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Upward diffusing methane in gas hydrate geological systems is consumed in the sediment and water column by a series of biogeochemical reactions, which not only affect living foraminifera but also lead to early diagenetic alteration of buried foraminiferal tests. Previous studies of the impact of methane release events on fossil foraminifera focused mainly on carbon and oxygen isotopes, with little attention given to other geochemical proxies to date. Here, we examine the test wall microstructure and analyze the elemental and stable carbon-oxygen isotopic compositions of buried foraminifera from gas hydrate-bearing sediments at Site GMGS2-16 in the northern South China Sea. Our results show that diagenetic alteration of foraminiferal tests at Site GMGS2-16 is mainly linked to high-Mg calcite overgrowths. Test δ13C covaries negatively with the degree of diagenetic alteration (based on petrographic characteristics) but positively with Mg/Ca ratios. With increasing diagenetic alteration, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca and Co/Ca also generally increase, but Sr/Ca and Cu/Ca exhibit variable changes. We infer that foraminiferal tests are highly susceptible to alteration by methane-bearing fluids, and that the elemental ratios of diagenetically altered tests are potentially reliable proxies for paleo-methane release events. At Site GMGS2-16, the overall pattern of diagenetic alteration of foraminiferal tests records frequent vertical fluctuations of the sulfate-methane transition zone (SMTZ) caused by variable fluid flux and methane release rates, with two discrete large-scale methane release events having maximum ages of ~0.47 ka and ~170 ka.
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1 Introduction

A large amount of methane is trapped as methane hydrates, dissolved methane and free gas reservoirs in continental margin sediments worldwide. Methane-rich fluids can migrate upwards along faults and fractures, emitting methane back into the hydrosphere and atmosphere, which can have serious impacts on global climate and the biosphere (Dickens et al., 1997; Retallack et al., 1998; Them et al., 2018). Hence, it is of considerable importance to evaluate the character, timing, and drivers of natural past methane release events and explore how to avoid consequent climatic and biotic effects (Miao et al., 2021). Methane-derived authigenic carbonate (MDAC) is regarded as a reliable archive of information about paleo-methane release events, past fluid composition and circulation, and sedimentary redox processes (Peckmann and Thiel, 2004; Feng et al., 2009; Hu et al., 2015; Crémière et al., 2016; Liang et al., 2017; Zhu et al., 2019; Bayon et al., 2020; Schier et al., 2021; Liu et al., 2022). During the upward migration of methane-bearing fluids, steep chemical gradients provide ecological niches for microbial communities mediating the anaerobic oxidation of methane (AOM,  ) in the sulfate-methane transition zone (SMTZ). The production of bicarbonate results in increased pore-fluid alkalinity, inducing precipitation of MDAC at timescales typically in the range of centuries to millennia (Schneider, 2018). Therefore, some short duration paleo-methane release events may fail to leave a carbonate record.

Diagenetically altered foraminifera have been found to preserve post-depositional signals similar to those in MDAC (Torres et al., 2010), and the wider distribution of the former therefore has the potential to yield higher-resolution records of paleo-methane release events. Organic matter in marine sediments is subject to a succession of heterotrophic microbial metabolisms that utilize a depth sequence of electron acceptors, largely in accordance with Gibbs free energy yield: NO3–, Mn(IV), Fe(III), and SO42- (Jørgensen, 2021). When all energetically more favorable terminal electron acceptors have been depleted, organic carbon is mineralized via methanogenesis, causing the accumulation of methane in deeper sediments. Upward diffusing methane will meet the zone of sulfate reduction and AOM occurs. The diagenetic processes not only affect living benthic foraminifera but also lead to diagenetic alteration of buried foraminiferal tests (Millo et al., 2005a; Torres et al., 2010; Panieri et al., 2017; Schneider et al., 2017; Cen et al., 2022). To date, most studies investigating the effect of methane release events on foraminiferal tests have focused on their stable carbon isotopic compositions (Hill et al., 2004; Millo et al., 2005b; Martin et al., 2007; Panieri et al., 2014; Schneider et al., 2017; Sztybor and Rasmussen, 2017; Wan et al., 2018). Additionally, their elemental compositions (e.g., Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, U/Ca, and Al/Ca) (Torres et al., 2010; Schneider et al., 2017; Fontanier et al., 2018; Detlef et al., 2020) may also be influenced by MDAC precipitation. Borrelli et al. (2020) proposed benthic foraminiferal δ34S as a novel tool to identify methane release events in geological records and to indirectly date fossil seeps. Nonetheless, a comprehensive understanding of the influence of early diagenetic processes on the elemental composition of foraminifera awaits the analysis of a full suite of elemental ratios in a suitably designed study.

Here, we undertook a suite of petrographic and geochemical analyses including reflected light microscopy, scanning electron microscope (SEM) imaging, oxygen and carbon isotopic measurements, laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and electron probe microanalysis (EPMA) elemental mapping on foraminiferal tests with varying degrees of diagenetic alteration from gas hydrate-bearing sediments of the northern South China Sea. Our main goal was to investigate the effects of methane release on diagenetic alteration of foraminiferal tests and to refine multiple proxies for recognition of paleo-methane release events in gas hydrate geosystems.




2 Geological setting

The South China Sea (SCS) is one of the largest marginal seas in the western Pacific Ocean (Taylor and Hayes, 1980). On account of the interactive and complex collision among the Eurasian, Pacific and Indian-Australian plates, a series of sedimentary basins, e.g., the Qiongdongnan Basin and Pearl River Mouth Basin, were developed along the northern continental margin of the SCS (Zhu et al., 2009; Morley, 2012). During June to September in 2013, the gas hydrate drilling expedition GMGS2 was conducted by the Chinese Geological Survey (CGS) incorporating with Fugro and Geotek to accurately quantify gas hydrate in the sediment cores and to determine the nature and distribution of gas hydrate within the sedimentary sequence in the Pearl River Mouth Basin (Zhang et al., 2015). The drilling area of expedition GMGS2 was located in the eastern Pearl River Mouth Basin, along the crest of two prominent seafloor ridges (Figure 1), where bottom simulating reflectors and other seismic indicators for widespread gas hydrate and seepage had been recognized (Zhang et al., 2015).




Figure 1 | Location of the study site (GMGS2-16) in the eastern Pearl River Mouth Basin, South China Sea (modified after Zhang et al., 2015).



The study site (GMGS2-16), which is located on the eastern ridge (Figure 1) at a water depth of 871 m, yielded a 230-m-long core. The age framework for site GMGS2-16 was established by combining calcareous nannofossil and planktonic foraminifer datums (Chen et al., 2016a). The oldest sediments recovered are of middle Pleistocene age, younger than ~500 ka. Sedimentation rates since 440 ka have varied from 28 to 62.3 cm/kyr, with a mean rate of 47.4 cm/kyr (Chen et al., 2016a). The logging-while-drilling data indicated the existence of two layers of gas hydrate: an upper hydrate layer, characterized by nodules and fracture-filling hydrates, at a shallow depth (13-29 mbsf), and a lower pore-filling hydrate layer near the bottom simulating reflector (BSR) at depths of 192-222 mbsf (Feng et al., 2015). At this site, porewater sulfate concentrations decline to zero at 13.69 mbsf, indicating a high upward methane flux and a shallow SMTZ (Kuang et al., 2018).




3 Materials and methods



3.1 Sample description and processing

The dominant lithologies of the sediments in this core are dark-green, unconsolidated clayey silt and silty clay. Authigenic minerals including carbonate, pyrite, and gypsum were observed at multiple levels (Gong et al., 2017; Lin et al., 2018; Zhao et al., 2021). For this study, sediment samples were collected from the curated core at the GMGS laboratory in Guangzhou and processed in the State Key Laboratory of Biogeology and Environmental Geology (BGEG) at China University of Geosciences in Wuhan (CUG). Fifty-seven core samples, each representing a quarter-section of the drillcore having a volume of 10-15 cm3, were collected, weighed, and stored in a freezer prior to analysis. For each sample, a ~10 cm3 aliquot was dried at 40 °C for 24 hours in an air-dry oven and re-weighed to determine moisture-free sample weight. This aliquot was then rinsed using distilled water, sieved through 150 μm, 65 μm and 30.8 μm sifters. In the process of sieving, the sample was ultrasonicated in distilled water for 30 s to remove clay minerals and detrital materials sticking to the foraminiferal tests. For each sample, the three size fractions were air dried at a temperature of 40 °C, and then stored separately after weighing.




3.2 Petrography

All particles with size of larger than 150 μm were examined using a binocular microscope (Carl Zeiss Stemi 2000-C). Foraminiferal samples were grouped into four classes (pristine, weakly altered, moderately altered, and strongly altered; Figure 2) according to their degree of diagenetic alteration following the approach of Schneider et al. (2017). Well-preserved pristine tests are optically smooth with high reflectance and transparency, and primary test features such as chambers, sutures and pores are easily observed. Weakly altered tests are translucent or white in color with decreased reflectance and transparency, but still have prominent morphological features. Moderately altered tests appear white or yellow with both translucent and opaque areas. Strongly altered tests appear yellow to dark brown in color, low reflectance and transparency with an opaque test wall, a ‘frosty’ texture, and obscured morphological features. In order to determine the frequencies of the various diagenetic alteration stages, all foraminiferal specimens larger than 150 μm in each core sample were assigned to one of these four categories and tallied. Given their relatively greater abundance, three foraminiferal species were chosen for geochemical measurements: the planktic taxa Globorotalia menardii and Neogloboquadrina dutertrei, and the benthic taxon Uvigerina peregrina.




Figure 2 | SEM images of foraminiferal tests representing a range of diagenetic alteration (DA) stages. Whole test, exterior wall, and wall cross-section views for G. menardii (A1-B5), N. dutertrei (C1-D5), and U. peregrina (E1-F5). Authigenic pyrite framboids inside the test chamber (G 1-2), and authigenic gypsum growing on the exterior wall (G3-4).






3.3 Scanning electron microscopy

Representative foraminiferal tests of each species (i.e., G. menardii, N. dutertrei, and U. peregrina) at each diagenetic alteration stage (as determined by reflected-light microscopy) were selected from seven core samples and further tested using SEM and elemental analysis (Table 1). The seven core samples cover the intervals containing authigenic carbonate nodules above (GMGS2-16B-1H-1a, 0.23 mbsf), within (GMGS2-16D-2H-1, 10.83 mbsf), and below (GMGS2-16F-6H-1, 50.47 mbsf; GMGS2-16D-8H-1, 92.32 mbsf; GMGS2-16H-4H-1b, 164.68 mbsf) the current SMTZ (the bottom boundary is at 13.69 mbsf) (Kuang et al., 2018), as well as some intervals where no authigenic carbonate nodules are present (GMGS2-16F-2P-CC, 20.52 mbsf; GMGS2-16F-5H-2, 40.92 mbsf), with the aim of achieving a comprehensive understanding of the influence of diagenetic processes on foraminiferal geochemistry.


Table 1 | Overview of the analytical techniques for each sample.



We selected foraminiferal tests of the same species that had approximately equal shell size in order to limit the size dependency of the shell chemistry (Friedrich et al., 2012). The selected specimens were then cleaned ultrasonically with methanol for 10 s to remove clay minerals and other particles, with repeated rinses performed until visible discoloration was absent. Then each specimen was mounted in epoxy resin and polished down to yield a cross-section view for the purpose of studying its internal structure. SEM observation and imaging were conducted on whole and polished specimens of tests using a Hitachi SU8010 SEM in high-vacuum mode, with a beam voltage of 10-20 kV, at the State Key Laboratory of BGEG (CUG-Wuhan).




3.4 Geochemical analyses

Foraminiferal δ13C and δ18O were measured using a Gas Bench coupled with a Thermo Finnigan MAT 253 at the Oxy-Anion Stable Isotope Consortium (OASIC) in the Department of Geology & Geophysics, Louisiana State University. Each isotopic sample contained 2-3 foraminiferal tests to generate sufficient material for measurement. Samples were loaded into 12 mL Labco Exetainer vials and left in an oven for 12-24 h at 75 °C, then were sealed with Labco septa and flushed with 99.999% helium and manually acidified at 72°C. The carbon dioxide analytic gas was isolated via gas chromatography, and water was removed using a Nafion trap prior to introduction into the stable isotope mass spectrometer fitted with a continuous flow interface. Isotopic results are expressed in the delta notation as per mille (‰) deviations from the Vienna-Pee Dee Belemnite (VPDB) standard. Precision was routinely < 0.06 ‰ for δ13C and < 0.08 ‰ for δ18O.

LA-ICP-MS was performed on polished cross-sections of the selected tests. The isotopes of 24Mg, 27Al, 43Ca, 51V, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 88Sr, 97Mo, 137Ba, 238U were measured along the laser profile tracks. Analyses were measured using an integrated in situ laser ablation (COMPexPro 102 ArF 193 nm excimer laser; Coherent GeoLasPro) and ICP-MS (Agilent 7900) system at the Sample-Solution Analytical Technology Co. in Wuhan, China. The spot size and frequency of the laser were set to 44 μm and 5 Hz, respectively. Internal standard-independent calibrations followed the procedure of Chen et al. (2011). Each test session analyzed 50 sample spots, with measurement of a standard (NIST 610) for drift correction after every fifth sample. A series of standard materials were measured before (NIST610, BHVO-2G, BIR-1G, BCR-2G, MACS-3, and MACS-3 in order) and after (same measured in reverse order) the session to set a calibration curve. Each spot analysis incorporated an initial <5 s wash-out time then ~20 s background acquisition, followed by a ~50 s sample-data acquisition interval. ICPMSDataCal (version 10.8) software was used to calculate and calibrate off-line data (Liu et al., 2008). For each sample, the reported Element/Ca ratios were calculated by averaging 15-25 measurements (5 laser spots per specimen, 3-5 specimens per sample) to reduce the impact of natural geochemical heterogeneity in foraminiferal tests (Rathmann et al., 2004). The signals of Mn and Al were used to monitor clay contamination, and any specimens with values above 1 mmol/mol (Mn/Ca) or 0.25 mmol/mol (Al/Ca) were removed from the dataset (Skinner et al., 2019).

To study the spatial cross-sectional distribution of Mg in the altered specimens, EPMA elemental mapping were obtained with a JEOL JXA-8230 electron microprobe at the Sample-Solution Analytical Technology Co. in Wuhan, China. Operation conditions were 15 kV acceleration voltage and 20 nA beam current with 1 μm beam diameter. Standards were natural minerals from international suppliers. Before measuring elemental concentrations, optical microscope and SEM images were taken to assess diagenetic alteration and assist in selecting sampling points.

Pairwise correlations among foraminiferal elemental proxies measured by LA-ICP-MS were tested using Pearson correlation coefficients. To test differences in the mean elemental contents of foraminiferal tests, a Student’s t-test was performed for sample pairs.





4 Results



4.1 Foraminiferal preservation and petrography

Petrographic observation of the core samples using reflected light microscopy revealed that both planktonic and benthic foraminiferal tests exhibit diagenetic alteration features. Each foraminiferal specimen was assigned to one of four categories: pristine, weakly altered, moderately altered, or strong altered (Figure 2). For each core sample, the number of tests assigned to each category was tabulated (Appendix 1). Altered foraminiferal tests are present through nearly the full drillcore, at depths ranging from 0.23 to 205.82 mbsf. The samples yielding the highest percentage of altered tests (>30%) are at depths of 10.83 and 92.32 mbsf, but a larger number of samples contain at least 10% altered tests, including those at 16.65, 22.08, 50.47, and 164.68 mbsf. The samples containing the fewest altered foram tests (<1%) are at 25.73, 29.91, 59.48, 109.75, 148.63-154.63, 172.93, 179.67, 192.46, and 205.82 mbsf. The intensity of diagenetic alteration is variable, e.g., the sample at 10.83 mbsf is dominated by moderately altered tests and the sample at 22.08 mbsf by weakly altered tests. There is no systematic downhole increase in the intensity of diagenetic alteration at site GMGS2-16, challenging the conventional view that diagenetic intensity correlates with burial depth (Schlanger and Douglas, 1974).

SEM microscopy was used to identify various alteration features, including dissolution, overgrowth, and recrystallization (Edgar et al., 2015). SEM imaging reveals that the foraminiferal tests exhibit a range of diagenetic features, including overgrowths of coarse inorganic crystallites, without recrystallization and dissolution. As shown in Figure 2, the internal and external wall surfaces of pristine tests are smooth and free of infilling and overgrowths, pores are unplugged, and wall cross sections are homogeneous with a well-defined outline (Figures 2A2–F2). In contrast to pristine tests, altered tests reveal a fine (~1-30 µm thick) layer of calcite crystals on the tests (Figures 2A 3–F5). The secondary calcite crystals encrust interior and/or exterior test surfaces as well as fill in pores, resulting in a reduction in pore size until complete infilling is achieved. The euhedral crystals grow perpendicular to test walls and are typically much larger than primary foraminiferal biogenic crystals, making them easily identified by SEM. Furthermore, authigenic pyrite (Figures 2G1–2) and gypsum (Figures 2G3–4) were also found inside and outside test chambers.




4.2 Stable isotopic compositions

The pristine and altered tests exhibit significantly different carbon isotopic compositions. The pristine tests of G. menardii, N. dutertrei and U. peregrina exhibit δ13C values ranging from +1.53 ‰ to +1.66 ‰, +1.21 ‰ to +1.83 ‰, and –0.75 ‰ to –0.31 ‰, respectively (Figure 3, Table 2, Appendix 2). In contrast, foraminiferal tests of G. menardii, N. dutertrei and U. peregrina with variable diagenetic alteration stages have δ13C values ranging from –1.52 ‰ to +1.59 ‰, –8.99 ‰ to +1.32 ‰ and –7.72 ‰ to –0.95 ‰, respectively. As can be seen from Figure 3 and Table 2, with the increase of diagenetic alteration, the range of carbon isotopes tends to be wider and the boundary values of the range as well as the average δ13C value of both planktonic and benthic foraminiferal tends to be more negative.




Figure 3 | Carbon and oxygen stable isotopes of foraminiferal tests at variable diagenetic alteration stages. The squares, circles, and triangles represent the taxa G. menardii, N. dutertrei and U. peregrina, respectively; black, green, orange and blue represent pristine, weakly altered, moderately altered, and strongly altered tests, respectively.




Table 2 | Overall range and average value of carbon and oxygen stable isotopes for samples with weak, moderate, and strong diagenetic alteration.



The oxygen isotopic compositions of the pristine and altered tests do not differ as significantly as the carbon isotopic composition. The δ18O values of pristine tests are less variable ranging from –0.57 ‰ to –0.30 ‰ for planktonic foraminifera (G. menardii and N. dutertrei) and +2.63 ‰ to +3.68 ‰ for benthic foraminifera (U. peregrina) (Table 2). On the other hand, the foraminiferal tests of planktonic and benthic foraminifera with variable diagenetic alteration stages have δ18O values ranging from –1.70 ‰ to +0.40 ‰ and +2.10 ‰ to +3.76 ‰, respectively. With the increase of diagenetic alteration, the average values of δ18Oplanktonic reveal a slight positive bias, while the average values of δ18Obenthic exhibit no significant variation.




4.3 Elemental compositions

EPMA maps of G. menardii and N. dutertrei serve to investigate the spatial variability of Mg/Ca in strongly altered tests (Figure 4). SEM images of a single sample reveal isolated calcite crystal overgrowth on the test wall cross-section (Figures 4A–C). The EPMA maps demonstrate clear Mg enrichment in the authigenic overgrowths. The highest Mg concentrations of the carbonate crystals encrusting on the outside and/or inside of the foraminiferal tests can reach up to 4.8 wt%, which is 4-10 times higher than the Mg content of the biogenic low-Mg calcite of the original test (Figures 4B–D).




Figure 4 | SEM images of foraminiferal wall cross-section and Mg (intensity) EPMA map of G menardii (A, B) and N. dutertrei (C, D).



In addition, LA-ICP-MS analyses were utilized to determine the elemental compositions of foraminiferal tests Appendix 3. Boxplots reveal the overall distributions of elemental ratios of foraminiferal tests at each diagenetic alteration stage (Figure 5). In general, Mg/Ca, V/Ca, Mn/Ca, Fe/Ca, Co/Ca, Cu/Ca, Ba/Ca, and U/Ca ratios increase strongly with the degree of diagenesis, Al/Ca, Ni/Ca, and Mo/Ca ratios increase moderately, and there is no significant change in Ni/Ca, Sr/Ca, and Cd/Ca ratios. Particularly noteworthy is the order-of-magnitude increase in Mg concentrations (Figure 5), yielding Mg/Ca values ranging from 0.85 for unaltered tests to 69.8 mmol/mol for strongly altered tests. For comparison, an earlier study reported Mg/Ca of 0.5 to 5 mmol/mol and 0.5 to 10 mmol/mol in pristine planktonic and benthic foraminifera, respectively (Lea, 2003).




Figure 5 | Boxplots of Element/Ca of foraminiferal specimens measured by LA-ICP-MS and tabulated according to degree of diagenetic alteration: pristine (black), weakly altered (green), moderately altered (orange), and strongly altered (blue).







5 Discussion



5.1 Influence of diagenesis on foraminiferal tests

Based on petrographic evidence, diagenetic alteration of foraminiferal tests at Site GMGS2-16 is mostly due to calcite overgrowths (Figure 2). The secondary calcite crystals encrust test surfaces and fill test pores, leading to changes in the visual characteristics of the tests. With increased amounts of secondary calcite deposited on internal and/or external test surfaces and within pores, the color of foraminiferal tests changes to yellow or gray, the reflectance and transparency of the tests are reduced, and test walls start to display a ‘frosty’ texture.

Precipitation of inorganic calcite can alter the original geochemical composition of a foraminiferal test (Edgar et al., 2015). In a methane release environment, authigenic carbonate acquires substantial carbon from methane, which has a strongly 13C-depleted signature (–110 ‰ to –50 ‰ for biogenic methane, and –50 ‰ to –30 ‰ for thermogenic methane), resulting in extremely low δ13C values for MDAC (Whiticar, 1999; Chen et al., 2016b; Liang et al., 2017). MDAC precipitation can overprint the isotope signal of the pristine biogenic test, leading to bulk-test δ13C values of –10 ‰ or lower (Torres et al., 2010). The authigenic carbonates of the study site precipitated in irregular clumps having extremely negative δ13C (–37.3 ‰ to –51.7 ‰) and positive δ18O values (+3.13 ‰ to +4.95 ‰), which is typical of MDAC (Zhao et al., 2018). We infer that methane release also caused secondary calcite precipitation on foraminiferal tests, leading to strongly negative δ13C values (as low as −8.99‰) and weakly positive δ18O values. Compared with the planktonic foraminiferal taxa, the δ18O of the benthic taxon U. peregrina was less affected by MDAC precipitation, probably because the original oxygen isotopic composition of U. peregrina tests was similar to that of the secondary calcite.

Elemental compositions also provide evidence of diagenetic alteration due to methane release. Mg-rich carbonates having low δ13C values are known to dominate in cold-seep settings (Schneider et al., 2017). In the vicinity of methane seeps, the Mg/Ca ratio of carbonate overgrowths on foraminiferal test walls can be as high as 220 mmol/mol, while the Mg/Ca ratio of the original test calcite is <10 mmol/mol (Panieri et al., 2017). As the degree of diagenetic alteration increases, Mg/Ca ratios rise and δ13C declines, providing evidence of concurrent incorporation of Mg and 13C-depleted carbon into secondary precipitates. This pattern is observed in the present study, in which Mg/Ca ratios are significantly negatively correlated with δ13C (R2 = 0.32, p < 0.001, n = 51) (Figure 6A).




Figure 6 | (A) Mg/Ca vs. δ13C for various diagenetic alteration stages. (B) Sr/Ca vs. Mg/Ca for various diagenetic alteration stages. Endmember compositions of aragonite, high Mg-calcite, biogenic calcite, and the detrital fraction (black crosses), along with mixing trends (dashed curves) from Bayon et al. (2007).



Authigenic carbonate minerals precipitated in cold-seep systems include high-Mg calcite, aragonite, and dolomite (Greinert et al., 2013). The mineralogy of carbonate assemblages can be recognized by Sr/Ca versus Mg/Ca covariation patterns, as shown for Niger Delta sediments influenced by methane seepage (Figure 6B; Bayon et al., 2007). In the present study, pristine foraminiferal samples yield Sr/Ca and Mg/Ca ratios typical of biogenic calcite, whereas altered tests yield signals reflecting a mixture of biogenic calcite and high-Mg calcite (Figure 6B). With increasing diagenetic alteration, the average composition of the tests more closely approaches that of high-Mg calcite, indicating that it is the dominant secondary phase. Panieri et al. (2017) found that foraminiferal calcite and authigenic Mg-calcite crystals have identical lattice fringes, and, therefore, that foraminifera can serve as a nucleation template for authigenic Mg-calcite overgrowths.

The stratigraphic distribution of diagenetically altered foraminiferal tests at Site GMGS2-16 does not follow a regular pattern of increasing intensity with depth. Rather, there is a close association between intensely altered tests and authigenic carbonate nodules, which are present at 4.68, 10.83, 92.32, 140.18, 148.63, 149.67, 164.68, 192.46, and 205.8 mbsf (Figure 7). The percentage of altered foraminifera is obviously correlated with the content of carbonate nodules in these core samples (Zhao et al., 2018) (y = 1.18x + 17.39, R2 = 0.35, p = 0.04, n = 11). The most likely explanation for this relationship is that formation of MDAC nodules and high-Mg calcite overgrowths on foraminifera was triggered by the same cause, i.e., a methane release event. However, diagenetically altered foraminifera are also present in intervals without authigenic carbonate nodules, such as at 50.47-69.68, 120.81-144.18, and 180.96-189.66 mbsf (Figure 7). We infer that this pattern is due to the high sensitivity of foraminiferal tests to methane, leading to secondary overgrowths at lower methane concentrations and/or during shorter periods of peak methane flow compared to MDAC precipitation.




Figure 7 | The distribution of foraminiferal tests by degree of diagenetic alteration (DA; this study), compared with the distribution and carbon isotope of carbonate nodules (Zhao et al., 2018) at Site GMGS2-16.



Compared to the Sr/Ca of pristine foraminiferal tests (1.1-1.5 mmol/mol), the altered tests yield slightly higher values (1.1-2.1 mmol/mol), suggesting a limited increase in response to diagenetic alteration (Figure 6B). For primary carbonate phases, aragonite is typically enriched in Sr by a factor of 3-10× relative to calcite (Katz et al., 1972). In the methane release environment, aragonite is more inclined to precipitate near the sediment-water interface while calcite tends to form at greater depth, because the sulfate inhibition effect on calcite is stronger than on aragonite (Luff and Wallmann, 2003; Goetschl et al., 2019; Jin et al., 2021). Although cold seeps with high methane fluxes and, thus, shallow SMTZs are commonly characterized by aragonite precipitation (Burton, 1993; Bayon et al., 2007; Peckmann et al., 2009; Nöthen and Kasten, 2011), increases in both the Mg and Sr content of the study samples suggest precipitation of a secondary Mg-calcite phase that is enriched in Sr. During early diagenesis, aragonite can be replaced by more stable carbonate species, leading to Sr/Ca ratios above typical values for pristine calcite tests (Detlef et al., 2020). Sr enrichment may also be related to distortion of the calcite crystal lattice due to incorporation of Mg2+, generating more space for relatively large Sr2+ cations (Mucci and Morse, 1983).

Cu was co-enriched with Mg, as shown by its positive correlation with Mg/Ca (R2 = 0.38, p < 0.001, n = 60; Figure 8A). It is well known that Cu plays a central role in the metabolism of aerobic methane-oxidizing bacteria. When Cu is abundant, methanotrophic bacteria produce a membrane-bound Cu-containing enzyme (particulate methane mono-oxygenase) that catalyzes the oxidation of methane to methanol (Glass and Orphan, 2012). Near the sediment-water interface, methane oxidation can be catalyzed by Cu-dependent aerobic methane-oxidizing bacteria, which may account for the high Cu contents of a few Sr-rich foraminiferal tests (e.g., the diagenetically altered test of U. peregrina from sample GMGS2-16B-1H-1a).




Figure 8 | (A–I) Correlations of LA-ICP-MS foraminiferal elemental ratios. The samples are coded according to diagenetic alteration stage: pristine (black), weakly altered (green), moderately altered (orange), and strongly altered (blue).



Foraminiferal Ba/Ca is positively correlated with Mg/Ca ratios (R2 = 0.55, p < 0.001, n = 63) (Figure 8B). In the methane release environment, porewater Ba concentrations increase below the depth of sulfate depletion, and the consequent upward flux of dissolved Ba is almost quantitatively precipitated as authigenic barite at the SMTZ (Torres et al., 2002; Snyder et al., 2007). Carbonate samples from the Oregon Margin and foraminiferal samples from fossil methane seeps exposed from Oregon to Vancouver Island also show a trend of increasing Mg and Ba, consistent with barium incorporation into Mg-carbonates formed in methane-charged sediments (Torres et al., 2009; Torres et al., 2010).

Mn/Ca and Fe/Ca ratios also exhibit distinct increases from pristine to strongly altered tests. In the latter, Fe is the second most abundant cation with the Fe/Ca ratios of up to 4.6 mmol/mol, while Mn/Ca ratios are up to 0.49 mmol/mol. LA-ICP-MS results show a significant difference in the median values of Mn/Ca and Fe/Ca ratios in the moderate and strongly altered foraminifera compared with the pristine tests and positive correlations of Mn/Ca and Fe/Ca with Mg/Ca (R2 = 0.31, p < 0.001, n = 63; R2 = 0.25, p < 0.001, n = 63, respectively) (Figures 8D, E). However, the presence of Fe-Mn-oxides and pyrite in foraminiferal tests can bias LA-ICP-MS analyses of Mn/Ca and Fe/Ca. Since the cleaning process applied in this study may not completely eliminate detrital materials, Al/Ca and Mn/Ca were monitored to identify possible contamination from clays, silicate minerals, and Mn-Fe-oxide coatings (Lea, 2003). Specimens with values above 1 mmol/mol Mn/Ca or 0.25 mmol/mol Al/Ca (n.b., thresholds from Skinner et al., 2019) were removed from the dataset before statistical calculations to avoid potential effects linked to clay contamination. In the screened dataset, Al/Ca shows little correlation with Mg/Ca (R2 = 0.08, p < 0.001, n = 63) (Figure 8C), supporting our inference of limited effects from detrital materials. On the other hand, if all foraminiferal Mn was derived from Mn-Fe-oxides, a Mn/Mg ratio close to that of global-ocean Mn-Fe-oxide crusts/nodules of 5 mol/mol would be expected (de Lange et al., 1992; Pattan, 1993). However, all of the study specimens have much lower Mn/Mg ratios (0.7-155 mmol/mol), suggesting that Mn-Fe-oxides are not an important contaminant phase.

SEM images of foraminifera from both above and below the SMTZ at Site GMGS2-16 demonstrate the presence of pyrite framboids within the foraminiferal tests, suggesting co-precipitation of authigenic carbonates and pyrite. The AOM reaction can lead to the production of pyrite (Lin et al., 2016). Authigenic pyrite framboids form in the spaces between calcite microcrystals of the overgrowths (Figures 2G1–2) and are not easily removed during cleaning processes, resulting in Fe contamination. Moreover, in the AOM process, anaerobic methanotrophic archaea (ANME) require large amounts of iron (Glass and Orphan, 2012), which can lead to further Fe enrichment of diagenetically altered foraminiferal tests.

The concentrations of trace elements such as Mo, U, V, Ni, Cd and Co are very sensitive to environmental conditions in siliciclastic depositional systems (Tribovillard et al., 2006; Guo et al., 2013; Wang et al., 2018). At Site GMGS2-16, significant differences in the medians of Mo/Ca, U/Ca, V/Ca, and Co/Ca are observed between moderately and strongly altered foraminifera (Figure 5). In addition, these Element/Ca ratios are significantly positively correlated with Mg/Ca (R2 = 0.36, n = 50; R2 = 0.56, n = 63; R2 = 0.69, n = 62; R2 = 0.22, n = 57, respectively; all p < 0.001) (Figures 8F–I). On the other hand, Ni/Ca and Cd/Ca show little relationship to the degree of diagenetic alteration, although this might be related to the lack of data for more than half of the samples in which the trace-element content is below the detection limit. The enrichment of these redox-sensitive elements in methane-derived carbonates compared to other types of marine carbonates has previously been ascribed to the ubiquitous presence of anoxic conditions in the methane release environment (Tribovillard et al., 2006; Palomares et al., 2012; Sato et al., 2012; Hu et al., 2015; Chen et al., 2016b). Moreover, in addition to iron, other transition metals (Co, V, Mo) have been identified in proteins and enzymes involved in the metabolism of sulfate-reducing bacteria or methanogenic and methanotrophic archaea (Scheller et al., 2010; Glass and Orphan, 2012; Glass et al., 2014; Glass et al., 2018), which may account for the enrichment of these elements in the sediment.




5.2 Diagenetic processes and implications for paleo-methane release events

In this study, our results show that stable carbon and oxygen isotopes as well as elemental ratios (Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca, Co/Ca and Cu/Ca) measured in the foraminiferal tests are consistent with those of MDAC reported in earlier studies (see Section 5.1). Changes in geochemical compositions can provide valuable information, as they record fluid sources and biogeochemical processes during and after methane release.

Dissolved inorganic carbon (DIC) produced during AOM is typically characterized by highly 13C-depleted carbon derived from methane (Haese et al., 2003; Yoshinaga et al., 2014), yielding extremely low δ13C values. Variation in the elemental compositions of MDAC formed in various depositional environments is closely related to the dynamics of methane release (Feng et al., 2009).

Diagenetically altered foraminiferal tests from sample GMGS2-16B-1H-1a (0.23 mbsf), record extremely negative δ13C values and enrichments in Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca, Co/Ca and Cu/Ca (Figure 9). This sample is located near the sediment-water interface, above the present SMTZ. In this sample, gypsum occurs on the exterior wall of foraminiferal test (Figure 2G3), indicating downward migration of the SMTZ, a process that caused anaerobic pyrite oxidation and gypsum formation at the previous (higher) level of the SMTZ. As mentioned above, aragonite precipitation is favored when the SMTZ is located at shallower depths, in response to a methane release event having high flow rates (Peckmann et al., 2001; Moore et al., 2004; Gieskes et al., 2005; Nöthen and Kasten, 2011; Hu et al., 2015; Jin et al., 2021). Overgrowth of Sr-enriched Mg-calcite possibly reflects recrystallization of primary aragonitic phases. Near the sediment-water interface, methane oxidation can be catalyzed by Cu-dependent aerobic methane-oxidizing bacteria, resulting in a concomitant increase in the contents of both Sr and Cu (Glass and Orphan, 2012). The foraminifera from sample GMGS2-16D-8H-1 (92.32 mbsf) have similar geochemical compositions (Figure 9) and contain gypsum (Figure 2G4), which may be evidence of another methane release event from near the sediment-water interface. Samples GMGS2-16D-2H-1 (10.83 mbsf), GMGS2-16F-6H-1 (50.47 mbsf) and GMGS2-16H-4H-1b (164.68 mbsf) show similar extremely negative δ13C values and enrichments in Mg/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca and Co/Ca, suggesting that a high-Mg calcite contaminant formed in the deeper SMTZ in association with low rates of methane-bearing fluid flow (Luff and Wallmann, 2003; Feng et al., 2009).




Figure 9 | Sulfate (A) (Kuang et al., 2018) and elemental-ratio (B–L) profiles for Site GMGS2-16. The samples are coded according to diagenetic alteration stage: pristine (black), weakly altered (green), moderately altered (orange), and strongly altered (blue). Error bars represent one standard deviation. The yellow lines show the depth of the current sulfate-methane interface (SMI; i.e., where porewater sulfate declines to zero).



We infer that Mg enrichment of diagenetically altered foraminifera coupled with increases in Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca, Co/Ca and Cu/Ca ratios are potentially reliable indicators of paleo-methane release events. Furthermore, the main differences in elemental compositions of authigenic carbonate formed near the seafloor versus in deeper anoxic porewaters are higher concentrations of Cu and Sr in the former. For this reason, enrichments of Cu/Ca and Sr/Ca in diagenetically altered foraminiferal tests may be used to recognize intense upward methane fluxes within the sediment column.

Determining the timing of methane release events using stratigraphic data is difficult because the SMTZ can migrate vertically through the sediment column, leading to precipitation of MDAC overgrowths on foraminiferal tests at times younger than their stratigraphic ages. When a high methane flux produces a shallow SMTZ, the formation of secondary overgrowths can be considered quasi-synsedimentary, but otherwise the stratigraphic age of MDAC represents a maximum formation age. At the study site, stratigraphic ages were calculated by linear interpolation from the age framework established by Chen et al., 2016a. The two documented methane release events at 0.23 mbsf and 92.32 mbsf thus have maximum ages of ~0.47 ka and ~170 ka, respectively.

Based on the observations and analyses of foraminifera from Site GMGS2-16, a potential mechanism for diagenetic alteration of buried foraminiferal tests linked to the gas hydrate geosystem is proposed (Figure 10). When gas hydrates are in a stable state, there is no unusual methane emission, and the geochemical compositions of foraminifera record the original (i.e., unaltered) signal of normal marine conditions (Figure 10A; sample GMGS2-16F-2P-CC and GMGS2-16F-5H-2). During a high methane flux event, methane is transported further towards the sediment-water interface, shifting the SMTZ upward and compressing it into the uppermost sediment column (Figure 10B; sample GMGS2-16B-1H-1a and GMGS2-16D-8H-1). The authigenic carbonates (mainly Sr-enriched Mg-calcite) with extremely negative δ13C values and enrichments in Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca, Co/Ca and Cu/Ca, are co-precipitated with pyrite in the SMTZ near the seafloor. When the methane flux is subsequently reduced, the SMTZ migrates back downward to a greater depth in the sediment column (e.g., similar to the depth of the current SMTZ at the study site). In this scenario, authigenic pyrites and carbonates (mainly high-Mg calcite) formed in anoxic porewaters are characterized by extremely negative δ13C values and enrichments in Mg/Ca, Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca and Co/Ca. In the upper part of the sediment column, carbonate and pyrite precipitated before the downward shift of the SMTZ are converted to authigenic gypsum through anaerobic pyrite oxidation (Figure 10C; samples GMGS2-16D-2H-1, GMGS2-16F-6H-1, and GMGS2-16H-4H-1b).




Figure 10 | Schematic of post-depositional alteration of buried foraminiferal tests in a gas hydrate geosystem (modified from Kennett et al., 2000). (A) Gas hydrates are in a stable state, and the geochemical compositions of foraminifera record the original signal of the normal marine conditions. (B) During a high methane flux event, methane is transported further toward the sediment-water interface, shifting the SMTZ upward and compressing it into the uppermost sediment column. Authigenic carbonates are co-precipitated with pyrite in the SMTZ near the seafloor, causing foraminiferal shells buried in this interval to be coated with MDAC, along with some framboidal pyrite interspersed between carbonate crystals. (C) Subsequent reduction of the methane flux causes the SMTZ to migrate back downward within the sediment column. Authigenic pyrite and carbonate form in the active SMTZ, whereas pyrite precipitated in the upper part of the sediment column before the downward SMTZ shift are converted to authigenic gypsum through anaerobic pyrite oxidation, which also leaves traces on foraminiferal shells. Cc, carbonate; Py, pyrite; Gy, gypsum.







6 Conclusions

In this study, we used a suite of petrographic and geochemical analyses (including reflected light microscopy, SEM imaging, oxygen and carbon isotopic measurements, LA-ICP-MS, and EPMA elemental mapping) to study foraminiferal tests from gas hydrate-bearing sediments of the northern South China Sea that exhibit varying degrees of diagenetic alteration. Our goals were to make inferences on the post-burial alteration processes affecting foraminiferal calcite caused by methane release. Our results are consistent with diagenetically altered foraminiferal tests acting as a template for MDAC precipitation. The δ13C values and Mg/Ca ratios of tests are susceptible to diagenetic alteration. There is a negative correlation between δ13C values and the degree of diagenetic alteration, but a positive correlation with Mg/Ca ratios. This may be related to the relative contribution of Mg-calcite, which has a strongly negative δ13C value, to bulk foraminiferal carbonate. The elemental content of diagenetically altered foraminifera can be used to reconstruct methane release history. We infer that enrichments in Mg along with increased Ba/Ca, Mn/Ca, Fe/Ca, Mo/Ca, U/Ca, V/Ca, Ni/Ca and Co/Ca ratios are potentially reliable indicators of paleo-methane release events. Furthermore, enrichments of Cu/Ca and Sr/Ca may be used to recognize episodes of intense methane flux. Reconstruction of the methane release history of Site GMGS2-16 reveals that diagenetically altered foraminifera record frequent fluctuations of the SMTZ, indicating a variable methane flux intensity. Notably, the methane release events have maximum ages of ~0.47 ka and ~170 ka.
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