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Most of the natural gas hydrate sources in the world are biogenic gas, but there are still many unsolved problems in the formation process of biogenic gas. The gas source of gas hydrates in the northern South China Sea is also controversial, and the evaluation of biogas source rock in hydrate development areas lacks experimental basis and quantitative data. In order to solve these problems, this paper used the sediments obtained from the GMGS2 hydrate drilling voyage to simulate the biological gas production. Through the culture experiment, the relationship between sedimentary gas production, temperature and sediment characteristics in the hydrate development area of Dongsha Sea area was comparatively studied, and the results were compared with typical biological gas fields.  The results showed that CH4 and CO2 were the main gas products, and a small amount of H2 was formed. Methane yield is closely related to temperature, and the optimal temperature range in the study area is 20°C~ 40°C.  At the same time, it is found that organic carbon content (TOC) has no significant correlation with methane yield, and it is not suitable to be used as an index for the evaluation of biogas source rock. Comprehensive analysis shows that the methane production rate in the study area is relatively high and the hydrocarbon generation potential is great, which meets the gas source conditions for the formation of gas hydrate ore body. The main factors affecting biomethane yield include available organic matter, bacterial community and environmental factors.
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1 Introduction

Natural gas hydrate is known as the high efficiency and clean strategic replacement energy in the 21st century, with the advantage of ample resources and wide distribution (Wan et al., 2022b). In recent years, a lot of achievements have been obtained in the exploration of gas hydrate in the northern South China Sea (Zhang et al., 2020a), while there is still some controversy on the gas source (Wu et al., 2003; Wu et al., 2007; Su et al., 2010; Fu et al., 2011; He et al., 2013; Su et al., 2013; Liang et al., 2016; Zhang et al., 2017; Hu et al., 2018 ; Zhang et al., 2018). Geochemical data show that the main gas source is biogenic gas (Chen et al., 2022). However it is generally believed that the amount of biogenic gas in terrestrial basins is very small, and only a little of them can accumulate to form gas fields. Therefore, it’s still controversial whether the amount of biogenic gas generated from sediments in the northern South China Sea is sufficient to meet the gas hydrate accumulation (Pandey et al., 2016; Wan et al., 2022a). Most studies on gas source conditions only have presented merely qualitative analyses, and lacked experimental basis and quantitative data for the evaluation of biogas source rocks (Gao et al., 2011).

It has been suggested that most hydrates in the world originate from biogenic gas, however there are still many unsolved problems in the formation process of biogenic gas, for example, the influencing factors of biogas production, the effect of temperature on the gas production process, the relationship between TOC parameters representing organic matter abundance and gas production. These problems are the basis for establishing and improving biogas formation theory and biogas resource evaluation technology (Liu et al., 2015), while biological gas production simulation experiment is an important way to solve these problems. However, due to high requirements of such time-consuming experiments, there have been few studies in this field. So far, there is no report on the biological gas production simulation experiment using shallow sediments in the South China Sea.

Based on this, this paper takes Dongsha area as an example to conduct biogas production simulation experiment with sediments obtained from GMGS2 hydrate drilling voyage, to study the production characteristics and rules and influencing factors of biogas, in order to provide experimental basis for hydrate gas source analysis and biogas source rock evaluation.



1.1 Geological background and samples

The Dongsha area is located in the continental slope zone of the northeast South China Sea and the southwest of Taiwan Island, with a water depth of 200~3000 m. The Dongsha Sea area consists of the eastern Pearl River Mouth Basin, South Taiwan Basin and parts of the South Bijia Basin in structure. It is an important gas hydrate distribution area in the northern South China Sea, with good accumulation conditions and great resource potential (Gong et al., 2008).The Dongsha Sea area is in a unique tectonic location and has experienced geological events such as basin expansion, early faults, and regional thermal deposition. This area has the temperature and pressure conditions of natural gas hydrate, as well developed source rock systems and high sedimentation rates. In 2013, Guangzhou Marine Geological Survey conducted the GMGS2 hydrate drilling voyage in Dongsha Sea area (Figure 1). Core-taking operations were carried out at five stations, and gas hydrate samples were obtained for the first time in the South China Sea. The gas hydrates found in the drilling are distributed in multiple layers, mainly in the range of 8~94 meter below sea floor (mbsf), and the thickness of single layer is between 15~35 m. At the same time, a variety of hydrates in massive, vein-like, tuberous and dispersed state are developed, with high saturation between 45% and 100%. The content of methane in hydrate decomposition gas is more than 99%, and isotopic evidence shows that it is biogenic methane (Zhang et al., 2015; Kong et al., 2018).




Figure 1 | Seabed geomorphology and sampling location in the study area (base map modified according to Zhang et al., 2015).



In this paper, 20 samples were collected from the cores of GMGS2 in the hydrate development zone of the Dongsha Sea, and 20 samples were selected from the cores of GMGS2-W05, GMGS2-W07, GMGS2-W08 and GMGS2-W16 stations (hereinafter referred to as W05, W07, W08 and W16) where natural gas hydrate samples were drilled as sediments for biogas simulation experiments (Figure 1, Table 1). The lithology of the sample was gray-green silty clay. The background data showed that the mudstone content and organic matter abundance in the study area were high; The average total organic carbon content of samples from multiple sites was 0.6-0.7% and the maturity level was low. This makes the area more susceptible to biogenic methane formation. Samples are kept in the low-temperature core library of the Guangzhou Marine Geological Survey during the period from the seafloor to laboratory simulations.


Table 1 | Sample distribution and basic characteristics.







2 Methods and experimental procedures



2.1 Sample preparation

The selected twenty sediment samples were air-dried at room temperature and ground into powder. Each sample was divided into five parts and there are a hundred parts in total. The total organic carbon content (TOC) was tested: add 3~5 g samples to a culture bottle, label and record (Table 1).




2.2 Strains domestication and enrichment

Domestication of simulated experimental strains, The primary bacterial culture and biogas digester in source rock of biogas producing area were selected for enrichment. The mixture of highly active sludge culture from distiller’s lees was used as the starting strain of simulation experiment. Enriching and culturing at 38°C for multiple times, until the activity of the strains was stable, some strains were taken and then heated to further culture at 38°C, 45°C and 55°C respectively.




2.3 Inoculation and culture

Five samples were selected from each sample for simulation experiments at room temperature (18-22°C)、38°C、45°C、55°C and 65°C, and 100 groups in total. During inoculation, simulated samples were inoculated with strains at 38°C at room temperature, and strains corresponding to their respective temperature points were inoculated at 38°C, 45°C and 55°C respectively. Considering that it is difficult to obtain strains with good activity in a short time at 65°C, the simulated samples at 65°C were inoculated with strains at 55°C, and then cultured at 65°C after the activity of the strains was stable. The inoculation process was carried out in a sealed anaerobic operating chamber. The configuration of culture medium and selection of culture bottle are same with Jianming Gong et al (Gong et al., 2009). The simulated culture lasted for 195 days.




2.4 Product detection

Three samples with a larger sample size were selected as process monitoring samples, and the CH4 content in these samples was regularly monitored by gas chromatography to determine the production of methane from products at different temperature points. After the experiment finishes, the composition and gas production of gas products are detected. Gas production was obtained by internal standard quantitative method of gas group, gas product components were obtained by gas chromatography, and gas production rate could be calculated according to gas production and sample weight.





3 Results and Discussion



3.1 Composition characteristics of gas products

In one hundred experiments, a certain amount of gas products were generated, mainly CH4 and CO2, and a small amount of H2 was generated in some experiments (Figure 2). CO2 and CH4 do not show good correlation over time under the same temperature conditions, so the monitoring results will not be presented. The simulation results of samples at different depths at the same station and the simulation results of the same sample at different temperatures were respectively compared. The results show that the content of gas components is closely related to the experimental temperature, but has no obvious correlation with the sediment depth. At room temperature and 38°C, the content of CH4 was the highest and the content of CO2 was the least. At 45°C, the content of CH4 in the products decreased significantly, the average proportion was 11%, and the lowest less than 1%; more than 80%of the gas product was CO2.




Figure 2 | Composition of gas products from samples at different stations (A) W05; (B) W07; (C) W08; (D) W16.



The proportion of H2 in the products is very low on the whole, but the proportion of H2 in five groups of experiments (GZ06-55, GZ11-55, GZ12-55, GZ16-55, GZ17-55) is relatively high, the highest is 1.1%, the average of these five groups is 0.9%, and they are all products at 55°C, and H2 generated at other temperatures are all below 0.1%. The five samples were distributed at W05, W08 and W16, respectively, with relatively scattered distribution on the plane and no obvious pattern. The higher H2 content should be related to the ambient temperature, indicating that at this temperature, the hydrogen-consuming methanogens in the sediment samples began to become active and dominant, and CO2 reduction may become the main route of methanogenesis.




3.2 Yield characteristics and rules



3.2.1 Characteristics of methane production at different temperatures

In this paper, the unit of methane production was ml/g sediment. It should be noted that ml/gTOC is used as the unit of methane production in some literature. Since there is no significant positive correlation between TOC and methane production (more hereof later), this paper suggests that it is unreasonable to use this unit to measure methane production efficiency.

The variation of methane production rates (calculated by methane production per unit sediment) of the three samples at the station W05 under different temperatures is basically the same (Figure 3). The yield curves of GZ06 and GZ16 samples almost overlap, and both of them have the highest yields at room temperature, which are 0.82 and 0.78ml/g sediment, respectively, which decrease slightly at 38°C and below 0.1 ml/g sediment at 45°C. The methane yield of GZ01 samples was 0.35 ml/g at room temperature and 38°C, and decreased sharply to less than 0.1 ml/g at 45°C. Among the 4 samples in W07, two samples reached the highest and the second highest yield at room temperature and 38°C, respectively, while the other two samples showed the opposite trend, and their yield decreased sharply above 45°C. The samples in the W08 and W16 are basically consistent with the two states in the above two sites.




Figure 3 | Relationship between methane production and temperature of samples at different sites (A) W05; (B) W07; (C) W08; (D) W16.



In conclusion, temperature is the most important environmental factor to control the activity of methanogens (Liu et al., 2020), and 20~40°C is the optimal temperature for the formation of biomethane in the study area, with the highest methane production rate. Combined with the geothermal gradient, based on the experimental results of the same sample at different temperatures, the gas production state of sediments at different depths in geological environment can be predicted. According to the results of this experiment, 55°C can be used as the upper limit of biogenic gas temperature in the study area, and the main gas production interval is between 20 and 40°.C Combined with the geothermal gradient of 34°C/km in the study area, it is estimated that the shallow sediments at 1400m are still in the biogenic gas stage, while the deep sediments at 1400 mbsf are less likely to yield biogenic gas (Wei et al., 2018). The yield is negligible and the main gas range should be between 400 and 1100m.

Methane production at the optimal temperature in the study area is concentrated in the range of 0.3~0.5 and 0.7~0.9ml/g sediments, with a maximum of 1.47ml/g sediments and an average of 0.48 mL/g sediments (Figure 4). Sebei Gas field in Qaidam Basin is a typical Quaternary biogenic gas field. A gas yield obtained in previous simulation gas production experiments with the deposits of this gas field was 0.35mL/g sediment. The simulation results of Yinggehai Basin, Qiongdongnan Basin and Baoshan Basin in Yunnan Province are also mainly lower than 1 mL/g sediment, with some higher values; and the produced gas in these areas has accumulated to form natural gas pools (Table 2). On the whole, compared with the results of biogas simulation experiments in other areas, the methane production rate at the optimal temperature in the study area is relatively high, showing that the shallow sediments in the study area have great hydrocarbon generation potential, and the area has a good gas source basis for the formation of gas hydrate ore bodies. In continental lacustrine basins, biogas is easily dispersed and difficult to accumulate after formation, so the preservation conditions of biogas in marine environment may be different from that in continental lacustrine basins. Therefore, according to the results of this experiment, it is suggested that when evaluating whether biogas produced by sediments in Dongsha Sea area can form hydrate, Gas production is sufficient and it is important to investigate whether biogas generated by sediments have been dissipated before the accumulation and formation of hydrate.




Figure 4 | Distribution histogram of methane yield at optimal temperature (room temperature and 38°).




Table 2 | Comparison of methane yield in Dongsha Sea area and other areas.



Due to different temperatures, the change of biomethane yield presents many common characteristics, and the following basic understandings can be obtained: (1) there is a good correlation between gas production and temperature under the action of microorganisms, which indicates that ambient temperature is an important factor affecting the activity of methanogens; (2) there is an optimal temperature range in the gas generation process (i.e., the temperature when the methane production rate is the maximum), which is mainly concentrated between 20°C and 40°C, which is speculated to be the temperature range where the metabolism of methanogens is the most active, which is basically consistent with previous reports. (3) when the ambient temperature reaches 45°C, the yield is very small; and when it reaches above 55°C, it is basically close to 0. 55°C may be the upper limit of methanogenic microbial activity temperature range. This temperature may also be a possible temperature range for CO2 reduction to produce methane, as higher levels of H2 are formed at this temperature. (4) under the optimal temperature, the methane yield is relatively high and the hydrocarbon generation potential is large, which has the gas source basis for the formation of hydrate ore body, biogenic methane may play an important role.




3.2.2 Characteristics of methane yield at different depths

In this experiment, samples at different depths can produce gas. Under room temperature and 38°C, the variation characteristics of methane production with depth are consistent or relatively similar, showing a certain rule (Figure 5). With the increase of depth, the methane yield generally shows a V-shaped or wavy change. The methane yield of shallow samples is generally large, and a minimum value will appear with the increase of depth. When the depth increases again, the yield will increase or rise again and again.




Figure 5 | Relationship between methane yield and depth of samples at different sites (RT, room temperature) (A) W05; (B) W07; (C) W08; (D) W16.



At the same site, samples at different depths have different organic matter compositions favorable for microorganisms. Secondly, the characteristics and biomass of methanogens in the samples are different, which may be the main reason for the difference in gas yield of samples at different depths at the same temperature in the experiment.

The low point of methane production in shallow samples may be caused by the active sulfate-reducing bacteria in the sediments (Fan et al., 2015), which inhibits the activity of methanogens (Guan et al., 2016). The competition for H2 and acetate between sulfate-reducing bacteria and methanogens affects the production of methane (Whiticar et al., 1986; Guan et al., 2018; Zhang et al., 2022). With the increase of depth, the activity of sulfate-reducing bacteria was gradually limited, and the methane yield began to increase. When the temperature is above 45°C, the activity of methanogenic bacteria is obviously weakened, and the methane yield is small, and there is no obvious change with the depth.





3.3 Discussion on influencing factors of methane production

To explore the influencing factors of biomethane yield is the premise of establishing evaluation index of biogas source rock. The essence of biogas is natural gas formed by the biochemical interaction between organic matter and microorganism (Min et al., 2014). The generation of biogas can be achieved through acetic acid fermentation and CO2 reduction. Carbon dioxide reduction reaction is the main source of microbial genesis gas, most of the methane producing bacteria can be through carbon dioxide reduction to produce methane, fermentation is mainly acetate deacidification to form methyl, and then converted into methane. Any factors that strengthen or weaken these two processes will have an impact on gas production. Based on the analysis of the results of this experiment, it is concluded that there are three key factors affecting the formation of biomethane in sediments: the first is the richness of organic matter; the second is the biomass and activity of methanogens; the third is environmental factors.



3.3.1 Available organic matter

Analysis of the relationship between methane yield and organic carbon (TOC) of sediment samples at the optimal temperature of 20 samples showed that there was no significant correlation between the yield and TOC (Figure 6). Under greenhouse conditions, the methane yield of sediments with the same TOC is also unstable, varying in a wide range. For example, the methane yield of GZ04 and GZ06 samples is between 42.7 and 161.2 ml/g TOC, and that of all samples is between 0.64 and 248 ml/g TOC. Similarly, Rashid and Vilks (1977) studied biogenic methane in Holocene sediments of a Canadian basin and also showed that there was no direct correlation between methane production and organic carbon (Rashid and Vilks, 1977). Gong et al (2009) conducted a similar biological gas production simulation experiment on the sediment samples of the “hydrate ridge” in the west coast of the United States (Gong et al., 2009; Wei et al., 2018), and the data also showed similar results.




Figure 6 | Intersection diagram of sediment organic carbon content (TOC) and methane production at optimal temperature (A) Room temperature; (B) 38°C.



According to the available experimental data,it can be seen that there is no significant correlation between TOC and methane yield. This indicates that TOC cannot be simply used to replace the index of organic matter abundance that affects gas production. TOC is one of the indicators of hydrocarbon generation potential because it can be used to characterize the abundance of organic matter, which is based on the theory of hydrocarbon generation by pyrolysis. The generation of biogas is a biochemical reaction in a strictly anaerobic environment, and its process is completely different from that of hydrocarbon generation by pyrolysis. TOC cannot accurately reflect the amount of effective organic matter available to microorganisms in organic matter. Two samples with the same TOC may not have the same content of organic matter available to microorganisms. What really affects methane production is the amount of metabolizable organic carbon contained in the sample, which is not currently available for accurate values. This is why the TOC of some samples is basically the same, and the methane production rates differ greatly when the ambient temperature and experimental time are the same.

Studies have shown that in the biogenic stage of sediments, methanogens and other microorganisms consume mainly cellulose, acetic acid and amino acids in organic matter, while some kerogen and other components cannot be directly utilized by bacteria and become invalid organic matter. The degree of difficulty for the carbon in different organic matters to be converted into gaseous carbon (CH4 and CO2) varies greatly, and the conversion ratio varies greatly, with the highest conversion rate reaching 69% and the lowest 2% (Zhang et al., 2008).

It can be seen that the types and characteristics of organic matter are important factors affecting the methane yield, which mainly depends on the amount of effective components that can be directly utilized by microorganisms. The quantity of these active components may be used as the index of organic matter abundance to evaluate the quality of biogas source rocks, which is called effective organic matter abundance in this paper. It should be a comprehensive index, which should contain the abundance information of specific components, and how to characterize, it still need a lot of detailed work based on geochemical process studies, laboratory simulation experiments and geological facts.




3.3.2 Bacterial community

The formation of biomethane is an anaerobic fermentation process, which can be divided into four stages. Each stage requires a different microbial community. The microorganisms involved in the whole process consist of many strains, including hydrolytic bacteria, fermentative bacteria, hydrogen and acetic acid producing bacteria, methanogens and other microbial groups (Brandon et al., 2012; Fan et al., 2017).

Methanogens are the last and most important part of this complex gas production process. They are a class of bacteria capable of anaerobic digestion of inorganic or organic compounds into methane gas. It relies on other microorganisms to degrade organic matter into simple compounds for reuse, and finally metabolizes methane through biochemical pathways under the action of other anaerobic bacteria and biological enzymes (Taiki et al., 2016). The two ways to form biomethane involve different bacterial communities, and methanogens are also the general term of one kind of bacteria rather than single kind of bacteria. The differences in the characteristics of bacterial communities in sediments directly determine which kinds of gas production routes occur and the intensity of gas production.

Therefore, the composition, biomass and activity of bacterial communities in sediments directly affect the production and yield of biomethane. In this process, many specific mechanisms are still unclear, but it has been repeatedly confirmed as one of the main factors affecting the methane yield.




3.3.3 Environmental factors

The results show that the biomethane yield is closely related to temperature, and temperature is the most important environmental factor affecting the methane yield. At present, most known methanogens are mesophilic. If the temperature is too low or too high, its activity will be affected and the biochemical action will be weakened or ceased. Under the optimal temperature, the microorganisms are the most active and the gas production rate is the highest.

The effect of depth on methane yield is mainly indirectly influenced by the difference of temperature and organic matter at different depths. Environmental pH value and other factors affect the yield of biomethane by influencing microbial activity (Giovana et al., 2018). In detail, different pH values affect the growth rate and product synthesis of bacteria by affecting the activity of related enzymes, cell membrane permeability, metabolic processes, and internal group decomposition, and may eventually change the gas production. In this experiment, the chemical composition of the pore water is still retained during the natural air drying of the sample. Redox reactions and their products have a certain effect on the formation of methane. The magnitude of the effect and how to eliminate the effect of pore water still require further experiments. In addition, a relatively arid climate, a saline environment with certain salinity and a relatively fast deposition rate are considered to be conducive to the preservation of organic matter, and thus play a positive role in the formation of biomethane (Qi et al., 1997).






4 Conclusion

	(1) The biological gas production simulation experiment was conducted in the sediments in the natural gas hydrate development area of Dongsha Sea. The gas products were mainly composed of CH4 and CO2, and a small amount of H2 was generated in some experiments.

	(2) In the biochemical gas production stage, the methane production rate is closely related to temperature. The most methane production occurred between 20°C and 40°C in the study area, and stopped about > 55°C. It is speculated that the shallow sediments in the seabed of the study area at 1400m are still in the biochemical gas production stage.

	(3) The maximum methane yield in the study area can reach 1.47ml/g sediment, and the average is 0.48 mL/g sediment. Compared with other biological gas fields, the methane yield under the optimal temperature in the study area is relatively high, and the hydrocarbon generation potential is large, in favor of the formation of natural gas hydrate ore body (Zhang et al., 2019; Zhang et al., 2020b). The preservation and accumulation conditions of biogas may be the key to the formation of hydrate ore bodies.

	(4) There is no significant correlation between organic carbon content (TOC) and methane yield. Using TOC as an evaluation index of resource potential of biological gas source rocks is not suitable here. This paper proposes effective organic matter instead of TOC, and further work is needed to establish this index.

	(5) The factors affecting methane production include available organic matter, bacterial community and environmental factors. In detail, this is: the metabolizable organic carbon in organic matter, the control of the activity and quantity of different types of methanogens, the possible influence of pore water and pH.
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