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Despite the pivotal role of deep-sea in the global climate system, effective technology is still limited for reconstructing the key parameters of deep-sea environment such as temperature and acidification, especially at the hundred-year scale. In this study, we assessed the robustness and reliability of using bivalve shells in reconstructing cold seep environments. A significant heterogeneous distribution of trace elements was observed in the shells of clams and mussels from Formosa and Haima cold seeps even if they were collected from the same site, which was caused mainly by the environmental variables rather than physiological characters. The results of the principal component analysis revealed different trace elements ratios in the shell were associated with seepage. In particular, Sr/Ca was identified as a reliable proxy for temperature reconstruction, which performed better than oxygen isotopes. Na/Ca and U/Ca are potential proxies for cold seep acidification, but further validation is needed before their practical application. The age bias using the U-series dating method resulted from high 232Th and low initial 230Th/232Th rather than from alpha-recoil processes. The median ages assigned to mussels from the F and Haima cold seeps were 229.5 and 323.5 years, respectively. The lifespan of clams from the Haima cold seep was too short to date accurately. We proposed to conduct feasibility verification and error correction to enhance the method performance in reconstructing the hundred-year evolution of cold seep environment in the South China Sea.
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Graphical Abstract | (a) mussels Gigantidas platifrons collected from the Formosa site (b) mussels Gigantidas haimaensis collected from Haima site are benthic species while (c) clams Archivesica marissinica collected from Haima site is burrowing species.






1 Introduction

The deep-sea, as an important part of the global climate system, profoundly impacts on ocean cycling, carbon storage, and climate regulation (Wang et al., 2021; Chen et al., 2023; Lu et al., 2023; Mashayek et al., 2024). By 2020, global temperature has already been 1.7 ± 0.1°C higher than preindustrial levels, which is anticipated to reach 2°C by the end of 2020s (McCulloch et al., 2024). As a result, the heat content inevitably increases in the polar zone and deep sea, which in turn causes a rise in the local sea level (Biló et al., 2024). However, research on deep-sea warming is still limited because current observation data from satellites or high-frequency radar are concentrated mainly in shallow sea areas. Even on the continental shelf, it is difficult to observe the temperature data via satellites or high-frequency radar, especially in the deep sea under several thousand meters. Moreover, it is challenging to conduct long-term continuous observations via current instruments due to the complex environment such as high pressure, low temperature, and seawater corrosion. To date, technologies for reconstructing the continuous long-term evolution of deep-sea temperatures are highly needed.

The foraminifera shell in the sediment has been used to reconstruct paleotemperature via isotope analysis and trace element analysis (Groeneveld et al., 2019). Using this method, the deep-sea temperatures could be measured for the first time over the past 1, 200 years (Lu et al., 2023). Foraminifera can only be used to trace environmental changes over thousands or millions of years, left powerless in studying detailed change over hundreds of years. This is attributed to slow sedimentation as the foraminifera obtained at different depths can be thousands of years apart. For example, the depth intervals of less than 50 cm in a sediment core in an Arctic cold seep represents nearly 2000 years apart (Yao et al., 2020). In addition, foraminifera obtained at different depths cannot serve as a continuous monitoring technique for non-continuous sampling in sediment. In contrast, bivalve shells can serve as a reconstruction technique to overcome these shortcomings. Previous studies have used elements/Ca (M/Ca) ratios in bivalves shell to reconstruct paleotemperature in the form of high-resolution archives to monitor the yearly, monthly and even daily changes of temperature (Lorens and Bender, 1980; Hart and Blusztajn, 1998; Marriott et al., 2004; Füllenbach et al., 2015), dissolved particles concentration (Jeffree et al., 1995; Poulain et al., 2015) and productivity (Markulin et al., 2019). In deep-sea cold seep ecosystems with abundant leakage of methane and fluids rich in reduced materials, bivalves are the most dominant and most numerous species (Boetius and Wenzhöfer, 2013; Ceramicola et al., 2018; Xu et al., 2020). Cold-seep bivalves host sulfide-oxidizing bacteria and methane-oxidizing bacteria, obtaining reduced chemicals and offering energy as well as nutrients to their host through methane or sulfide oxidation (Halary et al., 2008). Previous studies have demonstrated that cold seep bivalves can serve as potential archives of temperature in the deep sea but they have not proposed any robust reconstruction proposal (Scholz et al., 2010; Hu et al., 2015). Alternatively, it is also possible to use the trace elements to reconstruct temperatures because the availability of multiple trace elements can produce significant biological feedback (Mukherjee and Large, 2020). Moreover, the trace elements in the shell is correlated with that in the water, reflecting participation in biogeochemical cycles (Ren et al., 2024). Besides temperature, acidification can also be recorded in bivalve shell. Na/Ca and U/Ca can be used as proxies for pH and thus acidification [8, 9]. The proxy potential is further enhanced by their greater capacity to acclimate or adapt to ocean acidification through beneficial transgenerational acclimation (Zhao et al., 2017b; Markulin et al., 2019). What’s more, Na/Ca proxy is only applicable to species that can tolerate low pH, as they possess efficient H/Na exchangers in their mantles. In contrast, other species either perish or experience significantly slowed growth when pH falls below certain critical levels. A series of various environmental factors on Na/Ca is observed (temperature and food supply) (Markulin et al., 2019). Similarly, the result of U/Ca reveals species-specific differences. For example, U/Ca ratios in two S. giganteus shells are not under environmental control but unknown one (Gillikin and Dehairs, 2013). In general, there are limited studies on uranium in bivalve shells (especially high-resolution profile of U/Ca). It’s reported that U/Ca in bivalve shells can be related to strong diagenetic trends (Labonne and Hillaire–Marcel, 2000), granite weathering and industrial effluents (Price and Pearce, 1997) and uranium pollution (Markich et al., 2002). Thus, a high resolution profile of Na/Ca and U/Ca in shells of cold seep bivalves is needed to evaluate if Na/Ca and U/Ca is related to pH in these specific species.

Before deep-sea environment reconstruction, several issues should be considered. First, the subject factors influencing the adsorption of trace elements in deep sea bivalves may differ from those in freshwater counterparts. For example, temperature or salinity is usually the dominant factor influencing freshwater bivalves, whereas food availability is the most important factor in the deep-sea environment (Gilkinson, 1986). Second, for some species, trace elements can be controlled by physiological processes rather than environmental factors, which may significantly decrease or increase with time and even become lower than the limit of detection patterns (Takesue et al., 2008; Marali et al., 2017; Barrat et al., 2023). Third, although radiocarbon technology is often applied in carbonate shell dating, this technique leads to bias in cold-seep environments. Because the seepage fluid contains dead-carbon methane from deeper sediments and is assimilated by bivalves through symbionts, the level of bias is unclear and dependent on the seepage intensity and degree of digestion.

Uranium-thorium (Th) dating is a more precise technique than radiocarbon analysis for dating range and potential dead-carbon mixed into samples (Wendt et al., 2021). The lifespan of deep-sea clam was successfully determined by δ228Ra chronology (an important isotope in the U-Th decay series.), with a length of 8.4 mm reaching approximately 100 years) (Turekian et al., 1975). Cold-seep environments with relatively low oxygen levels and temperatures can nurture long-lived bivalves (Philipp and Abele, 2010). Thus they are likely to reach hundreds of years in lifespan, similar to the deep-sea clam in the reference. In U-Th dating method, whether the samples stay as a closed-system is crucial because in an open-system, the isotopes in samples can exchange with that in environment, modifying the isotopes signature. Whether mollusk carbonates stay as a closed system remains questionable. For an open system, samples can be dated well by applying an isochron or alpha-recoil redistribution model based on the data trends in the evolution diagram. A strict reference δ234U value opposite to diagenesis should also be applied to omit outlier values that can result in age estimation errors (Dutton, 2015). Besides, the data can be calibrated by applying the initial 230Th/232Th ratio, which tends to remain constant over the hundred years of a bivalve’s lifespan. However, deep-sea samples have the potential to contain higher 232Th levels than surface samples do, and older deep-sea samples have more considerable age uncertainties (± several hundreds of years for samples with a few thousand ppt 232Th) (Cheng et al., 2000). Therefore, the feasibility of applying U dating to cold-seep bivalves remains unclear.

In this study, a comprehensive survey was conducted to characterize the chemical properties of the shells of deep-sea bivalves captured in the South China Sea (SCS). Laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) was used in the trace element analysis to explore the profiles and possible subject factor for different trace elements ratios. U-Th dating was conducted to examine the feasibility of applying this technique in cold-seep bivalves. The specific aims of this study were to: (i) discuss the potential sources and subject processes affecting trace elements concentration in cold-seep bivalves; (ii) provide a reference age using the U-Th dating approach to assign the median ages of cold-seep bivalves and identify the possible sources of error; and (iii) study the potential of reconstructing the paleotemperature and acidification based on trace elements.




2 Materials and methods


2.1 Sample acquisition and pretreatment

The cold-seep bivalves were captured alive using the remotely operated grab with television and subsequently frozen and saved at -80°C and transported to the laboratory. All samples were collected in June (Formosa site) and July 2022 (Haima) on the scientific research vessel (R/V) KEXUE (Institute of Oceanology, Chinese Academy of Sciences, China). Mussels (Gigantidas platifrons) were collected from the F site, whereas the mussels (Gigantidas haimaensis) from HM-Seep site and clams (Archivesica marissinica) from HM-Baiguabei site, respectively. The geological setting is shown in Figure 1. In the laboratory, soft-tissues were removed from the live-collected specimens. Shells were rinsed with deionized water and air-dried. One valve of each sample, for oxygen isotope analysis, trace elements analysis and growth increments analysis, was wrapped in epoxy resin and cut along the growth axis of the ventral side using a precision cutting machine (ISOMET5000, Buehler, America) equipped with a diamond-coated wafer-thin blade. Using this method, each shell was cut into slabs. The shell slabs were ground on glass plates using suspensions of 600 and 1200-grit SiC powder and subsequently polished with Al2O3 powder (grain size of 0.05 µm) on a grinding and polishing machine (Ecome1300 Metaserv250, Buehler, America). For another valve, the margins and umbones were cut off with a hand-held cutting machine for further U-Th dating analysis. In-situ element analysis via laser ablation (LA)-ICP-MS.




Figure 1 | (a) Geological setting of the captured bivalves. The height data were acquired from the ETOPO 2 database or the 1-minute global bathymetry/topography data from the M_map website. (b) Diagram of the experimental processes. (c) Photos showing the positions of carbonate powder acquisition via a hand-held dental drill. (d) Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) line scan of a thick section of the growth profile. As shown in Panel d, the scanning direction is from the umbo (oldest part of the shell) to the margin (youngest part of the shell).



As shown in Figure 1d, the primary and trace element compositions of clam shell slabs were measured from the umbo part (the oldest) to the margin part (the youngest) (Fritz, 2001). The trace-element line scanning of the samples was conducted via an NWR 193-nm ArF Excimer laser-ablation system coupled to an iCAP RQ LA-ICP-MS instrument at Guangzhou Tuoyan Analytical Technology Co., Ltd. (Guangzhou, China). The LA-ICP-MS instrument was tuned using NIST 610 and NIST 612 standard glass (Jochum et al., 2011) to yield low oxide production rates. Helium carrier gas was fed into the cup at a flow rate of 0.7 L/min; subsequently, the aerosol was mixed with argon make-up gas at a flow rate of 0.79 L/min. During sampling, 14 isotopes including 7Li, 23Na, 24Mg, 43Ca, 55Mn, 57Fe, 65Cu, 66Zn, 88Sr, 97Mo, 137Ba, 185Re, 232Th and 238U were measured. The dwell time for each isotope was 10 ms. The laser fluency was 3 J/cm2, with a repetition rate of 6 Hz and a 50-µm spot size corresponding to a scan speed of 10 µm/s. The raw isotope data were reduced via the “baseline subtract” and “trace elements” data reduction scheme (DRS). The DRS runs within the IOLITE package of Paton et al. (2011). In IOLITE, user-defined time intervals are established for the baseline correction procedure to calculate the session-wide baseline-corrected values for each isotope. The trace elements were calibrated with the NIST 610 as an external standard. The samples were scanned at 50 µm/s to eliminate potential contamination. To decrease the higher scatter (lower signal-to-noise ratio) of line scanning than of spot analysis, the data were smoothed via a 31-pt weighted moving average filter (Schöne et al., 2022). Values exceeding five σ values of the 31-pt running averages were regarded as outliers and this applied to less than 1% of all values. The relative standard deviations (RSD) from standard materials of NIST 610 and NIST 612 are shown in Table 1. Most samples had RSD of less than 1% except Fe ratios from 2022MH-2, which were therefore excluded from further analysis. Following this method, geometry-related sampling errors that could bias paleoenvironmental interpretations were minimized (Schöne et al., 2022). To avoid errors resulting from contamination, the points lying close to the epoxy (i.e., the first and a small number of final points) were removed. After the above processing, the data still reveal extremely high peaks at a few points. This may have something to do with the life longevity and thus contain condensed information. Therefore, the data were further smoothed via additional LOWESS processing with a window ratio of 0.05.


Table 1 | Analysis precision of LA-ICP-MS quality control using NIST SRM 610 and NIST SRM 612 as reference materials.






2.2 U-Th dating

The samples were grinded and passed through a 200-mesh sieve, and approximately 0.1 g was taken for analysis. The analytical protocol has been described in detail by Luo and Ku (1991). Powder samples were successively treated with 2 N HNO3 leaching and HF-HNO3-HClO4 fuming to affect total dissolution. Approximately 20 mg of Fe3+ was added as a carrier, along with yield tracers 236U and 229Th. Separation and purification of U and Th were performed according to the anion exchange (Dowex AG1 x 8) procedures (Shangde et al., 1987). A solution of 8 N NHNO:-0.1N HNO, was used to separate Fe from U on the anion column. The samples were tested with a Thermo-Finnigan Neptune (Thermo Fisher Scientific, America). Standard samples of U-metal SRM-960, YB-1, and HU-1 were used to monitor the precision of the instrument. Values exceeding five σ values of the 31-pt running averages were regarded as outliers and this applied to less than 1% of all values. The relative standard deviations (RSD) from standard materials of NIST 610 and NIST 612 are shown in Table 1. Most samples had RSD of less than 1% except Fe ratios from 2022MH-2, which were therefore excluded from further analysis. IsoplotR was employed to further analyze the raw data (a free and open-source substitute for Ludwig’s popular Isoplot add-in for Microsoft Excel) (Shangde et al., 1987). In calculation, the bulk earth 230Th/232Th activity ratio of 0.825 ± 50% was often used when the in situ data is difficult to obtain. A recent study demonstrated that the initial 230Th/232Th ratio for SCS cold-seep carbonates was 0.7 ± 0.1 (Wang et al., 2022), slightly different from the bulk earth value. However, in the context of this study, a unique local detritus value should be obtained by analyzing a modern sample to test assumptions regarding the initial Th and U isotopes.




2.3 Oxygen isotope analysis of growth profiles

The carbonate oxygen content was determined using a multi-line gas preparation and introduction device (GasBench-II) coupled with a stable isotope mass spectrometer (DELTA V Advantage) (GasBench-IRMS). First, a minimum of 50–100 ug of carbonate powder was drilled along the sample plate using a 50 diamond made of tungsten steel and placed it in a clean Labco reaction bottle (Wales, UK), the cap was tightened and placed on a thermostatic sample plate in sequence. Second, the purge air needle was fixed, the working procedure of the automatic sampler was set, and the sample bottle with He gas for up to 5 min in turn was emptied to remove the influence of the air in the bottle on the measurement of the sample O isotope ratio. Then, 8 drops of anhydrous phosphoric acid was added to the emptied sample bottle, which was heated on the dry thermostat for 70 °C for 1h. Finally, the sample was placed on an automatic sampler, the injection needle was fixed, and the abundance of CO2 (δ18O and δ16O) was measured via a mass spectrometer, and compared with that of the international standard substance (V-SMOW) to obtain the measured sample oxygen isotope ratio (δ value). To ensure the accuracy of the instrument and experimental results, the instrument is corrected first, and two carbonate standard samples (IAEA-CO-8 and IAEA-603) are added before and after each of the tested samples. The analytical accuracy of the δ18O value was ± 0.08 ‰. Specifically, the samples of mussels come from the inner and outer portions of the outer shell layer (iOSL, oOSL) because of the extremely thin layer of deep-sea mussels. For this purpose, we apply the two-component model to evaluate the potential bias of the oxygen isotopes and assign a value of -0.96 °C for temperature reconstruction of the two mussels.




2.4 Data processing

The high pressure, intense fluid with a relatively high seepage rate and potentially long life span make it more possible for diagenetic alteration to occur (Vernon and Clarke, 2008). Diagenetic alteration would cause a decrease in the trace elements contents, as well as more negative carbon and oxygen isotope values (Brand, 1980; Brand, 1981), and thus, would cause deviation from the temperature reconstruction. After high-pass filtering, we removed outliers based on a threshold of Mn/Sr ≥ 0.625 (Bruckschen et al., 1999; Korte et al., 2003). Then we applied the AR-detrending method according to reference methods to reconstruct the temperature (Brosset et al., 2023). The Ar method, or prewhitening, involves dividing the residuals from an AR model by their mean to produce a detrended series with a mean of 1 and white noise characteristics. This approach removes low-frequency variations, retaining only high-frequency fluctuations. The temperature range of the cultivation experiment was similar to that of the cold seeps.





3 Results and discussion


3.1 Potential sources and subject processes affecting trace elements concentration in cold seep bivalves

As is shown in Figure 2a, there exists no orthogonal relationship. If physiological processes are induced by environmental change, the physiological changes could ultimately be explained as a component of environmental changes. If physiological changes were not related to environmental changes, they should present an orthogonal relationship. Clearly, orthogonal elements were not observed in this study (Figure 2a). Therefore, the heterogeneous element distribution could be explained by the environmental variables. The results also demonstrated that two main principal components (PCs) cumulatively explained 60.8% of the variance in the dataset, suggesting that the two PCs could partly explain the patterns of the M/Ca ratios (Figure 2b). Results showed significant difference (P < 0.001) among the Li/Ca, Na/Ca, Mg/Ca, Mn/Ca and U/Ca ratios in the mussels collected from the F site (Figure 3). At the HM site, significant differences were found among Li/Ca, Na/Ca, Ba/Ca and U/Ca ratios in the mussels with different sizes, whereas the Na/Ca, Mn/Ca, Ba/Ca and U/Ca ratios also differed significantly for clams. This demonstrated the highly heterogeneous distribution of trace elements in cold seep bivalves even if they were collected from the same site. Such heterogeneity might result from physiological processes and environmental variables such as temperature, salinity, acidity and redox conditions. We inferred that physiological processes could be neglected which could be supported by principal component analysis.




Figure 2 | (a) Principal component analysis (PCA) plot of the M/Ca ratios of each shell. The projection of each element on the axis is the score on that axis, indicating its importance. Acute angles between different element arrows indicate positive relationships between them. (b) Variance of each principal component. (c) PCA loadings of each M/Ca for PC1. (d) PCA loadings of each M/Ca for PC2. All M/Ca ratios are shown in the form of M in short in all the graphs.






Figure 3 | Element (M)/calcium (Ca) ratios measured in bivalves of different sizes. Asterisk represents the data with significant differences via Tukey’s test (P < 0.001). The blue color stand for samples with smaller size while red color for bigger size within the same location.



The first PC showed that the loading for the Sr/Ca ratio was -0.04, whereas the values for the remaining elements ranged from 0.18 to 0.42 (Figure 2c). The relatively low loadings suggest that the Sr/Ca ratio tends to be controlled by relatively stable environmental variables such as temperature and salinity. A previous study indicated that very slight changes (~ 0.8%) in the partition coefficient for Sr were observed when the salinity increased per unit within the range of 20 – 40 PSU (Dodd and Crisp, 1982). Moreover, Poulain et al. demonstrated that the Sr/Ca ratio tends to remain constant when the salinity exceeds 35 PSU (Poulain et al., 2015). Accordingly, salinity did not influence the Sr/Ca ratio in the cold seep (PSU~35), instead, this ratio was more likely dependent on the temperature. This could be supported by a recent study that revealed a significant correlation between the Sr/Ca ratio and temperature, while the correlation coefficient could be highly improved via detrending method to eliminate the physiological trend (Brosset et al., 2023).

Similarly, the loading of the Sr/Ca ratio was also the lowest (~ 0.006) among all the elements for the second PC (Figure 2d). Negative loadings were found for U/Ca, Ba/Ca, Mn/Ca and Na/Ca. The loadings were similar for Na/Ca, U/Ca and Ba/Ca and these element ratios could serve as potential acidification proxies. For example, Zhao et al. revealed that marine acidification adaptation could be achieved through a Na+/H+ exchange pump where a lower pH (more specifically, pCO2) led to a higher Na/Ca ratio. U/Ca serves as an indicator of the carbonate system, showing a negative relationship with [CO32−] and thus a positive relationship with acidification (Raitzsch et al., 2011). When the pH decreased, soluble bicarbonate increased which increased the concentration of soluble U in the form of uranyl mono-carbonate. In the context of this study, the increase in the Ba/Ca ratio was unlikely to be influenced by phytoplankton, such as that in the freshwater counterpart because the chlorophyll content was not found in the cold seep seafloor (Fröhlich et al., 2022; Di et al., 2023). Instead, the dissolved Ba in the pore fluids was produced mainly from the anaerobic oxidation of methane (AOM) which consumed SO42− and decreased the pH by generating H2S (Torres et al., 2001, 2003). Additionally, the effects of the seepage intensity on the Mn/Ca ratio should be similar to those on the above three elements since they all had negative loadings (Figure 4d). The increase in the seepage intensity decreased the pH and dissolved oxygen content, which increased the Mn/Ca ratio, as a previous study demonstrated that the Mn/Ca ratio was negatively correlated with the dissolved oxygen content after physiological bias was eliminated through detrending (Schöne et al., 2021). The redox conditions also change with the increasing seepage intensity, promoting the release of Mn from the sediment into the water (Millward et al., 1998). The concentration of Mn in the shell tends to increase, as it is proportional to that in the ambient water (Freitas et al., 2006).




Figure 4 | (a) Plot of uranium (U) versus thorium (Th) concentrations. (b) Plot of 234U/238U versus 230Th/238U. (c) U plotted against 234U/238U. (d) Plot of all sample data for 234U/238U versus 230Th/238U, with all the plotted points lying along the marine evolution line (1.147 ± 0.015).



Moreover, PC2 shows different trends under seepage. Positive loadings were found for Li/Ca, Mg/Ca, Fe/Ca, Cu/Ca, Zn/Ca, and Mo/Ca for the second PC, indicating a decreasing tendency in these element ratios if the seepage intensity increased. The values of these ratios are influenced by two competitive processes including digestion and precipitation. Bacteria could use Fe-Mn oxides, Mo, and enzymatic cofactors consisting of Mo and Cu during methane-oxidizing reactions (Beal et al., 2009; Glass et al., 2014), which eventually increase the concentration of these elements in the shell. On the other hand, these trace elements tend to precipitate, reducing their concentration in the water and shell in a higher degree of redox condition. According to our results, the predominant process influencing the concentration of these elements was precipitation rather than bypass flow from digestion. Nevertheless, the precipitation mechanisms differ among these elements. For example, Mo, Fe, Cu and Zn coprecipitate with H2S under redox conditions (Hu et al., 2015). Li precipitation was due to deep-seated diagenetic processes where Li in deeply buried continental margin sediments was conveyed to shallow sediments and sequestrated by secondary minerals due to the lower temperatures that prevail in diagenetic environments (Berger et al., 1988; James and Palmer, 2000; James et al., 2003; Scholz et al., 2010). Mg tends to precipitate under increasing seepage, because all the seepage-related reactions (sulfate reduction, AOM, and methanogenesis) can generate HCO3- (Meister and Reyes, 2019). It should be noted that these elements could not be released into the water column once they precipitated because they were not redox-sensitive elements such as Mn. Moreover, diffusion and resuspension cannot supply additional ion concentrations under redox conditions.

Overall, the results of the PCA highlighted the different subject factors for the trace elements associated with seepage. Sr was dependent mainly on relatively constant environmental variables such as temperature. U, Ba, and Na are subject to acidification process, whereas Mn is predominantly controlled by redox conditions (i.e., dissolved oxygen). For the remaining elements including Li, Fe, Cu, Mg, Zn and Mo, precipitation was the critical process dominating their concentration in the cold seep shell.




3.2 Median ages of cold seep bivalves estimated by u-series dating

To evaluate the validity of the U-series dating approach for estimating the age of cold seep bivalves, we tested the 234U/238U ratio, a parameter for back-calculation of the initial U isotope ratio during bivalve growth after determining an age (Edwards et al., 2003), to confirm whether the shell was a closed system because the correction method was simpler and the error of the calculated age was smaller in a closed system. The results demonstrated that the 234U/238U ratio was within that of the present-day water (i.e. 147‰ ± 15‰) (Figure 4b), indicating that it tends to be a closed system otherwise the value of this parameter would be abnormally high. This was further supported by determining whether the alpha-recoil processes took place which resulted in the microscale redistribution of daughter isotopes from recoil-damaged lattice sites58. Isotopic redistributions would result in positive correlations between 230Th/238U and 234U/238U, leading to discrepancies between calculated and actual ages that increase over time. Our results demonstrated a very poor relationship between 234U/238U and 230Th/238U (R2 = 0.0003), suggesting the absence of alpha-recoil processes.

To further confirm that the shell was a closed system without alpha-recoil processes and correct the results, we used three models proposed by Thompson et al., Villemant and Feuillet, and Scholz et al. to assess the potential contribution of alpha-recoil processes to the calculated age errors (Thompson et al., 2003; Villemant and Feuillet, 2003; Scholz et al., 2004; Frank et al., 2006). The results indicated that these three models were not applicable to the cases in the present study because negative values were obtained in the calculated ages using the first two models. The abnormally high values of more than 1000 years were observed via the Scholz model. This finding might be attributed to the specific assumptions of these models. For example, the Villemant and Feuillet model assumes an initial excess of 230Th and the continuous selective redistribution of 234U, 234Th, and 230Th. The Thompson model assumes the simultaneous adsorption of particle-reactive 234Th and 230Th in the shell. The Scholz model assumes a proportional loss of U during the uptake process in the shell. These assumptions are basic indications of alpha-recoil processes; therefore, the alpha-recoil process was not the predominant source of the age errors in this study.

Another possible source of errors might be Th contamination. As shown in Table 2. Uranium-thorium dating details for each shell. The U concentration errors for modern shells are <0.001. The corrected δ234U and calculated ages were determined using the 230Th/232Th from the margins as the initial 230Th/232Th ratio, assuming that it remains constant for a short time. The measured 230Th/232Th activity ratio was extremely low (1.331 ± 0.306) with very high excess Th, which indicating a high degree of Th contamination. The results also indicated that Th contamination resulted mainly from the life habits of cold seep bivalves rather than the U uptake. Although a significant correlation (R2 = 0.7668, P < 0.01) was observed between U and Th, the correlation became insignificant (P > 0.01) if the two data with high Th contents (24.512 ppb and 90 ppb for 2022CH-2 and 2022CH-3, respectively) were removed. This demonstrated that the increase of Th concentration did not depend on U adsorption, suggesting different uptake patterns for U and Th. The marine carbonate U mainly originates from seawater as the 234U/238U ratio is within 15‰ of 147‰ which is the signature of modern seawater (Henderson, 2002) (Table 2). As suggested by Wang et al (Wang et al., 2022), Th contamination in cold seep carbonate mainly originates from detritus due to the contributions of Fe-Mn oxides and organic matter. Our results demonstrated that the aforementioned two abnormal data sets (i.e., 2022CH-2 and 2022CH-3) contained high concentrations of Fe, Mn and Mg. Accordingly, it was inferred that detritus might be the main contributor of Th contamination. Samples such as the clams collected from the BGB site belong to the group of A. marissinica, which mostly feeds on sulfide-oxidizing bacteria and reaches its foot deep into the sediment to obtain sulfide energy (Feng et al., 2018). During this process, it may contact and adsorb detritus in the sediment, which eventually leads to a high content of Th in the shell.


Table 2 | Uranium-thorium dating details for each shell.



Accordingly, we used the initial 230Th/232Th activity ratio to correct the calculation and minimize the effects of Th contamination on the results. Generally, a bulk earth 230Th/232Th activity ratio of 0.825 ± 50% was often used when the in situ data is difficult to obtain. A recent study demonstrated that the initial 230Th/232Th ratio for SCS cold-seep carbonates was 0.7 ± 0.1 (Wang et al., 2022). In the context of this study, a unique local detritus value should be obtained by analyzing a modern sample to test assumptions regarding the initial Th and U isotopes. The results of the isochron analysis (MSWD < 1, P > 0.05) of the modern margin samples showed that the values of initial 230Th/232Th values were stable at each cold seep site which varied insignificantly between the F and Haima sites. Therefore, an average value of 1.218 ± 0.008 was used to correct the calculation and the results are listed in Table 2. For the Haima clams, the calculated age was only 0.000056 years. This suggested that these clam samples were too young to be dated via the typical U-series dating approach, because this method relies on the decay of U to Th which might not occur sufficiently in such a short timeframe to be measurable. Accordingly, it was inferred that the median age of Haima clams was less than 100 years. For the cold-seep mussels, the calculated age ranged from 132 to 394 years with only two age anomalies up to thousands of years observed in the 2022MF-2 and 2022MH-2 samples. As mentioned above, the age bias in these two samples might be caused by the uncertainty of Th detritus based on the long-term constant assumption instead of anomalous δ234U due to diagenesis. The acceptance of a stricter predefined range falling within modern seawater is recommended to exclude the samples with potential age bias (Gallup et al., 1994). In this paper, when a stricter rule of δ234U falling within 2.5‰ of 147‰ was applied, two abnormal samples (i.e., 2022MF-2 and 2022MH-2) could be excluded. In this case, the median ages of 229.5 and 323.5 years were assigned to the mussels from F and HM sites, respectively. The estimated age of the cold seep bivalves was one-order magnitude greater than that of the freshwater bivalves. This finding agrees with previous results obtained from the 228Ra chronology dating method which demonstrated that the deep-sea bivalves can live for up to 100 years (Turekian et al., 1975). It can be concluded that the cold seep bivalves could serve as long-lived geological proxies for investigating the long-term evolution of cold seep environments.




3.3 Reconstruction of the environments of cold seep bivalves

Cold seeps exhibit remarkable diversity as continental margin habitats. Various factors contribute to the heterogeneity of these ecosystems, including distinct fluid flow patterns, geochemical variations, and diverse substrate types (Cordes et al., 2010). Such abiotic sources of heterogeneity foster the development of unique microbial communities, foundation species hosting microbial symbionts, and a wide range of associated heterotrophic species (Cordes et al., 2010). This can lead to discrepancies in samples acquired from the same site. For this reason, the elements related to local fluid conditions were excluded from the analysis, whereas the oxygen isotopes, Sr/Ca, Na/Ca and U/Ca were selected for reconstructing the key parameters of the cold seep environment such as temperature and acidification.

First, verification of whether the oxygen isotopes can be employed to reconstruct cold seep temperatures is needed. An early study demonstrated a significant correlation between oxygen and carbon isotopes in present day bivalve shells from hydrothermal vents, which could reflect the relationship between increased temperature and the seepage of CO2 and CH4 containing depleted δ13C (Rio et al., 1992). However, a statistical correlation was not detected between oxygen and carbon isotopes in the present study, even when they were detrended via a high-pass filter at 0.125 Hz. In this study, the oxygen isotopes for 2022CH-1 and 2022CH-2 were 4.14 ± 0.14‰ and 5.19 ± 1.23‰, respectively. According to Lécuyer et al, the oxygen isotope fractions between biogenic aragonite and water is approximately 2–3‰ (Lécuyer et al., 2012). Even when this value was subtracted, the oxygen isotopes in the shell were still higher than those in the ambient water. The more positive values of oxygen isotopes in the cold-seep shells might be associated with the pore water chemistry and seepage intensity in the presence of methane hydrate. Similar to the water freezing process, the conversion of liquid water to solid methane hydrates leads to isotopic fractionation, enriching heavy isotopes within the solid structure. Since the dissociation pressure of a lattice form of heavy isotopes was lower than that of a lattice composed of light isotopes, the solid hydrate preferred to incorporate heavier isotopes, leaving lighter isotopes in the surrounding water (Trofimuk et al., 1974). This could be supported by a previous study that demonstrated that pore water δ18O was enriched in surface sediments. These findings suggest that oxygen isotope anomalies in the pore water could affect bivalves although they can form shells from minerals in ambient water, which increasing the error in temperature calculations based on oxygen isotopes. However, to the best of our knowledge, oxygen isotope information in cold-seep environments is very limited in the literature, making reconstructing temperatures on the basis of oxygen isotopes in cold-seep environments very difficult.

Nevertheless, a negative correlation was observed between the raw δ13C values and the temperature calculated from the Sr/Ca ratio (P < 0.001), indicating that the Sr/Ca ratio reflected the temperature change synchronously with changes in carbon isotopes better than the changes of oxygen isotopes. Combined with the significant dependence of the Sr/Ca ratio on temperature revealed by aforementioned PCA, we believe that the Sr/Ca ratio could serve as a reliable proxy for the cold seep environment temperature. The temperature reconstructed from the Sr/Ca ratio ranged from 1 to 6°C with small fluctuations (Figure 5). Unlike in other seafloors, the temperature estimated in cold seeps did not increase with time, and in most cases, the temperature was lower than the background value for the seafloor temperature in the South China Sea (i.e., 5 °C). This agreed with a previous study in which the cooling effects resulting from CO2 uptake overwhelmed the warming effects from the emitted heat and greenhouse gases (Pohlman et al., 2017).




Figure 5 | Temperature reconstruction based on the detrended strontium/calcium ratio. The x-axis displays the height proportion normalized to 0 - 100% where 0 and 100% represent the oldest and youngest parts of the shell, respectively. Bivalves in different locations might not grow at the same rate.



In addition, we also attempted to reconstruct cold seep acidification using Na/Ca and U/Ca as candidate proxies, considering their potential correlations to CO2 and [CO32-], respectively from aforementioned PCA. Figures 6a-c show the temporal evolution of Na/Ca. The largest degree of fluctuation was noticed in the F site where the Na/Ca ratio ranged from 6 to 24 mmol/mol with irregular pattern (Figure 6a). The Na/Ca ratios in the samples from 2022CH-1 and 2022CH-2 slightly fluctuated around 20 and 23 mmol/mol, respectively, but one abnormally high value exceeding 45 mmol/mol appeared in 2022CH-2 (Figure 6c). This tendency was more obvious in 2022MH-2 where an extremely high value of c.a. 20000 mmol/mol was observed (Figure 6b). The appearance of abnormally high values might be attributed to the metabolic disturbance caused by changes in environmental conditions. For example, an increase in the environmental temperature can alter the cell membrane permeability and increase the energy costs required to maintain alkaline conditions in the extrapallial fluid (Zhao et al., 2017a). This mechanism can suppress the activities of enzymes involved in the synthesis of the organic matrix and changed the acidification until the pH exceeding the tolerance limits (Zhao et al., 2017a). Compared with that of Na/Ca, the baseline of U/Ca was much flatter, and more flats and abnormally high values appeared (Figures 6d-f). However, the detailed mechanisms underlying the response of Na/Ca and U/Ca to acidification remain unclear at the current stage, demanding that future studies to validate the feasibility of using these two trace elements as acidification proxies before practical application.




Figure 6 | Profiles of the sodium/calcium and uranium/calcium ratios. The data were smoothed via the LOWESS method with a window ratio of 0.05.







4 Conclusions

This study investigated the biochemical characteristics of the growth profiles of cold seep bivalves and estimated the median age via the U-series dating method. This demonstrated that the shell was a closed system and that the bias in U-Th dating was primarily due to the low initial 230Th/232Th rather than alpha-recoil processes. After the age was corrected by the margin 230Th/232Th ratio as the initial 230Th/232Th ratio and the anomaly was excluded by applying the criterion of falling within 2‰ of 147‰, the respective median values of 229.5 and 323.5 years were allocated to the mussels collected from the F and HM sites. The median age of Haima clams was inferred to be less than 100 years. Cold seep bivalves can serve as a potential proxy in addition to foraminifer. Moreover, this study suggested different uptake mechanisms for the trace elements associated with seepage: Sr is mainly controlled by temperature changes. U, Ba, and Na are subject to acidification, whereas Mn is predominantly controlled by redox conditions, especially for the dissolved oxygen. For the remaining elements, including Li, Fe, Cu, Mg, Zn and Mo, precipitation was the critical process dominating their concentration in the cold seep shell. Through combined analysis, Sr/Ca was identified as a proxy for cold seep temperature reconstruction rather than the oxygen isotopes. Accordingly, the temperature reconstructed from the Sr/Ca ratio ranged from 1 to 6°C with small fluctuations and did not show a warming trend. Although Na/Ca and U/Ca are potentially linked to the concentrations of dissolved CO2 and [CO32-], they can only be used as promising proxies for reconstructing cold seep acidification after eliminating unknown bias. Overall, this study suggests uranium-series dating as well as trace elements in cold seep bivalves as new prospects to reconstruct the hundred-year-scale evolution of deep-sea temperature in the future.
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