas hydrate dissociation and further authigenic barite precipitation (Dickens et al., 2003; Burger, et al., 2019; Frieling et al., 2019).
There are widespread methane-rich fluid seepages on the northern continental slope of the South China Sea (SCS) as uncovered by authigenic carbonates sampled at over thirty sites (Feng et al., 2018). There are only two active seep areas–“Haima seeps” and “Site F” found in the northern SCS so far (Feng and Chen, 2015; Liang et al., 2017). The majority of the authigenic carbonates in the northern SCS precipitate either during the periods of sea-level lowstands or corresponding to the times with falling sea-level prior to the Last Glacial Maximum (LGM) (Tong et al., 2013; Han et al., 2014; Yang et al., 2018; Maoyu Wang et al., 2022). It is thus suggested that gas hydrate dissociation took place during sea-level lowstands or falling stages resulting from reduced hydrostatic pressures, which in turn led to methane seepage and formation of authigenic minerals close to the seafloor in the northern SCS (Tong et al., 2013; Han et al., 2014; Li et al., 2016; Lin et al., 2016; Xie et al., 2019). At the post-glacial age, the upward methane flux seemed to decrease significantly on a regional scale (Lin et al., 2016). However, extensive seep activities also occurred during the sea-level highstand associated with Marine Isotope Stage (MIS) 5e (133.3–112.7 ka BP) and MIS 1 (since 14 ka BP) (Feng and Chen, 2015; Liang et al., 2017; Chen et al., 2019). These seepage events derived from gas hydrate dissociation were probably attributed to a climate-driven rise in bottom water temperature (Chen et al., 2019). The mechanisms controlling seepage activity are still controversial. More geochronologic evidences, especially the records of decline in upward methane flux during the deglaciation periods, are required to better understand the driving mechanisms. To date, there are few reports on this kind of geochemical records (e.g., Luo et al., 2015; Lin et al., 2016; Hu et al., 2017), which limits our understanding of the evolution of subsurface methane release in the northern SCS.
In this study, we investigate the downcore variation in Ba content in the sediments and dissolved porewater Ba2+ concentrations in two piston cores HD109 and HD319 in the northeastern SCS, in order to trace the changes in the position of SMTZ and access the present-day and past upward methane fluxes. A numerical transport-reaction model is used to stimulate the geochemical data of pore fluids in order to estimate the present-day methane fluxes. The data of Ba content in both pore fluids and sediments are used to calculate the time required for the formation of authigenic barium enrichments at both sites.
GEOLOGICAL BACKGROUND
The northern SCS is classified as a Cenozoic passive continental margin. The study area is located on the lower slope and at the bottom of the Taixinan Basin (Figure 1) (McDonnell et al., 2000; Suess, 2005). The thickness of sediment in the Taixinan Basin can reach 10 km, where complex faults, fractures, and mud diapirs are well developed. Thus, these conditions favor methane-rich fluid seepage and gas hydrate accumulation (McDonnell et al., 2000; Suess, 2005; Wu et al., 2007). Widespread bottom simulating reflectors (BSR) representing the bottom of the gas hydrate stability zone was observed (e.g., McDonnell et al., 2000; Suess, 2005; Li et al., 2013; Li et al., 2015; Kuang et al., 2018; Bai et al., 2019). In addition, plenty of seep sites have been discovered in this region with water-depth ranging from ∼200 to ∼3,300 m, including the giant Jiulong Methane Reef with seep carbonates covering ∼430 km2, the Haiyang four area as well as the Site F with active seepage (e.g., Chen et al., 2005; Suess, 2005; Han et al., 2008; Tong et al., 2013; Xudong Wang et al., 2022). Abundant gas hydrates in shallow sediments were successfully recovered from the Jiulong Methane Reef area (Zhang et al., 2015), which validated that methane-rich fluid seepage and gas hydrates were common along the passive margin of the Taixinan Basin.
[image: Figure 1]FIGURE 1 | Map showing the location of the sediment cores HD109 and HD319 (red dots) in this study. Red dash circle is the BSR-occurring area mapped by Ge et al. (2010) and Wu et al. (2013).
MATERIALS AND METHODS
Sampling and analytical methods
Two piston cores (HD109 and HD319) were retrieved from two areas with BSR occurrence in the Taixinan Basin during the cruises of the R/V ‘‘Haiyang IV” in 2003 and 2004, respectively. Site HD109 is located at the bottom of the Taixinan Basin, whereas site HD319 is located on the lower continental slope of this basin (Figure 1). The coordinate positions of these sites were shown in Chen et al. (2006). The lengths of the cores are 771 and 730 cm, respectively (Table 1). The sediments at these cores consist mainly of dark-green, unconsolidated clayey silt and silty clay with several quartz grains. The sand contents are 3 and 1% at the cores HD109 and HD319, respectively, which are much lower than that of the turbidite deposit at nearby site. Therefore, there are only normal deep-sea sediments at the two cores (Chen et al., 2006).
TABLE 1 | Location of the studied sites.
[image: Table 1]After collection, the engineers cut the cores into sections at intervals of 100 cm from top to bottom, and stored them in a cold room (4°C). The top 20 cm sediments of each sediment section were used to measure headspace gas contents onboard. Around 10 ml of sediments were put into 20-ml empty vials onboard to replace the 10-ml headspace required for the chromatograph injection. The hydrocarbon gas concentrations were measured onboard using the gas chromatograph method (Agilent 7890N). The precision for methane concentration was ±2.5%.
After retrieval of the cores HD109 and HD319, porewater samples were immediately collected from slices of the cores at intervals of 100 cm via a pumping vacuum extraction device at room temperature, then transferred to sealed plastic bottles and stored at 4 °C in April 2003 and May 2004, respectively. Porewater samples of the core HD109 were collected again for further study at intervals of 20 cm after the cruise in May 2003. The offshore analyses of porewater samples were performed at Nanjing University in August 2003 and September 2004, respectively. Dissolved sulfate (SO42−) and calcium ion (Ca2+) were determined by the standard methodology of ion chromatography (Metrohm 790 IC). The relative standard deviation was less than 2%. The concentrations of Ba2+ and I in porewater samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Finnigan Element II). Before measurement, samples were prepared by diluting in 2% HNO3 (for Ba2+) or aqua ammonia (for I) with rhodium (Rh) as an internal standard. The analytical precisions were calculated to be <5% for Ba and <2% for I.
The calcium (CaO), aluminium (Al2O3) and silicon (SiO2) contents of the sediment samples were measured via PANalytical AXIOSX X-ray fluorescence spectrometry. The analytical precisions were smaller than 2%. After digesting the sediment samples via HCl, HF, and HClO4 acid mixture, the total contents of Ba in sediments were measured via a PerkinElmer Optima 4300DV ICP-OES. The analytical precision was better than 2%. The contents of total organic carbon (TOC) were analyzed via the potassium dichromate wet oxidation method, with the relative standard deviation better than 1.5%.
Numerical modelling
A 1-D, steady-state, reaction-transport model is used to simulate the depth profiles of solid-phase particulate organic carbon (POC), headspace CH4, dissolved SO42−, Ca2+ and Ba2+ concentration. The model is based on the following partial differential equations for solid (Eq. 1) and dissolved (Eq. 2) species (Berner, 1980; Wallmann et al., 2006):
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[image: image]
where Cs and Cd (μmol cm−3) is the concentration of solid and dissolved species, respectively, x (cm) is depth, t (yr) denotes time, [image: image] denotes porosity, Ds (cm2 yr−1) denotes the molecular diffusion coefficient corrected for tortuosity, vp (cm yr−1) denotes the burial velocity of porewater, vs (cm yr−1) denotes the burial velocity of solids, ΣR is the sum of the rates of biogeochemical reactions considered in the model, [image: image] is the mixing rate of bottom water and porewater, [image: image] and [image: image] are the solute concentrations at the sediment-water interface (SWI) and at any depth within the mixing zone, respectively.
Porosity was assumed to decrease with depth under steady-state compaction:
[image: image]
where Φ0 and Φf (both dimensionless) are the porosity at SWI and below the depth of compaction, respectively. Moreover, p (cm−1) is the attenuation coefficient for porosity. Since externally imposed fluid advection at the SWI is absent, the velocity of porewater and solids is directed downward under steady-state compaction relative to the SWI:
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where [image: image] (cmyr−1) denotes the sedimentation rate.
Depth-dependent molecular diffusive coefficients of dissolved species are calculated based on the equation of Boudreau (1997):
[image: image]
where Dm is the molecular diffusion coefficient at the local temperature, salinity and pressure.
The irrigation rate [image: image], is described as a non-local transport of solutes:
[image: image]
where α0 (yr−1) denotes the irrigation intensity coefficient, Lirr (cm) is the maximum depth of irrigation, α1 (cm) is the parameter pointing to the degree of attenuation for bubble irrigation just below the depth of Lirr.
The dominant biogeochemical reactions included in the model are organoclastic sulfate reduction (OSR), AOM, in situ methanogenesis (MG), and authigenic carbonate precipitation (CP). This model does not consider the reactions of authigenic barite precipitation and dissolution. Instead, the differences between the measured and modelled depth profiles of Ba2+ concentration, is used to trace the diagenetic reactions of barite at times of sampling (cf. Vanneste et al., 2013). Additionally, other reactions, including aerobic respiration, denitrification, iron reduction, and manganese reduction via organic matter remineralization are not considered in the model as these processes only occur within the top of sediment (∼10–20 cm below the SWI). The reaction rate expressions are shown in Table 2, and the net reaction terms of one solid (POC) and three dissolved species (SO42−, Ca2+ and CH4) are given in Table 3. All the parameters in the model are shown in Table 4.
TABLE 2 | Kinetic reaction rate laws in the model.
[image: Table 2]TABLE 3 | Reaction terms of species considered in the model.
[image: Table 3]TABLE 4 | The dataset of specific parameters and boundary conditions used in the model.
[image: Table 4]The simulating length of the cores are 1,000 cm for HD109 and 1,500 cm for HD319, respectively. Measured values at the top of sediment are used as upper boundary conditions for all species (Dirichlet boundary). A zero concentration gradient (Neumann-type boundary) was set at the lower boundary for all the species except for Ba2+. The lower boundary condition for Ba2+ is imposed as a fixed value. The model was calculated by the NDSolve object of MATHEMATICA V. 12.0. All simulations were run for 106 years to reach steady state with a mass conservation of >99 %.
Estimating the time for authigenic barite accumulation
The background Ba content (C0) is about 440 ± 10 mg kg-1 and 500 ± 10 mg kg-1 at the cores HD109 and HD319, respectively (Figure 3). Using this content as the lower limit, the depth-integrated total amount of excess Ba in the barium enrichment layer was obtained by the expression below:
[image: image]
where Cx is the barium content within the peaks from a depth interval from u to v, ρ and [image: image] are the average grain density and porosity of the sediments.
To calculate the diffusive Ba2+ fluxes throughout the SMTZ, Eqs. (9) was used assuming a steady state condition (Schulz, 2006):
[image: image]
where JBa: Ba2+diffusive flux (μmol m−2 yr−1), [image: image]: porosity of sediment, DS: diffusion coefficient of sediment (m2 s−1), CBa: Ba2+ concentration (μmol L−1), and x: sediment depth (m). Averages of sediment porosity from 0.65 to 0.75 is applied (Suess, 2005; Huang et al., 2008). The diffusion coefficient Ds is calculated from the diffusion coefficient in free solution (D0) of 4.41×10–6 cm2 s−1 (2 °C) for HD109 and 4.59×10–6 cm2 s−1 (3 °C) for HD319, according to Schulz (2006).
Under the assumption of a constant upward Ba2+ flux into the sulfate reduction zone, the time (t) required to precipitate the barium pool was calculated as below:
[image: image]
RESULTS
Geochemical trend of pore fluids
Depth profiles of headspace CH4, porewater SO42−, Ca2+, Ba2+, I concentrations and δ13CCH4 or δ13CDIC at cores HD109 and HD319 are presented in Figure 2, and the specific data are provided in Table 5. At core HD109, the SO42− concentrations keep almost constant as about 28 mM except four abnormal values above 350 cmbsf. Below this depth, it gradually declines to 1.9 mM at the depth of 680 cmbsf and remains at this low level till the base of the cor (Figure 2A). The CH4 concentrations remain at low levels (0.4–2.1 μM) above 520 cmbsf, followed by a rapid increase to 239.4 μM at 771 cmbs (Figure 2A). The Ca2+ concentrations keep relatively constant at the seawater value (∼10 mM) with some degree of variations above 300 cmbsf and then decrease to 2.2 mM at 750 cmbsf with some abnormal peaks below 600 cmbs (Figure 2B). The dissolved Ba2+ concentrations remain low (<2 μM) in the uppermost 500 cm. Below this depth, Ba2+ concentrations increase to highest value (40 μM) in ∼680 cmbsf with some fluctuation (Figure 2C). The I concentrations are also relatively constant at a low level (∼16 μM) above 300 cmbsf and increase to 108 μM at the bottom of the core with some fluctuation (Figure 2D).
[image: Figure 2]FIGURE 2 | Depth profiles of headspace CH4, porewater SO42−, Ca2+, Ba2+, I- concentrations at cores HD109 (A–D) and HD319 (E–H). The shaded portions of the graphs refer to the current sulfate-methane transition zones (SMTZ). The blue solid line marks the gradient used for Ba2+ flux calculation.
TABLE 5 | Headspace CH4, porewater SO42−, Ca2+, Ba2+, I- concentrations of cores HD109 and HD319.
[image: Table 5]Similar to core HD109, the SO42− and Ca2+ concentrations vary little in the upper 100 cmbsf. Below this depth, they gradually decline to 7.1 and 5.8 mM at the bottom of core HD319, respectively (Figures 2F,G). The CH4 concentrations vary little from 0.2 to 0.4 μM above 600 cmbsf, followed by a sharp increase to 169.3 μM at the bottom of the corFigure 2F 2f). The dissolved Ba2+ concentrations remain low values in the upper 600 cmbsf and rise to the highest value (12.7 μM) at 710 cmbs Figure 2H. The dissolved I concentrations increase slightly above 300 cmbsf and then increase sharply to 54.4 μM at the bottom of the core Figure 2I.
Geochemical trend of sediments
Depth profiles of Ba content, Ba/Al ratios, CaO, Al2O3, SiO2 and TOC contents in the sediments of cores HD109 and HD319 are presented in Figure 3, and the raw data are shown in Table 6. Total Ba contents range from 420 to 758 mg kg−1 at core HD109 and from 448 to 1,147 mg kg−1 at core HD319. The total solid-phase Ba content below 560 cmbsf of core HD109 and throughout core HD319 remains almost constant, fluctuating at 440 ± 10 mg kg−1 and 500 ± 10 mg kg−1, and is thus assumed as the ‘background’ values of solid-phase Ba conten Figure 3A. Above 560 cmbsf of core HD109, the Ba contents are higher and at least four layers of Ba enrichments are recognized. The Ba contents were normalized to Al for purpose of deducting lithologic changes. The depth intervals of Ba enrichments are ca. 40–160 cmbsf, 200–240 cmbsf, 240–300 cmbsf and 320–560 mbsf, respectively. The maximum Ba concentrations in these layers are 698, 758, 596 and 595 mg kg−1, respectively. Similar to core HD109, there are also four layers with Ba enrichment at the core HD319 (Figure 3F). The depth intervals of Ba enrichments are ca. 280–320 cmbsf, 400–420 cmbsf, 580–600 cmbsf and 620–660 mbsf, respectively. The maximums of Ba concentration within these zones are 1,147, 729, 905 and 944 mg kg−1, respectively.
[image: Figure 3]FIGURE 3 | Depth profiles for the contents of Ba (A,F), CaO (B,G), Al2O3 (C,H), SiO2 (D,I), TOC (E,J) and Ba/Al ratio (A,F) at cores HD109 and HD319. The shaded intervals I to IV (A,F) refer to Ba fronts. The red vertical lines (A,F) refer to the background values of Ba.
TABLE 6 | Contents of TOC, CaO, SiO2, Al2O3 and Ba in the sediments and Ba2+ concentration in pore fluids of core HD109 and HD319.
[image: Table 6]The major element contents at the core HD109 are 1.5–5.7% for CaO, 14.3–17.4% for Al2O3, and 54.9–61.8% for SiO2, respectively Figures 3B–D. The contents of CaO, Al2O3 and SiO2 at the core HD319 are 2.7%–8.4%, 14.3%–18.3% and 51.0–58.1%, respectively Figures 3G–I. The TOC contents range from 0.7 to 1.5% at core HD109 and from 0.6 to 1.1% at core HD319, respectively Figures 3E,J.
Modelling results
The modelled profiles and turnovers are exhibited in Figure 4 and Table 7, respectively. The steady-state stimulation results matched the downcore trend of POC, SO42-, and Ca2+ concentrations at the cores HD109 and HD319 with prominent differences between modelled and measured concentrations of CH4 owing to rapid degassing at the time of sampling (Figure 4). The OSR rates were 19.4 and 21.5 mmol m−2 yr−1 for cores HD109 and HD319, respectively. In comparison, the AOM is the main pathway of sulfate reduction, which rates were 172.2 and 45.3 mmol m−2 yr−1 for the two cores, respectively. Authigenic carbonate precipitation was induced by the OSR and AOM reactions, which rates were 31.8 and 7.3 mmol m−2 yr−1 for the two cores (Table 7). Additionally, the modelled Ba2+ concentrations are higher than the measured Ba2+ values above the SMTZ at both cores, suggesting that dissolved Ba2+ had been taken up into the solid phase when pore fluid samples were collected. In contrast, porewater Ba2+ concentrations excess the modelling Ba2+ values at depth interval of 600–770 cmbsf of the core HD109, suggesting that Ba2+ had been released from the sedimentary barite to the pore fluids (c.f. Vanneste et al., 2013).
[image: Figure 4]FIGURE 4 | Measured data (dots) and simulated results from the steady-state model (curves) of cores HD109 (A) and HD319 (B). Downward concentrations of POC, CH4, SO42−, Ca2+ and Ba2+ are shown.
TABLE 7 | Depth-integrated turnover rates according to the steady-state modelling.
[image: Table 7]Timing of authigenic barite front accumulation
Given a fixed upward Ba2+ diffusive flux into the sulfate reduction zone, the accumulation time for the measured barium peaks at cores HD109 and HD319 can be estimated. Considering that porosity data are not available but are important for flux calculation, we referred to the measured porosity data in the nearby Haiyang four area (Suess, 2005; Huang et al., 2008) and applied a porosity of 65, 70, and 75% to show how sensitive the results are to the variations in porosity. The variation of the time for Ba enrichment due to different porosities is presented in Table 8. The calculation results suggest that four Ba fronts from the top to the current SMTZ at core HD109 have persisted for 2.5–4.8 ka, 1.4–2.8 ka, 0.8–1.6 ka and 4.7–9.0 ka. In addition, the duration times for the four Ba fronts from the top to bottom at core HD319 are 3.7–7.1 ka, 1.0–1.9 ka, 1.9–3.7 ka and 3.2–6.1 ka. The calculation results underline that the barite fronts at both cores have been accumulating since the last ten thousand years, with four major peaks accumulation for several thousand years. If we take non-steady-state conditions into consideration, which include the burial input of Ba as well as the output of Ba from the front through burial, the accumulation time could be underestimated (Snyder et al., 2007b). Nevertheless, these conditions can be neglected in this study, due to the relatively short durations for each seepage events and the rather low sedimentation rates in the study area (Chen et al., 2006).
TABLE 8 | Calculation of accumulation time of Ba fronts at cores HD109 and HD319.
[image: Table 8]DISCUSSION
Origin of barium fronts
Increase in solid-phase Ba contents in sediments may depend on a variety of factors. For instance, elevated Ba content might be due to high contents of aluminosilicate minerals where barium is hosted in crystal lattices. It is shown that Ba contents in detrital aluminosilicates can reach up to 1,000 mg kg−1 (Dymond et al., 1992). The sediments of cores HD109 and HD319 are consisted of four primary components: clay, quartz, feldspar and biogenic calcium carbonate (Chen et al., 2006). Significant variations in the distribution of these components would thus lead to marked changes in Si, Al and Ca contents in the sediments. Nevertheless, the contents of these elements do not vary considerably throughout the Ba fronts at the two cores except for the Ba fronts II at core HD109. There is a pronounced Ca peak across the Ba front (Figure 3). The Si, Al and Ca contents at core HD109 indicate normal hemipelagic background deposition and is inferred to be controlled by the glacial-interglacial cycles. An increase in the Ca contents was caused by an increase in the relative abundance of foraminifera during the transition from Pleistocene to Holocene (Chen et al., 2006). Furthermore, variations in Ba/Al ratios with depth at the two cores are virtually identical to those of solid-phase Ba contents (Figure 3), with the co-occurrence of obvious peaks of Ba content and Ba/Al ratio. The similar variation trend of the two proxies indicates that the formation of Ba fronts was not associated with variations in primary composition of sediment. In summary, the Ba contents and Ba/Al ratios for normalization are both considerably higher than the background values at the cores HD109 and HD319 (Figure 3A,F), which implies that the Ba fronts are derived from mineral authigenesis rather than of detrital origin. Collectively, it is suggested that the Ba front is attributed to the occurrence of barite but not a Ba-rich carbonate phase (Figure 3).
The Ba of the authigenic barite is usually regarded as deriving from biogenic barite which becomes dissolved in sulfate-free pore fluids (Torres et al., 1996; McManus et al., 1998). Decaying biological debris induces the formation of biogenic barite particles in the water column, which then is buried in the sediments (Dymond et al., 1992; Paytan et al., 1993; Gingele and Dahmke, 1994). Hence, the fluxes of biogenic barite burial in the sediments depend on the regional productivity in the water column, and generally higher barite fluxes on the continental margins (Von Breymann et al., 1992). Correspondingly, there are elevated Ba2+ concentrations in the pore fluids in continental margin sediments. To date, the concentrations of porewater Ba2+ at the typical seep sites, such as Monterey Bay, Peru Margin, San Clemente Fault, and Carlos Ribeiro mud volcano, are considered to mainly originate from the dissolution of biogenic barite and range from 8 to 146 μM (Torres et al., 1996; Torres et al., 2002; Naehr et al., 2000; Vanneste et al., 2013). In addition, the Ba contents in the Ba fronts at the mud volcanos in the Gulf of Mexico are as high as 14,600–23,000 mg kg-1, corresponding to the very high Ba2+ concentration in the pore water at these sites (up to 1.2 mM) (Castellini et al., 2006). The excess Ba was released from the dissolution of detrital K-feldspar in sandstone layers (Castellini et al., 2006). In this study, the porewater barium concentrations measured at the cores HD109 and HD319 (up to ∼40 μM) are within the range of biogenic barite provenance, suggesting that the dissolved barium at these cores is mainly derived from biogenic barite.
Present-day methane and barium cycle
The sulfate depletion in porewater and the elevated methane concentration at the lower section of the cores HD109 and HD319 indicate the occurrence of sulfate reduction-driven AOM in the shallow sediments of both sites (Figure 2). There is a relatively broad zone (∼600–700 cmbsf) of methane and sulfate co-existence at the core HD109. It is suggested that methane tailing in the sulfate zone may result from incomplete AOM, which may be caused by the dynamic processes of reactive intermediates related to AOM (Dale et al., 2008; Holmkvist et al., 2011).
The porewater profiles of the two cores show a kink-type feature, similar to those observed at other sites in the northern SCS (Yang et al., 2010; Chuang et al., 2013; Feng et al., 2019; Feng et al., 2020; Hu et al., 2019). As the concentrations of the primary dissolved species in porewaters above the kink are close to bottom seawater values, the plausible mechanism for the occurrence of kink-type profiles is probably attributed to seawater intrusion due to hydrological and physical processes (Hensen et al., 2003; Hong et al., 2017). By using a reaction-transport model, the dissolved methane fluxes toward the SMTZ are calculated to be 188.1 mmol m−2 yr−1 for HD109 and 45.5 mmol m−2 yr−1 for HD319, respectively (Table 7). According to the modelling results, ∼90 and 68% of dissolved sulfate are consumed by AOM at cores HD109 and HD319, respectively. Moreover, the simulation results show that the depth-intergrated AOM rates at both cores are about 10–37 times of the in situ methanogenesis rates (Table 7). Hence, the relative contribution ratios of external methane source to the total methane budget are 98 and 91% at cores HD109 and HD319, respectively, indicating that the major part of methane was derived from one or more subsurface reservoirs. A previous study showed that the dissolved gas extracted by headspace from the cores HD109 and a nearby core of HD319 consists only of methane, with δ13C values of CH4 ranging from -101.5‰ to -77.6‰ and from -77.8‰ to -57.8‰ below 100 cmbsf. This indicates that the external methane in the shallow sediments is of microbial origin (Fu, 2005). A comprehensive study indicated that microbial methane is predominant in the passive margin offshore southwestern Taiwan. The permeability of fluid channeling may determine the amount of microbial methane incorporated from shallow depth (Chen et al., 2017).
Profiles of Ba2+ concentration in pore fluids of the cores HD109 and HD319 resemble to those reported at other methane-rich systems, which are considered to be caused by barite precipitation slightly above or at the SMTZ (Torres et al., 1996; Dickens, 2001; Aloisi et al., 2004; Castellini et al., 2006; Snyder et al., 2007a; Snyder et al., 2007b; Vanneste et al., 2013). The modelling results for the data of Ba2+ show that the measured dissolved Ba2+ concentrations are lower than those predicted by the model above the SMTZ (Figure 4). These results indicate Ba2+ has been removed from the pore waters and taken up into the sediments as barite in sulfate-bearing layers above the SMTZ (Vanneste et al., 2013). The modern depth of active authigenic barite generation just above the SMTZ is indicated by minima in porewater Ba2+ (Figure 2). Therefore, the solid-phase Ba front IV at core HD109 may denote an active authigenic barite front (Torres et al., 1996; Vanneste et al., 2013). Additionally, as the sulfate is absent in the pore fluids below the SMTZ, Ba2+ is most likely released after previous barite dissolution (Torres et al., 1996). In this case, there is no Ba front below the current SMTZ at the core HD109 (Figure 3), which confirms the dissolution of barite and release of Ba2+ in dissolved sulfate-free sediments. It is also supported by the modelling results, as the measured dissolved Ba2+ concentrations are higher than those predicted by the model at and below the SMTZ (Figure 4).
It is notable that there are obvious differences in the modelling results and the in-situ analytic results of solid phase POC, headspace CH4, porewater SO42- and Ca2+ (Figure 4). The modeled POC profiles do not match the measured one below ∼50 cmbsf, possibly suggesting a non-steady POC deposition with various POC flux or/and sedimentation rate. The POC flux at sediment surface was often higher in the pre-Holocene period and thus more POC could be deposited at this time (Luo et al., 2015). In addition, the obvious differences between modelled and measured concentrations of CH4 could be attributed to rapid degassing at the time of sampling (Feng et al., 2019, 2020). Since the porewater samples of the core HD109 were collected again for further study at intervals of 20 cm after the cruise, the unusually high SO42- concentrations at the bottom of this core may be caused by the oxidation of dissolved sulfide produced by AOM after core retrieval (Lin et al., 2017). Dissolved hydrogen sulfide and solid-phase iron sulfide could be oxidized quickly to dissolved sulfate under aerobic and anaerobic conditions and lead to decreases in the porewater pH, further causing carbonate dissolution and Ca2+ release (Liu et al., 2019). Therefore, the occurrence of elevated Ca2+ concentrations at the bottom of the core HD109 may result from the dissolution of carbonate in the sediments. Despite some changes in the geochemical composition of pore fluids might occur before analysing the concentrations of major ions and trace elements, the redox zones and the major biogeochemical processes concerned in this study can still be identified according to the measured geochemical data.
Implications for the history of methane seepage
It is suggested that decline in the methane released flux could potentially verified by the formation of paleo-barite fronts located above the current position of the authigenic barite front (Dickens, 2001). Therefore, the diagenetic Ba enrichment is suggested to be useful to quantitatively trace the net downward movement of the SMTZ and the changes in upward methane flux due to its unique accumulation mechanism (e.g., Dickens, 2001; Riedinger et al., 2006; Snyder et al., 2007a; Snyder et al., 2007b; Nöthen and Kasten, 2011; Kasten et al., 2012; Vanneste et al., 2013). The calculation results display that the Ba fronts at both cores have been accumulating since the last ten thousand years, including four episodes for several thousand years. In addition, substantial amounts of authigenic pyrites are also discovered at both cores. Most of the pyrite aggregates are black in color and tubular in shape, which consist of clustered framboids (Lu, 2007; Lin et al., 2017). A paragenetic sequence of pyrite crystal growth was observed at the core HD109, which starts as framboidal pyrite with numerous uniform microcrystals, followed by radial overgrowth, and later formed euhedral crystals (Lin et al., 2017). Three zones of 34S enrichment in authigenic pyrites at the core HD109 (at 170 cmbsf, from 450 to 600 cmbsf, 730 to 765 cmbsf depth) show obvious offsets in respect to the present-day SMTZ, suggesting that these zones reflect the positions of paleo-SMTZ. Pyritization during diagenetic processes was revealed, as overgrowths and euhedral pyrite crystals have much higher δ34S values in comparison with framboids (Lin et al., 2017). Moreover, the δ13C values of bulk carbonate at core HD319 range from -2.04‰ to -0.02‰ and there is a negative excursion of δ13Ccarbonate at the bottom of the core, which suggests the addition of methane-derived authigenic carbonate into the sedimentary inorganic carbon pool within the current SMTZ (Lu, 2007).
In this study, the solid-phase Ba peaks together with the authigenic 34S-enriched pyrite above the present-day SMTZ at the core HD109 both indicate that the sulfidization front was located closer to the seabed in the past (Lin et al., 2017). The uppermost Ba enrichment (Figure 3) implies that the SMTZ was once located at ∼1.5 mbsf in the past. However, the depth distribution of the Ba fronts implies that the SMTZ migrated downward by ∼4 m with time since the most intense methane seepage, leaving behind the accumulation of diagenetic barite. Hence, the estimations in this study suggest that intense methane seepage occurred around the Pleistocene/Holocene transition, then the upward methane flux have decreased episodically in the post-glacial period.
Indeed, because of sediment burial, the Ba fronts formed in the past would move downward subsequently after the downward migration of the SMTZ. Therefore, the “paleo” Ba fronts should have accumulated at shallower depths in the past. Given the sedimentation rates of 10 cm/kyr during MIS1 for core HD109 and HD319 (Chen et al., 2006), the shallowest “paleo” Ba fronts at ∼1.5 mbsf at core HD109 and at ∼3.3 mbsf at core HD319 should locate close to the seafloor when they were accumulating in about ten thousand years ago. Alternatively, the SMTZ may not move downward continuously but rather fluctuated over the sediment layer, given the intermittent characteristics of methane seepage and the possible pulses of upward methane flux in a highly dynamic condition (Lin et al., 2017).
Uranium-series ages of seep carbonates indicated that intensive seep activities intermittently occurred from 144.5 ± 12.7 ka to 11 ka in the northeastern SCS (Tong et al., 2013; Han et al., 2014; Feng and Chen, 2015; Chen et al., 2019; Maoyu Wang et al., 2022). The intensive seepage events occurred either during the times of sea-level lowstands or during the periods of sea-level fall before the LGM (Tong et al., 2013; Han et al., 2014; Yang et al., 2018). Previous studies suggest that gas hydrate decomposed during sea-level lowstands or falling stages due to decreases in hydrostatic pressure, and finally resulted in subsurface methane release and the SMTZ upward movements in the northern SCS (Tong et al., 2013; Han et al., 2014; Li et al., 2016; Lin et al., 2016; Xie et al., 2019). In the post-glacial period, the upward methane flux seemed to decrease significantly on a regional scale (Luo et al., 2015; Lin et al., 2016). However, intense seep activities also took place during the sea-level highstand at time of MIS 5e (133.3–112.7 ka BP) and MIS 1 (since 14 ka BP) (Feng and Chen, 2015; Liang et al., 2017; Chen et al., 2019). An increase in bottom water temperature likely triggerred gas hydrate dissociation and associated methane seepage activities (Chen et al., 2019). Overall, the mechanisms for seepage activity are still under debated. More chronologic data of seep activities, especially the records of seepage during the deglaciation periods, are needed to better understand the forcing affecting seep activity.
In this study, the patterns of authigenic Ba fronts above the present-day SMTZ imply the downward migration of the paleo-SMTZ, while the estimation results suggest that the net decline in methane flux on the lower slope and at the bottom of the Taixinan Basin since about ten thousand years ago. Our modelling result shows that the released methane in shallow sediments was supplied from deeper sources, probably from underlying gas hydrate reservoir (Table 7). A study on a nearby sediment core (973–4) also indicated that the methane release flux had decreased since the last deglaciation, which was likely attributed to the decrease in the scale of gas hydrate decomposition (Zhang et al., 2018). The height of global sea level increased by more than 90 m since this period (Hanebuth et al., 2011). In theory, the rise of sea level led to an enhancement in the hydrostatic pressure and a decrease in the salinity, which further resulted in the thickening of the gas hydrate stability zone and the decline in the upward methane flux under a balanced pressure field (Sloan and Koh, 2007). Previous studies showed that even a moderate sea-level rise (<1 m) might significantly inhibit gas seepage at deep-water depths (>1,000 m) (Hsu et al., 2013; Sultan et al., 2020). In situ seafloor observations at the nearby cold seeps showed that the cold seeps in Jiulong Methane Reef and Haiyang four area were almost dormant at present day (Suess, 2005; Han et al., 2008; Huang et al., 2008; Wang et al., 2018). Therefore, the gradual decrease in upward methane flux on a regional scale is likely related to the stabilization of gas hydrate system in the northern SCS. This study suggest that methane released fluxes in the northeastern SCS are highly variable both in spatial dimension and in temporal dimension, and provide new evidence in the driving mechanism of methane seepage in the post-glacial period.
CONCLUSION
In this study, we identify four intervals with authigenic barite front above the present-day SMTZ and use these Ba fronts to quantitatively track the net downward migration of the SMTZ at cores HD109 and HD319. Based on the estimation of the diffusive Ba2+ fluxes and the excess barium contents, microbial methane seepage probably occurred since about ten thousand years ago. It is proposed that methane seepage is more active during the LGM, inducing the SMTZ close to the seafloor. The upward methane flux then decreased and the SMTZ migrated downward gradually in hundreds to thousands of years in the post-glacial period. Consistent with other studies on the history of cold seep, our finding also imply that the gas hydrate system may be more stable during the post-glacial period in the northern SCS. This new case study indicates that methane seep activities on the northeastern slope of SCS are highly variable, and provides new insights on the evolution of methane seepage in the post-glacial period.
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