Table 1. Brief summary of the origins and sources of hydrate bound-gases around the world published in the past.  
	Region
	Location
	Reference
	Brief description of origins and sources of hydrate-bound gases

	South China 
Sea
	Shenhu
	(Fu and Lu, 2010)
(Liu et al., 2015b)
(Dai et al., 2017)
	Methane of hydrate-bound gas is a microbial origin produced by CO2 reduction.

	
	
	(Ye et al., 2018)
	Methane of the natural gas hydrate in the Shenhu area was mainly derived from the bacterial reduction of CO2, but the contribution of the thermogenic origin cannot be excluded.

	
	
	(Zhang et al., 2019)
	Mixed biogenic-thermogenic origin for the hydrate-forming gas. The methane isotope correlation indicates that the source of the hydrate gas is closely related to the deep conventional gas reservoirs discovered in the Baiyun Sag-Panyu Low Uplift area. 

	
	
	(Liang et al., 2022)
	Hydrate-bound gases have a mixed origin, containing both biogenic and thermogenic gases. Biogenic and thermogenic hydrocarbons were derived from marine organic matter and terrestrial organic matter, respectively.

	
	
	(Lai et al., 2022)
	Sites SC1 and SC2 exhibit the geochemical characteristics of secondary microbial gas, and the propane (C3) component and liquid thermogenic hydrocarbons (C15+) have been severely biodegraded. Secondary microbial methane within gas hydrates is an important terminal product that has been converted from thermogenic hydrocarbons via microbial degradation

	
	Qiongdongnan
	(Lai et al., 2021)
	The stable carbon isotopic compositions of C1–C3 hydrocarbon gas components indicate that the methane has a mixed microbial and thermogenic origin, while the C2+ hydrocarbon gases are of thermogenic origin derived from coaly-type source rocks.

	
	
	(Fang et al., 2019)
	Gases are dominated by methane with small amounts of ethane and propane and had relatively light δ13C-CH4, indicating mixtures of biogenic and thermogenic gas.

	
	
	(Ye et al., 2019)
	Thermogenic origin for the gas.

	
	
	(Wei et al., 2021)
	Mixture of microbial and thermogenic gases.

	
	Taixinan
	(Liang et al., 2017)
	The gas source of hydrate is mainly microbial gas, cracking gas may provide gas source together with microbial gas in the form of biodegradable gas.

	
	
	(Sha et al., 2019)
	Microbial gas.

	Okinawa Trough
	
	(Li et al., 2021)
	Methane having a mixture of thermogenic and microbial sources.

	
	
	(Xu et al., 2021)
	Active seepage of biogenic and thermogenic methane was identified on fault scarps and dome structures, respectively.

	Qilian Mountain permafrost
	
	(Lu et al., 2010)
	The gas of natural gas hydrate is mainly thermogenic origin (mainly related to oil cracking) with a small amount of microbial origin (acetate fermentation). 

	
	
	(Lu et al., 2013)
	Gases from gas hydrate is mainly concomitant with deep oil or crude oil in the study area. Strata within gas hydrate stability zone play little role in gas sources for gas hydrate.

	
	
	(Cheng et al., 2018)
	Organic thermogenic gas derived from Middle Jurassic source rocks.

	
	
	(Wang et al., 2015b)
	Most of the hydrate-bound gases are thermogenic in origin, with minor additional mixed microbial and thermogenic methane that is sourced from sapropelic kerogens in the underlying hydrocarbon reservoir.

	
	
	(Liu et al., 2015a)
	Hydrate-bound gases are from thermogenic origin.

	
	
	(Dai et al., 2017)
	Gases of the gas hydrate samples from the Jurassic Jiangcang Formation in the Muli County in Qilian Mountain are mainly of oil-derived origin, characterized by self-generation and self-preservation. 

	Offshore India
	KG Basin and Andaman Site
	(Stern and Lorenson, 2014)
	The hydrate-forming gas is predominantly methane with trace quantities of higher molecular weight hydrocarbons of primarily microbial origin.

	
	
	(Lorenson and Collett, 2018)
	Hydrate from the Krishna-Godavari Basin is mainly microbial methane. Gas from the Mahanadi Basin was mainly methane with microbial gas source; however deeper cores contained higher molecular weight hydrocarbon gases suggesting a small contribution from a thermogenic gas source. Gas composition in the Andaman Basin was mainly microbial gas sources.

	
	
	(Dixit et al., 2019)
	Carbon isotopic studies show that methane gas sampled from recovered gas hydrate samples were derived from biogenic (microbial) sources.

	
	Krishna-Godavari Basin
	(Kida et al., 201i9)
	The gas hydrate is structure I with hydration number n=6.1–6.2, formed predominantly from microbial methane and small amounts of heavier hydrocarbons up to C3.

	South of Pakistan
	Markeran accretionary prism
	(Lalk et al., 2022)
	Δ13CH3D values consistent with a microbial source of methane, produced between 46 and 65 °C.

	Offshore Korea
	Ulleung Basin
	(Kim et al., 2011)
	Microbial CO2 reduction. Methane source of the hydrate-bound gas is the same as that of headspace and void gas.

	
	
	(Choi et al., 2013)
	Methane predominantly originates via microbial carbon dioxide reduction. 

	
	
	(Kim et al., 2013)
	Microbial source for the CH4 and C2H6.

	Offshore Japan
	Nankai Trough
	(Kida et al., 2015)
	Microbial origin for the natural gas distributed at this site

	
	Nankai accretionary complex
	(Ijiri A. et al., 2018)
	Clumped methane isotopologues suggest that ~90% of methane is microbially produced at 16° to 30°C

	
	Joetsu Basin
	(Hachikubo et al., 2015)
	The hydrate-bound hydrocarbons at Umitaka Spur (southwestern Joetsu Basin) primarily consisted of thermogenic methane, whereas those at Joetsu Knoll contained both thermogenic methane and a mixture of thermogenic and microbial methane.

	
	
	(Snyder et al., 2020)
	The presence of hydrate with a mantle 3He/4He signatures indicates that fluids enriched in mantle gases are responsible for the mobilization of thermogenic gas within active Japan Sea chimney structures.

	
	
	(Zhang et al., 2021)
	By combining clumped isotope results with other traditional approaches, a thermogenic and two microbial end-members as well as their isotopic compositions were identified and the relative contribution of each end-member was also quantified.

	
	Kumano Basin 
	(Lalk et al., 2022)
	High Δ13CH3D values (>4.7‰) are consistent with a shallow microbial source.

	Sea of Okhotsk
	Offshore Sakhalin Island
	(Hachikubo et al., 2010b)
	Methane was produced by microbial reduction of CO2. Small amounts of thermogenic gas were mixed with microbial methane.

	Northwest Atlantic
	Blake Ridge
	(Ryo Matsumoto, 2000)
	Methane was generated through bacterial CO2 reduction.

	
	
	(Lorenson, 2000)
	Methane of this isotopic composition is mainly microbial in origin and likely produced by bacterial reduction of bicarbonate. The hydrocarbon gases here are likely the products of early microbial diagenesis.

	Alaska North Slope
	Mallik
	(Lorenson et al., 1999)
	In situ gases can be divided into three zones composed of mixtures of microbial and thermogenic gases. Thermogenic gas likely migrated from depths below 5000 m. 

	
	Mount Elbert
	(Lorenson et al., 2011)
	These results are consistent with the concept that the Eileen gas hydrates contain a mixture of deep-sourced, microbially biodegraded thermogenic gas, with lesser amounts of thermogenic oil-associated gas, and coal gas. Thermal gases are likely sourced from existing oil and gas accumulations that have migrated up-dip and/or up-fault and formed gas hydrate in response to climate cooling with permafrost formation.

	
	Mount Elbert
	(Stern et al., 2011)
	These gas composition results are also consistent with gas hydrate sampled by direct dissociation in plastic syringes on the drill site (Lorenson et al., 2011).

	Cascadia Margin

	Hydrate ridge
	(Milkov et al., 2005)
	Two end-member gas sources (deep allochthonous and in situ) as mixtures of different proportions. In an area of high gas flux gas hydrates are composed of mainly allochthonous mixed microbial and thermogenic gases, while areas with low gas flux are mainly from microbial methane and ethane generated dominantly in situ.

	
	
	(Winckler et al., 2002)
	The hydrates contain no He and Ne, but contain large amount of Ar, Kr and Xe, indicating that light noble gases are not incorporated into the hydrate structure. Microbial CO2-reduction is the dominant CH4 production pathway.

	
	
	(Claypool, 2006)
	The near-surface gas hydrates are mainly composed of previously buried microbial methane but also contain a significant (10–15%) component of thermogenic gases and are overprinted with microbial methane generated currently in shallow sediments.

	
	
	(Lalk et al., 2022)
	Clumped methane isotopologues suggest that ~90% of methane is microbially produced at 18°C to 34°C

	
	
	(Wang et al., 2015a)
	Microbial methane in pore waters and gas hydrates from northern Cascadia margin sediments yielded Δ13CH3D temperatures of 12° to 42°C. These are consistent with their expected low formation temperatures.

	
	Barkley Canyon
	(Pohlman et al., 2005)
	Thermogenic gas source. The source rock for the Barkley Canyon hydrate and vent gas had primarily Type III kerogen mixed with a small fraction of Type II kerogen.

	
	
	(Lu et al., 2007)
	The sample contains structure H hydrate with thermogenic origin

	Offshore Costa Rica
	Middle America Trench
	(Lückge et al., 2002)
	Most of the gas was generated by microbial CO2-reduction. Percentage of thermally-generated ethane increases with depth.

	Gulf of Mexico
	Mississippi Canyon
	(Sassen et al., 2001a)
	The isotopic properties of C1±C5 gas from reservoirs, vents, and gas hydrate correlate closely. Free hydrocarbon gas, gas hydrate, and authigenic minerals in chemosynthetic communities of the northern Gulf of Mexico continental slope: relation to microbial processes

	
	Chapopote Knoll,
	(Klapp et al., 2010)
	Predominantly fueled by thermogenic hydrocarbon sources.

	
	Campeche Knolls
	(MacDonald et al., 2004)
	Molecular and isotopic compositions of the gas hydrate and sediment headspace from the second grab sample indicate moderately mature, thermogenic gas.

	
	Atwater Canyon
	(Sassen et al., 2001b)
	A leaky petroleum system is proposed to be the main source of thermogenic gases.

	
	Atwater Canyon
	(Sassen et al., 1999)
	Most thermogenic gas hydrate occurrences in the central slope are linked to vertical migration of oil and gas from deep Upper Jurassic source rock facies. Bacterial methane hydrates also occur.

	
	Gulf of Mexico
	(Lalk et al., 2022)
	Mixing between estimated microbial and thermogenic endmembers show that oil-associated hydrates from the Gulf of Mexico may be 70 to 80% thermogenic in origin. Δ13CH3D temperatures range from 115° to 118°C.

	Brazil’s Continental Margin
	Rio Grande Cone; Amazon deep-sea fan 
	(Ketzer et al., 2019)
	Dominantly formed by biogenic methane.

	
	Amazon Deep-Sea Fan and Slope Sediments
	(Rodrigues et al., 2019)
	Dominant microbial origin of methane via carbon dioxide reduction. However, a mixture of thermogenic and microbial gases was suggested for the hydrate-bound and dissolved gases in the continental slope adjacent to the Amazon fan.

	
	Amazon deep-sea fan
	(Ketzer et al., 2018)
	Gas compositions from hydrates recovered in vents at three locations on and north of the fan indicate biogenic sources, whereas samples from vents adjacent to the fan proper include possible thermogenic contributions.

	
	Rio Grande Cone
	(Miller et al., 2015)
	The chemical and isotopic compositions of the gas strongly suggest a biogenic origin for the analyzed samples.

	Chukchi Sea
	
	(Kim et al., 2020)
	The isotopic signatures of gas samples at the hydrate-bearing sites and below the SMT at the nonhydrate-bearing sites reflect thermogenic source transported across at least 1 km through faults/fractures in the Chukchi Sea.

	Norwegian Sea
	[bookmark: OLE_LINK1]Nyegga pockmark
	(Vaular et al., 2010)
	Methane is microbially produced and originates from CO2 reduction. Ethane from the gas hydrate has mixed thermogenic and microbial contributions, which is supported by the existence of propane and isobutane.

	
	
	(Hovland et al., 2005)
	Presence of both bacterial and thermogenic gases.

	Barent sea
	North Atlantic Haakon Mosby
	(Lalk et al., 2022)
	Microbial-like C1/C2+ C3, Δ13CH3D, and δD-CH4. The values of Δ13CH3D from these sites, however, are low (ca. < 3.5‰, T13D range from 264°C to 313°C). The tectonic settings of the mud volcanoes may have important implications for chemistry of their deeply sourced fluids and mechanism of methane production.

	Black Sea
	Dvurechenskii mud volcano
	(Blinova et al., 2003)
	Mainly biogenic origin with an admixture of thermogenic gas.

	
	Batumi seep
	(Pape et al., 2010a)
	Predominant microbial methane formation.

	
	Sorokin Trough
	(Stadnitskaia et al., 2008)
	Gases are initially derived from the comparable hydrocarbon pools and are likely initial products of non-microbial oil cracking processes. Dry characteristics of gas and 13C-depleted signatures of methane are result of a high admixture of secondary microbial gas formed due to subsequent microbial anaerobic degradation of redeposited hydrocarbons in the shallow reservoirs.

	
	Black Sea
	(Lalk et al., 2022)
	Gas hydrate from mud volcanoes located on km-thick sediments in tectonically less active or passive settings yielded microbial-like δ13C-CH4 and C1/C2+C3 values, and low Δ13CH3D values (1.6–3.3‰), which may be due to kinetic isotope effects.

	Sea of Marmara
	
	(Bourry et al., 2009)
	The gas bubbles contain thermogenic methane and are likely sourced from the natural gas reservoirs of the Thrace Basin, or from their source rocks. Gas bubbles from Central High also show a thermogenic origin whereas gas bubbles sampled on the Çinarcik Basin are composed of biogenic methane, mixed with a trace amount of thermogenic ethane

	
	
	(Ruffine et al., 2018)
	Microbial sources producing methane from primary methanogenesis have been identified in the Tekirdağ and the Çınarcık basins. In addition, six different thermogenic reservoirs or migration pathways are responsible for the supply of gas to the seeps on the highs and in the western basin. Five of them are undergoing biodegradation followed by secondary methanogenesis, thereby providing additional sources of microbial methane to the seeps. 

	
	
	(Giunta et al., 2021)
	Isotopic characteristics of methane appears to be affected to varying degrees by bond re-equilibration with clay minerals, which might imply that the temperature obtained from clumped isotope represents the re-equilibration condition of post-generation rather than the actual formation temperature of methane.

	Mediterranean Sea
	Amsterdam mud volcano
	(Pape et al., 2010b)
	Prevalence of thermogenic light hydrocarbons.

	
	Olimpi Mud Volcano field; Anaximander Mountains
	(Charlou et al., 2003)
	Methane to ethane ratios (>1000) and δ13C-CH4 values (-65.6‰ PDB) indicate that the CH4 is microbially produced.

	
	Mediterranean Sea
	(Lalk et al., 2022)
	Typical δ13C-CH4 values for thermogenic sources, while Δ13CH3D values (3.8–6.0‰) consistent with prevailing microbial sources (15–59°C). 

	Offshore South Iberia & NW Africa Margin
	Gulf of Cadiz (Ginsburg Mud volcano)
	(Mazurenko et al., 2002)
	The inferred source of the gas in the hydrates is enriched in C2–C6 (≤5%), indicating that the gas has a thermogenic origin.

	West African
	Congo–Angola Basin
	(Charlou et al., 2004)
	Primarily microbial origin for the CH4, which is generated through bacterial CO2 reduction

	
	Northern Congo Fan
	(Lalk et al., 2022)
	Δ13CH3D values consistent with a microbial source of methane, produced between 39 and 54 °C.

	
	Gulf of Guinea
	(Lalk et al., 2022)
	Δ13CH3D values consistent with a microbial source of methane, produced between 36 and 54 °C.

	Offshore New Zealand
	Hikurangi subduction margin
	(Koch et al., 2016)
	The analyses clearly show that the cold vents at Opouawe Bank (as well as at the Hikurangi margin in general) are fueled by the seepage of biogenic methane gas.

	Lake Baikal
	Malenky, Bolshoy and K-2 mud volcanoes
	(Kida et al., 2009)
	Microbial origin by methyl-type (acetic) fermentation

	
	Kukuy Canyon
	(Kida et al., 2006)
	Gas composition and crystallographic analyses of hydrate samples reveal involvement of two distinct gas source types in gas hydrate formation at present or in the past: microbial (methane) and thermogenic (methane and ethane) gas types. The clathrate structure II, observed for the first time in fresh water sediments, is believed to be formed by higher mixing of thermogenic gas.

	
	Lake Baikal
	(Hachikubo et al., 2010a)
	All the seep sites are with dominant microbial origin of methane via methyl-type fermentation; Two sites are with mixture of thermogenic and microbial gases
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