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Abstract

Gas hydrates stored in the continental margins of the world’s oceans represent the largest global reservoirs of methane. De-

termining the source and history of methane from gas hydrate deposits informs the viability of sites as energy resources, and

potential hazards from hydrate dissociation or intense methane degassing from ocean warming. Stable isotope ratios of methane

(13C/12C, D/H) and the molecular ratio of methane over ethane plus propane (C1/C2+3) have traditionally been applied to

infer methane sources, but often yield ambiguous results when two or more sources are mixed, or when compositions were altered

by physical (e.g., diffusion) or microbial (e.g., methanotrophy) processes. We measured the abundance of clumped methane

isotopologue (13CH3D) alongside 13C/12C and D/H of methane, and C1/C2+3 for 46 submarine gas hydrate specimens and

associated vent gases from 11 regions of the world’s oceans. These samples are associated with different seafloor seepage fea-

tures (oil seeps, pockmarks, mud volcanoes, and other cold seeps). The average apparent equilibration temperatures of methane

from the Δ13CH3D (the excess abundance of 13CH3D relative to the stochastic distribution) geothermometer increase from

cold seeps (15 to 65 ) and pockmarks (36 to 54 ), to oil-associated gas hydrates (48 to 120 ). These apparent temperatures

are consistent with, or a few tens of degrees higher than, the temperature expected for putative microbial methane sources.

Apparent methane generation depths were derived for cold seep, pockmark, and oil seep methane from isotopologue-based

temperatures and the local geothermal gradients. Estimated methane generation depths ranged from 0.2 to 5.3 kmbsf, and

are largely consistent with source rock information, and other chemical geothermometers based on clay mineralogy and fluid

chemistry (e.g., Cl, B, and Li). Methane associated with mud volcanoes yielded a wide range of apparent temperatures (15

to 313). Gas hydrates from mud volcanoes the Kumano Basin and Mediterranean Sea yielded δ13C-CH4 values from -36.9 to

-51.06.0microbial sources. These mud volcanoes are located at active convergent plate margins, where hydrogen may be supplied

from basement rocks, and fuel methanogenesis to the point of substrate depletion. In contrast, gas hydrate from mud volcanoes

located on km-thick sediments in tectonically less active or passive settings (Black Sea, North Atlantic) yielded microbial-like

δ13C-CH4 and C1/C2+3 values, and low Δ13CH3D values (1.6 to 3.3study is the first to document the link between methane

isotopologue-based temperature estimates and key submarine gas hydrate seepage features, and validate previous models about

their geologic driving forces.
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Abstract  19 

Gas hydrates stored in the continental margins of the world’s oceans represent the largest 20 

global reservoirs of methane. Determining the source and history of methane from gas hydrate 21 

deposits informs the viability of sites as energy resources, and potential hazards from hydrate 22 

dissociation or intense methane degassing from ocean warming. Stable isotope ratios of methane 23 

(13C/12C, D/H) and the molecular ratio of methane over ethane plus propane (C1/C2+3) have 24 

traditionally been applied to infer methane sources, but often yield ambiguous results when two 25 

or more sources are mixed, or when compositions were altered by physical (e.g., diffusion) or 26 

microbial (e.g., methanotrophy) processes.  27 

We measured the abundance of clumped methane isotopologue (13CH3D) alongside 28 

13C/12C and D/H of methane, and C1/C2+3 for 46 submarine gas hydrate specimens and associated 29 

vent gases from 11 regions of the world’s oceans. These samples are associated with different 30 

seafloor seepage features (oil seeps, pockmarks, mud volcanoes, and other cold seeps). The 31 

average apparent equilibration temperatures of methane from the Δ13CH3D (the excess 32 

abundance of 13CH3D relative to the stochastic distribution) geothermometer increase from cold 33 

seeps (15 to 65 ℃) and pockmarks (36 to 54 ℃), to oil-associated gas hydrates (48 to 120 ℃). 34 

These apparent temperatures are consistent with, or a few tens of degrees higher than, the 35 

temperature expected for putative microbial methane sources. Apparent methane generation 36 

depths were derived for cold seep, pockmark, and oil seep methane from isotopologue-based 37 

temperatures and the local geothermal gradients. Estimated methane generation depths ranged 38 

from 0.2 to 5.3 kmbsf, and are largely consistent with source rock information, and other 39 

chemical geothermometers based on clay mineralogy and fluid chemistry (e.g., Cl, B, and Li). 40 

Methane associated with mud volcanoes yielded a wide range of apparent temperatures 41 

(15 to 313℃). Gas hydrates from mud volcanoes the Kumano Basin and Mediterranean Sea 42 

yielded δ13C-CH4 values from -36.9 to -51.0‰, typical for thermogenic sources. Δ13CH3D values 43 

(3.8 to 6.0‰) from these sites, however, are consistent with prevailing microbial sources. These 44 

mud volcanoes are located at active convergent plate margins, where hydrogen may be supplied 45 

from basement rocks, and fuel methanogenesis to the point of substrate depletion. In contrast, 46 

gas hydrate from mud volcanoes located on km-thick sediments in tectonically less active or 47 

passive settings (Black Sea, North Atlantic) yielded microbial-like δ13C-CH4 and C1/C2+3 values, 48 
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and low Δ13CH3D values (1.6 to 3.3‰), which may be due to kinetic isotope effects. 49 

Additionally, using samples from two sites, we found that Δ13CH3D values of hydrate-bound gas 50 

and vent gas agree within measurement error.  This study is the first to document the link 51 

between methane isotopologue-based temperature estimates and key submarine gas hydrate 52 

seepage features, and validate previous models about their geologic driving forces. 53 

  54 
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1. Introduction 55 

Submarine gas hydrates form one of Earth’s largest reservoirs of methane (ca. 550 Gt C), an 56 

energy resource and potent greenhouse gas (Piñero et al., 2013; Saunois et al., 2020). Gas 57 

hydrates are found close to the seafloor, in the anoxic sediments of continental margins. They are 58 

stable over a limited range of low-temperature and intermediate-pressure conditions (the gas 59 

hydrate stability zone) when pore water is saturated with methane (Dickens and Quinby-Hunt, 60 

1997). These narrow stability conditions can make gas hydrate susceptible to perturbations in 61 

temperature (e.g., warming bottom seawater) and hydrostatic pressure (e.g., sea level change) 62 

associated with global climate change (Paull et al., 1996; Kennett et al., 2003; Krey et al., 2009; 63 

Biastoch et al., 2011). Release of methane from hydrates has been hypothesized as a possible 64 

cause of abrupt climate change, relevant both in the present day and during the Paleocene-65 

Eocene Thermal Maximum (Dickens, 2011; Whiteman et al., 2013). Understanding the 66 

process(es) and environment of methane generation may yield information that would help 67 

assess the productivity of the source, capacity of the reservoir, and the probability of hazards, 68 

including the risk of hydrate dissociation and intense methane degassing due to ocean warming.  69 

Gas hydrates may contain light hydrocarbons from microbial, thermogenic, or a mixture of 70 

these sources. In marine sedimentary environments, methane and other light hydrocarbons can be 71 

produced by thermal breakdown of large organic molecules or microbial methanogenesis via 72 

organic matter decomposition. Thermal methanogenesis typically occurs at high temperatures 73 

(peak generation ≈ 160 ℃) and greater than ca. 5 kilometers sediment depth (e.g., Seewald, 74 

2003; Stolper et al., 2014), but onset may occur at temperatures as low as 60 to 120 ℃ (Hunt 75 

1996). Primary microbial methane production from the reduction of CO2 by H2 or 76 

disproportionation of acetate, occurs at lower temperatures (typically below 60 ℃) and generally 77 

less than 2 km below seafloor (kmbsf) (e.g., Inagaki et al., 2015). Secondary microbial methane 78 

production via the biodegradation of oil can proceed at temperatures higher than typical primary 79 

microbial methanogenesis (up to 80 ℃) (Wilhelms et al., 2001; Head et al., 2003). Additionally, 80 

methane can be formed abiotically during water-rock reactions of seafloor basement rocks, 81 

although this is considered to be a minor contribution to the marine sedimentary methane pool 82 

(e.g., Klein et al., 2019; McDermott et al., 2015).  83 
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The carbon (13C/12C) and hydrogen (D/H) stable isotope ratios and the ratio of methane to 84 

ethane and propane (C1/C2+3), are often applied to infer the source of methane (e.g., Bernard et 85 

al., 1976; Whiticar, 1999; Milkov and Etiope, 2018). However, source identification can be 86 

obscured by overlaps in geochemical fields. Typical microbial methane has δ13C-CH4 values less 87 

than -50‰, but thermogenic methane may have δ13C-CH4 values from -70 to -20‰ (Figure 3). 88 

Similarly, microbial gas is expected to have C1/C2+3 values greater than 100, but microbial gas 89 

produced by oil biodegradation (termed ‘secondary microbial gas’) may have C1/C2+3 values less 90 

than 10. Thermogenic gas is expected to have C1/C2+3 values less than 100, but late maturity 91 

thermogenic gas has been observed with C1/C2+3 values over 1000 (Figure 3). Nevertheless, the 92 

application of these geochemical proxies to hydrate samples has shown that gas hydrates are 93 

largely archives of microbially produced methane (Milkov, 2005; Bohrmann and Torres, 2006; 94 

You et al., 2019).  95 

Several microbial and physical processes can fractionate the isotopic composition of 96 

methane and relative alkane composition of gas, obscuring source identification. In anoxic 97 

sediments, dissolved methane can be oxidized by consortia of bacteria and archaea, in a process 98 

known as anaerobic oxidation of methane (AOM) (Barnes and Goldberg, 1976; Reeburgh, 99 

1976). Laboratory culture studies showed AOM may leave the methane pool enriched in 13C, D, 100 

and 13CH3D (e.g., Holler et al., 2009; Ono et al., 2021). However, inference from natural settings 101 

suggests that AOM may promote isotope exchange, leaving residual methane with equilibrium 102 

isotopologue compositions (e.g., Yoshinaga et al., 2014; Ash et al., 2019; Giunta et al., 2019; 103 

Young et al., 2019; Zhang et al., 2021). Additionally, methane produced from oil biodegradation 104 

( ‘secondary microbial methane’) is relatively enriched in 13C compared to methane from 105 

primary methanogenesis (Valentine et al., 2004; Milkov and Dzou, 2007).  Physical processes, 106 

including diffusion and migration, can fractionate isotope and gas compositions and has 107 

explained compositions of natural gas that do not follow simple mixing trends in δ13C and 108 

C1/C2+3 diagrams (Prinzhofer and Pernaton, 1997). Diffusion fractionation of isotopes and 109 

relative chemical composition of alkanes is expected to occur as a function of mass, such that 110 

lighter isotopes and lighter alkanes are transported more quickly than their heavy counterparts. 111 

Thus, it is expected that the values of 13C-CH4 and D-CH4 for a diffused gas are depleted relative 112 

to its source, while C1/C2+3 is relatively enriched (Prinzhofer and Pernaton, 1997; Zhang and 113 

Krooss, 2001). 114 
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Clumped methane isotopologue analysis is a technique developed in the 2010s in which 115 

the abundances of isotopologues of methane (12CH4, 
13CH4, 

12CH3D, 13CH3D, and 12CH2D2) are 116 

quantified relative to that expected for a random distribution of isotopes among methane 117 

molecules (Ono et al., 2014; Stolper et al., 2014; Young et al., 2017; Gonzalez et al., 2019). This 118 

measurement can reveal information about methane formation and alteration processes, and the 119 

temperature at which methane formed can be inferred assuming the methane is in 120 

thermodynamic equilibrium and has not re-equilibrated since its formation.  121 

Clumped isotopologue analysis has previously been applied to hydrate-bound methane 122 

from Hydrate Ridge on the Cascadia Margin, Kumano Basin mud volcano #5, as well as five 123 

sites from the Japan Sea (Wang et al., 2015; Ijiri et al., 2018b; Zhang et al., 2021). Samples from 124 

Hydrate Ridge and the Kumano forearc basin yielded apparent temperatures from the clumped 125 

methane geothermometer of ca. 10 to 40 ℃, consistent with a relatively shallow microbial 126 

source. Samples from the Japan Sea presented apparent temperatures ranging from 15 to 170 ℃, 127 

which were used to constrain the proportions of microbial and thermogenic methane sources, 128 

assuming microbial methane is equilibrated at near-seafloor temperatures by AOM (Zhang et. 129 

al., 2021). Several hydrate deposits with ambiguous geochemical signatures have been 130 

documented (e.g., Graves et al., 2017; Pape et al., 2020); therefore, apparent temperature from 131 

clumped isotopologue analysis has the potential to constrain the origin and geochemical history 132 

of hydrate deposits. 133 

The apparent temperature of equilibrium can be a useful geothermometer if methane was 134 

generated under isotopologue equilibrium or equilibrated later, not by kinetically controlled 135 

processes. Laboratory experiments yield disequilibrium signatures for microbial generation (e.g., 136 

Stolper et al., 2015; Wang et al., 2015; Douglas et al., 2016; Gruen et al., 2018) as well as 137 

thermal and abiotic generation (e.g., Shaui et al., 2018; Dong et al., 2021). Methane in marine 138 

sedimentary basins often shows carbon and hydrogen isotope equilibrium between CO2 and H2O, 139 

respectively (e.g., Meister et al., 2019; Pape et al., 2021; Turner et al. 2021).  Similarly, 140 

environmentally reasonable temperatures have been observed for both thermogenic and 141 

microbial methane found in marine sedimentary basins (Stolper et al., 2014; Wang et al., 2015; 142 

Douglas et al., 2017; Stolper et al., 2017; Ash et al., 2019; Giunta et al., 2019; Douglas et al., 143 

2020b; Thiagarajan et al., 2020). Microbial methane is expected to produce near-equilibrium 144 
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methane under energy-limitation (Valentine et al., 2004; Ono et al., 2022), and abiotic catalysis 145 

may be geologically fast enough to equilibrate methane for high maturity thermogenic gas. 146 

Measurements of natural samples, however, showed that kinetic fractionation dominates the 147 

methane isotopologue signature of surface reservoirs, including wetlands, freshwater bodies, and 148 

rudiments (e.g., Wang et al., 2015). Further, kinetic methane isotopologue signals were observed 149 

for low maturity thermogenic gases, whereas high maturity thermogenic gases tend to show 150 

equilibrium signals. (Xie et al., 2021). Measurements of 12CH2D2, in addition to 13CH3D, can be 151 

used to assess whether methane is internally equilibrated, or carries a kinetic (disequilibrium) 152 

signal, although mixing of methane sources may complicate the interpretations (e.g., Zhang et 153 

al., 2021; Giunta et al., 2021). Whether methane isotopologues indicate the temperature of 154 

generation or post-generation equilibration is currently debated (e.g., Okumura et al., 2016; 155 

Turner et al., 2021). 156 

The presence of gas hydrates in near seafloor sediments is often associated with methane-rich 157 

fluid seepage (e.g., You et al., 2019). Submarine gas hydrates can be categorized by their fluid 158 

and gas chemistry or venting structure morphology. Physical seafloor expressions include 159 

pockmarks, mud volcanoes, and other cold seeps. Cold seeps are widely distributed on the 160 

seafloor along continental margins (e.g., Suess, 2014), and are the primary conduit for methane 161 

transport from the lithosphere to the hydrosphere. Typically, seepage occurs over fissures in the 162 

seafloor caused by tectonic activity, and authigenic carbonate formation resulting from AOM can 163 

alter seafloor topography over time (Bohrmann et al., 1998). Cold seeps are a unique biome, 164 

harboring complex primary and secondary microbial communities where anaerobic 165 

methanotrophs play the role of primary producers (Orphan et al., 2002; Levin, 2005). Pockmarks 166 

are (sub-) circular seafloor depressions that are usually related to intense focused migration of 167 

fluids with typically limited number of emission sites. They can be caused by sediment removal, 168 

high gas flux in a confined seafloor area, and often coalescence of several smaller pockmarks 169 

(e.g., King and MacLean, 1970; Sahling et al., 2008; Davy et al., 2010; Sultan et al., 2014; 170 

Wenau et al., 2017). Pockmarks occasionally reach hundreds of meters in diameters (called giant 171 

pockmarks).  Mud volcanoes are geologic features formed from localized outflow of sediments 172 

and warm fluids that have been mobilized from depth (Milkov, 2000; Dimitrov, 2002; Kopf, 173 

2002; Kaul et al., 2006). Some mud volcanoes are rooted as deeply as several kilometers within 174 
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the sediment column, where thermogenic methane may be produced. Most mud volcanoes are 175 

located in compressional forearc basins (Kopf, 2002; Milkov, 2004).  176 

Some methane seepages are associated with oil. Oil seeps are sites where natural gaseous and 177 

liquid hydrocarbons escape from oil-bearing deposits. Oil is thought to form in sediments at 178 

temperatures of ca. 100-150 oC, thus oil associated hydrates are expected to be connected to a 179 

deeper, higher temperature environment, and reflect a prevailing thermogenic source (Hunt, 180 

1996). Secondary methane formation from microbial oil biodegradation can occur at 181 

temperatures as high as 80 oC (Wilhelms et al., 2001; Head et al., 2003), which can be 182 

incorporated into the gas hydrate reservoir within the hydrate stability zone. 183 

In this study, we analyzed isotopologue (Δ13CH3D, δ13C-CH4, δD-CH4) and hydrocarbon 184 

(C1/C2+3) compositions for 46 submarine gas hydrates and associated vent gases from 11 regions 185 

of the world’s oceans to investigate origins of methane bound in hydrates and present in 186 

associated vent gas from different types of hydrocarbon seepage. We used clumped methane 187 

isotopologue geothermometry to add temperature ranges to the different geologic processes that 188 

result in submarine gas hydrate deposits and compare them to previous models for seepage 189 

driving forces and methane origin. These data were also used to resolve origins of light 190 

hydrocarbons for sites that were previously considered ambiguous. Apparent temperatures from 191 

clumped isotopologue data, along with site specific geothermal gradients were used to estimate 192 

the depth at which methane was formed. The estimated source depth was compared with 193 

information from source rock biomarkers and chemical geothermometers based on clay 194 

mineralogy and fluid chemistry to assess the depth of hydrocarbon generation. 195 

2. Materials and Methods 196 

Submarine gas hydrate samples and associated vent gases were collected from the 197 

Cascadia Margin, the Gulf of Mexico, the North Atlantic, the Mediterranean Sea, the Gulf of 198 

Guinea, the Congo Fan, the Black Sea, the Makran Accretionary Prism (south of Pakistan) and 199 

the Kumano Basin (Figure 1). Hydrate-bound gas was collected using the MARUM-MeBo 200 

(Freudenthal and Wefer, 2013) drill rig and gravity corers. Vent gases were collected using the 201 

Gas Bubble Samplers (Pape et al., 2010a). One sedimentary gas from Venere mud volcano in the 202 

Mediterranean Sea was collected using the Dynamic Autoclave Piston Corer (Pape et al., 2010a). 203 
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There were 20 samples from 11 cold seep sites, 5 samples from 5 pockmark sites, 9 samples 204 

from 4 oil-associated sites, and 12 samples from 8 mud volcanoes (Table 1).  205 

 206 

Figure 1: Sample site locations. Continental plate boundaries are shown in dark blue. 207 

 208 

2.1 Site descriptions 209 

Cascadia Margin: Cascadia Margin is a convergent boundary between the Juan de Fuca and 210 

North American plates in the northeast Pacific Ocean. Hydrate Ridge is a morphological high, 211 

located at ca. 750 to 900 m water depth, and a site of extensive hydrate deposits underlain by 212 

free-gas containing sediments (e.g., Suess et al., 1999).  213 

Gulf of Mexico: Bush Hill is a hydrate mound located in the northern Gulf of Mexico at ca. 570 214 

m water depth, and characterized by oil and gas seepage. This site is approximately 500 m wide 215 

and 40 m high, with fluid migrating along two antithetic faults from depth (MacDonald et al., 216 

1994; Vardaro et al., 2006). Hydrate and vent gas at this site has a thermogenic source tied to 217 
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hydrocarbons from Jurassic-aged source rocks and stored in the Jolliet reservoir at ca. 1.7 to 3.1 218 

kmbsf (Sassen et al., 2001). 219 

North Atlantic W. of Spitsbergen: The West Spitsbergen continental margin is formed of glacial 220 

sediments from the advance and retreat of the Svalbard-Barents Sea ice sheet overlying marine 221 

sediments. Samples from this region are vent gases. Area 1 is at a water depth of ca. 90 m, Area 222 

2 is at a water depth of ca. 240 m, and Area 3 is at a water depth of ca. 400 m (Sahling et al., 223 

2014).  224 

North Atlantic Barents Sea: The continental slope of the Barents Sea has a 6 km thick sediment 225 

column of largely glacial marine sediments. Håkon Mosby mud volcano is about 1 km2 in area, 226 

and located at ca. 1250 m water depth (Kaul et al., 2006; Pape et al., 2011a). Unlike most other 227 

mud volcanoes, the Håkon Mosby mud volcano is not associated with plate subduction or salt 228 

tectonics. Formation of over-pressurized fluids may coincide with past submarine landslides and 229 

fluids are expected to rise from 2 to 3 km through a central conduit (Vogt et al., 1997).  230 

Mediterranean Sea: The Calabrian accretionary prism in the central Mediterranean Sea is formed 231 

from the subduction of the African plate below the Eurasian plate. Over 50 mud volcanoes have 232 

been identified in this region. Venere mud volcano is located at a water depth of 1600 m and is a 233 

site of active gas emissions (Loher et al., 2018). The Anaximander Mountains in the eastern 234 

Mediterranean Sea is host to Thessaloniki mud volcano, at 1260 m water depth. The 235 

Anaximander Mountains are situated at the junction of the African Plate with the Aegean and 236 

Anatolian microplates, causing complex deformation (ten Veen et al., 2004).  237 

West of Africa Gulf of Guinea: A pockmark field is located on the passive continental margin 238 

west of Africa, which is slowly deforming by gravity tectonism from sediment loading and 239 

seaward progradation (Damuth, 1994; Cohen and McClay, 1996). The pockmark field lies at 240 

water depths between 1140 and 1200 m (Sultan et al., 2014). 241 

West of Africa Congo Fan: The western African passive continental margin in the Congo Basin 242 

is a known methane-rich seep area with pockmarks occurring from the shelf to deep basins. This 243 

region is characterized by 2 to 3 km of terrigenous sediment overlaying Cretaceous shales and 244 

large accumulations of evaporites, forming compressional structures and faulting (György 245 
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Marton et al., 2000). Pockmarks included in this study are located at water depths around 3100 246 

m. 247 

Northern Black Sea: The Sorokin Trough, in the northern Black Sea off the Crimean Peninsula,  248 

is considered a foredeep basin characterized by diapirs formed from compressive deformation of 249 

the Shatsky Ridge and Tetyaev Rise (Krastel et al., 2003; Sheremet et al., 2016). Over-250 

pressurized fluids from this compressive environment and associated faults form the mud 251 

volcanoes observed in this region. These mud volcanoes are located at water depths of ca. 2050 252 

m (Sahling et al., 2009). The Kerch seep area is located northeast of the Sorokin Trough at a 253 

water depth of ca. 900 m (Römer et al., 2012).  254 

Eastern Black Sea: The eastern Black Sea on the continental slope off Georgia is characterized 255 

by a system of ridges formed by active compressional deformation (Meredith and Egan, 2002). 256 

Oil-associated hydrate sites in this locality include Pechori Mound, Iberia Mound, and Colkheti 257 

Seep, located at water depths of ca. 850 to 1500 m (Pape et al., 2011a; Reitz et al., 2011; Körber 258 

et al., 2014; Pape et al., 2021). Sources of thermogenic methane in this region may include the 259 

clay-rich Maikop Group, which is dated to the late Oligocene to early Miocene, and considered 260 

one of the most significant hydrocarbon source rocks in this region of the Black Sea (Robinson et 261 

al., 1996) and/or the Middle Eocene Kuma Formation (e.g., Boote et al., 2018; Sachsenhofer et 262 

al., 2018; Vincent and Kaye, 2018).  263 

South of Pakistan: The Makran Accretionary prism, south of Pakistan is a convergent plate 264 

boundary between Arabian and Eurasian plates, overlain with 6 to7 km thick sediments (White, 265 

1983). Samples are from cold seep sites at water depths of ca. 1000 m (Römer et al., 2012; 266 

Fischer et al., 2013).  267 

Kumano Basin: The Kumano forearc basin within the Nankai accretionary wedge is an active 268 

convergent plate boundary where the Philippine Sea plate subducts under the Eurasian plate. 269 

Mud volcanoes within this basin lay on the forearc basin sediments, but extruding fluids may 270 

come from the sediments in the underlying accretionary prism or basement (Ijiri et al., 2018b). 271 

Mud volcanoes in this study are located at water depths 1800-2000 m (Pape et. al., 2014). 272 

2.2 Methods 273 

2.2.1 Gas Chromatographic Analysis 274 
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 The molecular compositions of light hydrocarbons (C1/C2+3) were taken from previous 275 

studies when available (Sahling et al., 2008; Sahling et al., 2009; Pape et al., 2011b; Pape et al., 276 

2011a; Reitz et al., 2011; Römer et al., 2012; Fischer et al., 2013; Körber et al., 2014; Pape et al., 277 

2014; Sahling et al., 2014; Sultan et al., 2014; Wei et al., 2015), or otherwise analyzed by gas 278 

chromatography (GC) at MIT, using a flame ionization detector to quantify C1-C3 hydrocarbon 279 

gases. The GC was equipped with a 10 feet long column packed with HayeSep-Q (VICI), and 280 

operated at a temperature of 90℃, where helium served as the carrier gas. Duplicate 281 

measurements were made for each sample and calibrated by reference gas mixtures 282 

(SCOTTY®).  283 

2.2.2 Clumped Isotopologue Analysis  284 

The abundances of four isotopologues of methane (12CH4, 
13CH4, 

12CH3D, and 13CH3D) 285 

were quantified using a Tunable Infrared Laser Direct Absorption Spectroscopy (TILDAS) 286 

instrument (Ono et al., 2014). Methane gas was first purified from hydrate and seep gas 287 

subsamples using an automated preparative GC system, previously described by Wang et al., 288 

2015. For most analyses, between 6 and 12 mL STP of methane was used. Measurements made 289 

using TILDAS give the abundances of the four methane isotopologues relative to a reference 290 

gas. Each measurement run consists of 7 to 9 acquisition cycles (one sample-standard pair). 291 

In order to determine the value of Δ13CH3D of a sample relative to the stochastic 292 

distribution, the Δ13CH3D value of the reference gas (commercially sourced methane, “AL1”, 293 

from Airgas) is required. Calibration of the reference gas  was achieved by heating AL1 in 294 

flame-sealed glass tubes in the presence of a platinum catalyst between 150℃  and 400℃, as 295 

described by Ono et al. (2014). Stable isotope ratios of carbon and hydrogen (δ13C-CH4 and δD-296 

CH4) are reported using standard delta notation against Vienna Pee Dee Belemnite (VPDB) and 297 

Vienna Standard Mean Ocean Water (VSMOW) for the ratios 13C/12C and D/H, respectively.  298 

 δ13C = 

(
𝐶 

13

𝐶 
12 )

𝑠𝑎𝑚𝑝𝑙𝑒 

(
𝐶 

13

𝐶 
12 )

𝑉𝑃𝐷𝐵 

− 1        (1)     δD = 
(

𝐷

𝐻
)

𝑠𝑎𝑚𝑝𝑙𝑒 

(
𝐷

𝐻
)

𝑉𝑆𝑀𝑂𝑊 

− 1          (2)     299 

These values are reported in per mil (‰) units. The isotope scale was calibrated by the 300 

measurements of IAEA reference standards NGS-1 and NGS-3 (Wang et al., 2015).  301 
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The values of δ13C-CH4 and δD-CH4 in this study have been derived from the 302 

measurements of isotopologue absorptions. Ratios of isotopologues are transposable with ratios 303 

of isotopes such that 13C/12C is sufficiently equivalent to [13CH4/
12CH4] and D/H is sufficiently 304 

equivalent to ¼ [12CH3D/12CH4]. δ
13C-CH3 values determined by TILDAS in this study are 305 

similar to those determined on the same samples using isotope mass spectrometers in previous 306 

studies.   307 

Methane isotopologue thermometry for doubly substituted isotopologue, 13CH3D, is 308 

based on the following isotopologue exchange reaction: 309 

13CH4 + 12CH3D ↔ 13CH3D + 12CH4   (3) 310 

Δ13CH3D is reported in per mil (‰) units, and represents the deviation of multiply substituted 311 

isotopologue 13CH3D abundance from that of the stochastic distribution, such that: 312 

Δ13CH3D = ln
[ C 

13 H3D][ C 
12 H4]

[ C 13 H4][ C 12 H3D]
   (4) 313 

The equilibrium constant, K, for Eq. 3, is primarily a function of temperature, and 314 

apparent temperature of equilibrium in Kelvin can be derived from Δ13CH3D values as: 315 

Δ13CH3D (T) = (−0.1101) (
1000

𝑇
)

3

+ (1.0415) (
1000

𝑇
)

2

− (0.5223) (
1000

𝑇
) (5) 316 

Calculated temperatures are herein referred to as ‘apparent temperatures’ (T13D) because of an 317 

inherent assumption of equilibrium in the application of the geothermometer (Bigeleisen and 318 

Mayer, 1947; Urey, 1947). The temperature dependence for the value of Δ13CH3D (Equation 5) 319 

yields slightly different results from recent experimental calibration by Eldridge and colleagues 320 

(Webb and Miller, 2014; Wang et al., 2015; Liu and Liu, 2016; Eldridge et al., 2019). This will 321 

affect both the reported Δ13CH3D values and apparent temperatures (T13D), but calibration 322 

uncertainty for Δ13CH3D values is less than the 95% confidence interval of our measurements 323 

(<0.1‰ vs ca. 0.2‰) and is not expected to significantly alter our results. Both approaches yield 324 

T13D consistent within 1.5-4.0 °C, where the calibration using Equation 5 results in slightly 325 

higher apparent temperatures (T13D). 326 

2.2.3 Calculation of Geothermal Gradients 327 

 Background geothermal gradients for sites are estimated from the International Heatflow 328 

Comission Global Heat Flow Database (Fuchs et al., 2021). We extracted geothermal gradient 329 
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data for a 25 km radius around sample sites, then filtered out measurements taken on hotspots. 330 

For the Kumano Basin, North Atlantic, West of Spitsbergen, and Bush Hill, insufficient data was 331 

available from the heat flow database, so datasets from other sources (Labails et al., 2007; 332 

Hamamoto et al., 2012; Riedel et al., 2018) were used. The median and standard error of the 333 

median were calculated to estimate the representative background geothermal gradient. The 334 

derived geothermal gradients and their errors are shown in Table S1, and extracted geothermal 335 

gradient data can be found in Table S2. We are aware of uncertainty in using linear depth 336 

extrapolation of geothermal gradients from near-surface sediments; we apply this approach in the 337 

absence of more precise temperature data from deep sediments at study sites.  338 

3. Results 339 

Results from isotopologue analyses and C1/C2+3 values are summarized in Table 1. 340 

Samples from proximal sites cluster together as expected for gases from the same source. At sites 341 

where vent gases and hydrate-bound gases were measured in close proximity (e.g., Helgoland 342 

mud volcano and Batumi seep area), isotopologue and hydrocarbon compositions are similar. At 343 

these sites, the difference between Δ13CH3D values of hydrate-bound and vent gases is 0.18‰ 344 

and 0.11‰, respectively, which is within analytical error.  345 

 Samples analyzed in this survey yielded Δ13CH3D values between 1.5 and 6.0‰, 346 

corresponding to apparent temperatures (T13D) from 300 ℃ to 15 ℃ (Figure 2). Methane 347 

samples associated with pockmark and cold seep features have Δ13CH3D values greater than 348 

4.5‰ (T13D < 80 ℃). Methane samples associated with oil seepage generally have lower 349 

Δ13CH3D values than samples from cold seeps and pockmarks, between 3.5 to 5.1‰ (T13D ca. 50 350 

℃ to 120 ℃). Methane from mud volcanoes spans the full range of Δ13CH3D values measured in 351 

this survey from 1.5 and 6.0‰ (T13D ca. 10 ℃ to 315 ℃) (Figure 2).  352 

Region 
Sample 

ID 
Site 

Gas 

Type 
Feature 

C1/C2

+ 

δ13C 

(‰) 
95% 

CI 

δD   

(‰) 
95% 

CI 

Δ13CH3D 

(‰) 
95% 

CI 

T13D 

(℃) 

+ 

(℃) 

- 

(℃) 

C
as

ca
d
ia

 

M
ar

g
in

 SO148-

1 

Hydrate 

Ridge 

hydrate

d 
CS 2231* -67.94 0.03 -189.19 0.04 5.92 0.2 18 6 6 

SO148-

2 

Hydrate 

Ridge 

hydrate

d 
CS 2786* -67.66 0.15 -190.11 0.12 5.44 0.53 34 19 17 

G
u
lf

 o
f 

M
ex

ic
o

 SO174-

1 
Bush Hill 

hydrate

d 
OA 7.79* -45.48 0.05 -194.05 0.05 3.6 0.26 115 16 14 

SO174-

2 
Bush Hill 

hydrate

d 
OA 7.10* -45.44 0.04 -193.87 0.09 3.56 0.16 118 10 9 

N
o
rt

h
 

A
tl

an
ti

c,
 

W
es

t 
o
f 

S
p
it

sb
er

g
en

 

16807-2 Area 1 vent  CS 6,363 -42.94 0.06 -182.93 0.06 3.32 0.26 132 18 16 

16823-2 Area 2 vent  CS 7,497 -55.08 0.11 -186.57 0.05 5.76 0.31 23 10 10 
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16823-5 Area 2 vent  CS 7,418 -55.02 0.05 -186.98 0.15 5.91 0.4 19 13 12 

16833-2 Area 3 vent CS 7,748 -53.01 0.11 -186.07 0.08 5.9 0.33 19 11 10 

16833-3 Area 3 vent CS 8,385 -56.85 0.05 -186.28 0.06 6.03 0.12 15 4 4 

16848-2 Area 4 vent  CS 9,028 -55.7 0.05 -187.44 0.06 5.8 0.31 22 10 10 

N
o
rt

h
 

A
tl

an
ti

c,
 

B
ar

en
ts

 S
ea

 

PS70-

94-1 

Haakon 

Mosby MV 

hydrate

d 
MV 

4,563

* 
-63.61 0.59 -219.62 0.13 1.88 0.59 264 98 65 

PS70-

110-1 

Haakon 

Mosby MV 

hydrate

d 
MV 

5,082

* 
-63.77 0.11 -221.83 0.15 1.55 0.65 313 151 88 

M
ed

it
er

ra
n
ea

n
 S

ea
 17908-1 

Thessalonkiki 

MV 

hydrate

d 
MV 2772* -50.94 0.07 -169.56 0.16 5.33 0.67 38 26 22 

19224-3 
Venere MV 

Flare 1 
vent  MV 1843 -48.06 0.08 -180.2 0.14 6.04 0.59 15 19 17 

19240-2 
Venere MV 

Flare 5 
vent MV 1175 -47.24 0.08 -180.49 0.1 5.84 0.42 21 14 13 

19251-1 

Venere MV 

western 

summit 

sedimen

tary 
MV 111 -38.86 0.05 -145.47 0.1 4.78 0.35 59 15 14 

W
es

t 
o
f 

A
fr

ic
a,

 

G
u
lf

 o
f 

G
u
in

ea
 

16022-1 Pockmark A 
hydrate

d 
PM 8,443 -51.97 0.07 -176 0.1 4.9 0.09 54 4 3 

16016-1 Pockmark C1 
hydrate

d 
PM 6,467 -53.39 0.06 -176.06 0.1 5.37 0.53 36 20 17 

W
es

t 
o
f 

A
fr

ic
a,

 

C
o
n
g
o
 F

an
 13114-3 Hydrate Hole 

hydrate

d 
PM 1,988 -71.36 0.07 -180.72 0.18 5.3 0.23 39 8 8 

13115-1 Baboon Hole 
hydrate

d 
PM 1,638 -71.08 0.02 -183.88 0.21 5.05 0.34 48 13 12 

13118-1 Worm Hole 
hydrate

d 
PM 1,419 -71.72 0.06 -183.24 0.22 4.9 0.47 54 19 17 

N
o
rt

h
er

n
 B

la
ck

 S
ea

 

11913 
Vodyanitskii 

MV 

hydrate

d 
MV 2,018 -61.14 0.07 -209.48 0.05 2.74 0.12 174 10 10 

15525-1 
Helgoland 

MV 

hydrate

d 
MV 3,054 -62.47 0.08 -213.61 0.07 3.27 0.28 136 19 17 

14339-3 
Helgoland 

MV 
vent MV 2,257 -61.64 0.05 -212.39 0.06 3.09 0.31 148 23 20 

15518 Kerch Flare 
hydrate

d 
CS 2,498 -69.88 0.06 -245.44 0.04 4.69 0.12 62 5 5 

E
as

te
rn

 B
la

ck
 S

ea
 

15260 
Batumi seep 

area 

hydrate

d  
CS 4,178 -52.35 0.09 -207.45 0.18 4.97 0.18 51 7 7 

11907 
Batumi seep 

area 
vent CS 5,383 -52.85 0.06 -209.63 0.18 4.86 0.13 55 5 5 

11921-1 
Batumi seep 

area 
vent  CS 4,631 -52.5 0.06 -209.1 0.16 4.93 0.38 53 16 14 

11971 Colkheti Seep 
hydrate

d 
OA 32 -48.8 0.08 -196.08 0.08 4.64 0.24 64 10 10 

11938 Iberia Mound 
hydrate

d 
OA 2,090 -48.12 0.04 -214.21 0.19 4.99 0.3 50 12 11 

15268-1 
Ordu ridge 

patch#02 

hydrate

d 
CS 3,131 -71.22 0.04 -219.57 0.11 5.48 0.26 33 9 9 

15503-1 
Ordu ridge 

patch#03 

hydrate

d 
CS 2,816 -71.37 0.02 -216.72 0.04 4.91 0.13 53 5 5 

15505 
Ordu ridge 

patch#05 

hydrate

d 
CS 2,335 -70.58 0.02 -214.01 0.01 5.29 0.08 39 3 3 

15507 
Ordu ridge 

patch#07 

hydrate

d 
CS 3,258 -70.67 0.03 -219.61 0.02 5.2 0.09 42 3 3 

15227-3 

Pechori 

Mound- 

1/23cm 

hydrate

d 
OA n.det. -48.08 0.15 -208.57 0.22 5.06 0.97 48 42 33 

15227-3 
Pechori 

Mound-1cm 

hydrate

d 
OA 87 -48.57 0.09 -211.22 0.2 4.76 0.25 59 10 10 

15227-3 
Pechori 

Mound-5cm 

hydrate

d 
OA 310 -48.52 0.09 -212.7 0.18 4.83 0.39 57 16 15 

15227-3 
Pechori 

Mound-7cm 

hydrate

d 
OA 694 -51.24 0.02 -212.18 0.13 3.52 0.49 120 32 27 

15227-3 
Pechori 

Mound-9cm 

hydrate

d 
OA 914 -49.04 0.06 -211.13 0.02 4.21 0.21 83 10 10 

15244-2 Poti Seep 
hydrate

d 
CS 4,153 -54.37 0.14 -209.48 0.06 4.83 0.38 57 16 14 

S
o
u
th

 o
f 

P
ak

is
ta

n
 

12303 
Nascent 

Ridge 

hydrate

d 
CS 6,463 -67.17 0.02 -186.68 0.11 5.11 0.37 46 14 13 

12316-3 Flare 2 
hydrate

d 
CS 3,632 -70.1 0.03 -194.26 0.05 4.62 0.15 65 6 6 

12316-4 Flare 2 
hydrate

d 
CS 6,173 -70.31 0.03 -191.06 0.04 5.11 0.08 46 3 3 

K
u
m

an
o
 B

as
in

, 

S
o
u
th

 o
f 

Ja
p
an

 

16716-2 MV10 
hydrate

d 
MV 65 -36.9 0.06 -147.67 0.06 3.78 0.25 105 14 13 

16736-2 MV4 
hydrate

d 
MV 59 -38.34 0.06 -189.19 0.06 5.36 0.12 37 4 4 

16772 MV2 
hydrate

d 
MV 173 -38.88 0.11 -160.72 0.06 4.98 0.32 51 13 12 
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Table 1: Gas geochemistry data. δ13C-CH4 is in reference to V-PDB, δD-CH4 is in reference to 353 

V-SMOW, *indicates C1/C2+3 values are from this study. Other hydrocarbon ratios are from 354 
previous studies (Sahling et al., 2008; Sahling et al., 2009; Pape et al., 2011b; Pape et al., 2011a; 355 
Reitz et al., 2011; Römer et al., 2012; Fischer et al., 2013; Körber et al., 2014; Pape et al., 2014; 356 
Sahling et al., 2014; Sultan et al., 2014; Wei et al., 2015). All isotope measurements were made 357 

at MIT. CI refers to Confidence Interval. Feature abbreviations are: CS- Cold Seep, PM- 358 
Pockmark, OA- Oil-Associated, MV- Mud Volcano. 359 

 360 

 361 

Figure 2: Distribution of Δ13CH3D values and respective apparent temperatures (T13D) for 362 

methane associated with pockmarks, oil seeps, mud volcanoes, and other cold seeps. 363 

 364 

3.1 Origin of hydrocarbons  365 

Apparent temperature (T13D) calculated from Δ13CH3D supports methane origin 366 

attribution as predicted by δ13C-CH4, δD-CH4, and C1/C2+3 for methane samples from cold seeps, 367 

pockmarks, and oil-associated sites, but not mud volcanoes. For a microbial source, the expected 368 

range is temperatures below ca. 80 ℃, and for a thermogenic source, the expected range is 369 

temperatures above ca. 100℃ (Hunt, 1996; Wilhelms et al., 2001). Methane from oil-associated 370 

sites is expected to bridge these ranges, as contribution from a thermogenic source may be 371 

inferred by the presence of oil, and contribution from a microbial source may occur via methane 372 
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generation during oil biodegradation. Source attributions based on δ13C-CH4, δD-CH4, and 373 

C1/C2+3 values are summarized for each category of seafloor feature (Figure 3).  374 

3.1.1 Cold Seeps 375 

Across global locations of cold seep sites, results from methane isotopologue analyses 376 

support a prevailing shallow microbial methane source. Within this survey, samples classified as 377 

cold seeps have C1/C2+3 values greater than 1000 and δ13C-CH4 values less than -50‰, which is 378 

consistent with a dominantly microbial source of methane (Figure 3B, e.g., Milkov and Etiope, 379 

2018). The values of δ13C-CH4 generally form two clusters at -70‰ (these include samples from 380 

the eastern Black Sea, northern Black Sea, Cascadia Margin, and Makran Accretionary Prism 381 

south of Pakistan) and -50‰ (these include the samples from the North Atlantic, West of 382 

Spitsbergen, and the eastern Black Sea), with one outlier from the West of Spitsbergen that has 383 

δ13C-CH4 = -43‰ (Table 1, Figure 3).  384 

Values of Δ13CH3D for cold seep samples were greater than 4.5‰ (T13D < ca. 80 ℃), 385 

with the exception of one site from west of Spitsbergen, where the value of Δ13CH3D = 386 

3.32±0.26‰, and apparent temperatures T13D = 132+18/-16 ℃. Approximately two thirds of sites 387 

have T13D less than ca. 50℃ (Figure 2). The isotopologue data, thus, strongly support mostly 388 

microbial origin for methane in cold seeps, consistent with the high (>1000) C1/C2+3 values. 389 

3.1.2 Pockmarks 390 

Samples from pockmarks are geochemically similar to the cold seep samples, and 391 

indicate a predominately microbial hydrocarbon source (Figure 3). All pockmark samples have 392 

C1/C2+3 values greater than 1000, which is consistent with a microbial source of methane. Similar 393 

to cold seeps, the values of δ13C-CH4 generally form two clusters at -70‰ and -50‰. Values of 394 

Δ13CH3D for pockmark samples are greater than 4.5‰ (T13D < ca. 80 ℃), supporting strong 395 

contribution from a microbial source. 396 

3.1.3 Oil-associated sites 397 

Samples from oil-associated sites have δ13C-CH4 and δD-CH4  values that are typical of 398 

low maturity thermogenic hydrocarbons (Figure 3) (Whiticar, 1999). The C1/C2+3 values of these 399 

samples range from 7 to 1000, which encompasses values that are expected from mixing of 400 
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microbial and thermogenic hydrocarbons. Methane formed during oil generation would be 401 

expected to have a thermogenic source with a higher temperature of peak catagenesis. Microbial 402 

methane from the biodegradation of oil can result in relatively high δ13C-CH4 with respect to 403 

typical microbially produced methane, due to substrate (e.g., CO2) limitation (e.g., Milkov and 404 

Dzou, 2007). The Δ13CH3D values of oil-associated samples are lower than those from cold 405 

seeps and pockmarks, ranging from 3.5 to 5.1‰, which corresponds to T13D of 50 to 120 ℃ 406 

(Figure 2).  407 

3.1.4 Mud Volcanoes 408 

Samples from mud volcanoes fall into two geochemical groups across the four measured 409 

parameters (C1/C2+3, δ
13C-CH4, δD-CH4, and Δ13CH3D). There were no mud volcanoes in this 410 

study that yielded methane that is consistent with either a microbial or thermogenic source across 411 

all four geochemical parameters (Figure 3). The first group, which includes samples from the 412 

northern Black Sea and the Håkon Mosby mud volcano in the North Atlantic, is defined by a 413 

microbial-like C1/C2+3, δ
13C-CH4, and δD-CH4. The values of Δ13CH3D from these sites, 414 

however, are low (ca. <3.5‰, T13D >150 ℃). The second group of mud volcanoes includes sites 415 

in the Kumano Basin and Mediterranean Sea. These mud volcanoes have ambiguous or 416 

thermogenic-like C1/C2+3, δ
13C-CH4, and δD-CH4, but high Δ13CH3D values (>4.7‰) that are 417 

consistent with a shallow microbial source.  418 

 419 
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Figure 3: Diagrams for methane source. (a) “Whiticar-Schoell plot” showing δ13C values of 420 

methane vs δD values of methane, modified from Milkov and Etiope (2018). (b) “Bernard plot” 421 

modified from (Milkov and Etiope, 2018) showing δ13C values of methane vs C1/C2+3. Clumped 422 

methane temperature shown using color, where apparent temperatures (T13D) less than 50℃ are 423 

in blue, and apparent temperatures (T13D) greater than 100℃ are in red. 424 

 425 

4. Discussion 426 

4.1 Deep microbial methanogenesis in marine sedimentary environments 427 

Determining the history of formation and preservation of gas hydrates deposits is 428 

complicated by the various processes that can affect methane isotope compositions, including 429 

mixing of microbial and thermogenic methane formed at various temperatures, fractionation 430 

during microbial re-working, and migration. Hydrate formation effects on δ13C-CH4, δD-CH4, 431 

and C1/C2+3 values are expected to be small. Isotope fractionation may occur between gas and 432 

hydrate phases by a few per-mille for δD, but not δ13C (Hachikubo et al., 2007), and it has been 433 

theoretically and experimentally demonstrated that quasi-steady state hydrates in an open system 434 

approach the C1/C2+3 values of the gas from which they were derived (Kondo et al., 2014). Some 435 

hydrate deposits may be fossil, and differently sourced than younger precipitates; hydrates in 436 

shallow sediments are often thought to be relatively young compared to their deeply-buried 437 

counterparts. Further, hydrates and associated vent gases are often assumed to share the same 438 

hydrocarbon source, which may not be true if hydrate deposits are fossil and seepage 439 

characteristics have changed. In this study, we measured both hydrate-bound and vent gas at 440 

Helgoland Mud Volcano and Batumi seep area in the Black Sea, and found that the clumped 441 

isotopologue compositions of these gases are within measurement error (Table 1). This 442 

similarity in isotopologue ratios supports the model that vent gas and near-surface gas hydrates 443 

share the same hydrocarbon source at the Helgoland Mud Volcano and the Batumi seep area, and 444 

that Δ13CH3D values are not fractionated between hydrate–bound and vent gases, beyond 445 

measurement error.  446 

 As a first order observation, clumped isotope-based temperatures ranging from 15 ℃ to 447 

60 ℃ appear to correspond well with the temperature of microbial methane generation, which is 448 
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the prevalent methane source at the studied pockmarks and cold seeps (Figure 2). This suggests 449 

that microbially produced methane in deep marine sediments largely reflects equilibrium 450 

processes, despite the kinetic fractionation that is often observed for laboratory cultures of 451 

methanogens (Stolper et al., 2015; Young et al., 2017; Gruen et al., 2018, Douglas et al., 2020; 452 

Shuai et al., 2021) or in some shallow marine sediments (Ash et al., 2019). However, 453 

interpretation for the origin of near-equilibrium clumped isotopologues signals in marine 454 

sedimentary microbial methane is debated. The two prevailing hypotheses used to explain near-455 

equilibrium microbial methane are 1) bond re-ordering exclusive to anaerobic oxidation of 456 

methane (AOM) (e.g., Ash et al., 2019; Giunta et al., 2019; Ono et al., 2021), and 2) slow 457 

methanogenesis, such that the steps of the reaction pathway are fully reversible (e.g., Stolper et 458 

al., 2015; Wang et al., 2015; Douglas et al., 2020; Shuai et al., 2021).  459 

AOM by consortia of anaerobic methane-oxidizing archaea and sulfate reducing bacteria 460 

is an important methane removal process, and may contribute to the near-equilibrium 461 

isotopologue signals found in marine sediments (Knittel et al., 2005; Ash et al., 2019; Ono et al., 462 

2021). Previous analysis of clumped methane isotopologues from gas hydrate samples 463 

interpreted near-equilibrium microbial signals as mixes of thermogenic methane, with microbial 464 

methane from shallow depths, equilibrated by AOM at bottom seawater temperature from 1 to 2 465 

℃ (Zhang et al., 2021). However, it is not conclusive whether AOM is required to produce near-466 

equilibrium Δ13CH3D signals, and slow methanogenesis could contribute the clumped isotopic 467 

composition of microbial methane in subsurface environments (Okumura et al., 2016; Gruen et 468 

al., 2018; Jautzy et al., 2021). The sulfate-methane transition zone at sites with high levels of 469 

methane advection are expected to occur at shallow depths, as upward expulsion of fluids would 470 

make it unlikely for electron acceptors to penetrate deeply (e.g., Borowski et al., 1996). The 471 

depth of the AOM zones are as shallow as 10s of cm in the eastern Black Sea, Mediterranean Sea 472 

and Cascadia Margin and 1 to 3 m in the Kumano Basin (Treude et al., 2003; Pape et al., 2010b; 473 

Reitz et al., 2011; Ijiri et al., 2018b; Pape et al., 2021). Therefore, at hydrate-bearing sites, AOM 474 

in the sulfur-methane transition zone typically occurs above the top of gas hydrate bearing 475 

sediment (Treude et al., 2003; Bhatnagar et al., 2011), and is unlikely to re-order bonds of 476 

methane trapped in hydrate lattice. Further, AOM occurring in environments with relatively high 477 

sulfate concentrations is unlikely to produce equilibrium signals (e.g., Ono et al., 2021). 478 
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 In contrast to the model that assumes AOM is required for near-equilibrium low (1 to 2 479 

℃) temperature methane isotopologue signals (e.g., Zhang et al., 2021), our Δ13CH3D data for 480 

gas hydrates are consistent with previous studies that suggest peaks of methane generation 481 

between ca. 30 to 60 ℃ (typically more than 500 m depth in marine sediments) (Hyndman and 482 

Davis, 1992; Weston and Joye, 2005; Burdige, 2011). When put in their geologic context, our 483 

data are best explained as methane isotopologues which continue to equilibrate to a few km 484 

below seafloor. Methyl co-enzyme M reductase (Mcr) catalyzes the last step of methanogenesis 485 

and the first step of AOM, and has been shown to be reversible (Scheller et al., 2010; Thauer et 486 

al., 2019). In addition, several studies suggested that anaerobic methanotrophic archaea species 487 

(ANME), commonly found in symbiosis with sulfate reducers, are capable of both 488 

methanotrophy and methanogenesis (Orcutt et al., 2005; Lloyd et al., 2011; Kevorkian et al., 489 

2021). Therefore, methane isotopologue equilibration can be catalyzed by ANME that operates 490 

methanogenesis but is unlikely to be by ANME operating AOM because of the general absence 491 

of sulfate below methane hydrate, from where the majority of methane is sourced (e.g., 492 

Wallmann et al., 2012; Davie and Buffet, 2003). 493 

We hypothesize that the apparent clumped temperature reflects the temperature of 494 

enzyme-catalyzed re-equilibration and the process requires live methanogenic (or ANME) 495 

microbes because Mcr enzyme degrades within days after cell death (Kaneko et al., 2021). The 496 

model is consistent with previous studies that suggest peaks of methane generation between ca. 497 

30 to 60 ℃. Thus deeper microbial activity is a source for the relatively shallow gas hydrate 498 

reservoirs (e.g., Wallmann et al., 2012). 499 

Methane is the terminal product of early diagenesis of organic matter, and produced via 500 

hydrolysis of organic matter in sediments, followed by fermentation of the hydrolysis products to 501 

CO2 and H2 by bacteria, and methanogenesis from CO2 and H2 by methanogenic archaea (e.g., 502 

Schink, 1997). The rate of methanogenesis is controlled by several factors, including: 1) the 503 

quantity and reactivity of organic matter, 2) the rate of hydrolysis and fermentation of organics, 504 

and 3) sterilization of microbes at depth and high temperatures. The quantity and the reactivity of 505 

organic matter decreases with increasing age and burial, because more reactive organic matter is 506 

preferentially remineralized during early diagenesis (e.g., Middelburg, 1989), or because 507 

sediment compaction limits access of organic material to microbes degrading organic matter 508 
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(Rothman and Forney, 2007). In addition, incubation experiments for marine sediments have 509 

shown that the rate of methanogenesis is temperature dependent, with activation energy ranging 510 

from 50 to 200 kJ/mol, likely depending upon the nature and the maturity of organic matter (e.g., 511 

Burdige, 2011; Weston and Joye, 2005). Activation energy of 100 kJ/mol, for example, increases 512 

the rate of microbial methanogenesis by a factor of 60 when temperature increases from 10 to 40 513 

℃. As a result, Burdige (2011) suggested activation energy of 200 kJ/mol, and a subsurface 514 

maximum of methanogenesis deeper than 500 mbsf. The two-dimensional model of 515 

methanogenesis by Archer et al. (2012) used activation energy of 70 kJ/mol, and predicted the 516 

subsurface maximum, from 500 to 1000 mbsf for microbial methanogenesis in passive margin 517 

sediments. These depths are consistent with methane apparent temperatures (T13D) from ca. 15 ℃ 518 

to 65 ℃ observed in methane from cold seep and pockmark associated gas hydrate reservoirs 519 

investigated in this study. 520 

 The upper limit of microbial methanogenesis is thought to be about 60 ℃ to 80 ℃ for 521 

marine sedimentary environments (Wilhelms et al., 2001; Inagaki et al., 2015); however, some 522 

measured apparent temperatures (T13D) for gas hydrates, in particular, those associated with oil, 523 

are higher than 80°C (max 120 ℃) (Table 1, Figure 2). At greater depth, higher temperatures 524 

accelerate rates of protein denaturation, and when the required maintenance energy becomes 525 

higher than the rate of energy supply (i.e., the rate of supply of H2 and CO2 for methanogens), 526 

methanogens would die (Inagaki et al., 2015). Inagaki et al., (2015) showed active microbial 527 

methanogenesis in a coal bed down to 2 kmbsf with in situ temperature of <60 ℃. 528 

Methanogenesis at warmer temperatures may require a faster rate of supply of CO2 and H2, and 529 

this may be a reason why biodegradation of petroleum proceeds up to 80 ℃ (Wilhelms et al., 530 

2001; Head et al., 2003). Relatively low C1/C2+3 values for oil-associated hydrates (Figure 3b) 531 

suggest their apparent high temperatures may be due to contribution from thermogenic methane. 532 

Additionally, chemical-kinetic effects have been observed for early maturity thermogenic gases, 533 

sometimes associated with oil formation, and may contribute to the isotope composition of 534 

methane from oil seeps (Xie et al., 2021). 535 

4.2 Multiple sources of methane in mud volcanoes  536 

We found that methane samples from pockmarks, oil-associated, and other cold seep 537 

hydrate deposits yielded Δ13CH3D values consistent with source attribution by δ13C, δD, and 538 
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C1/C2+3 values (Figure 4). Data for mud volcanoes, however, do not match these conventional 539 

source attributions (Figure 4). In δ13C vs. Δ13CH3D space, methane from a microbial source 540 

would have δ13C values less than -50‰ and Δ13CH3D values greater than 4.3‰ (T13D ≤ 80 ℃), 541 

while methane from a thermogenic source would have a δ13C value greater than -50‰ and a 542 

Δ13CH3D value less than 4.3‰. These boundaries are based on the δ13C contours from other 543 

source attribution diagrams (e.g., Whiticar, 1999; Milkov and Etiope, 2018), and the upper 544 

temperature limit of secondary microbial methanogenesis (Wilhelms et al., 2001; Head et al., 545 

2003). Most methane associated with cold seep and pockmark sites plots in the top left quadrant 546 

of this space, consistent with a microbial source, and methane found in association with oil is 547 

also consistent in terms of Δ13CH3D and δ13C values as having mixed microbial and thermogenic 548 

sources. Mixing between estimated microbial and thermogenic end-members show that oil-549 

associated hydrates from the Gulf of Mexico may be 70 to 80% thermogenic in origin, while oil-550 

associated hydrates from the Black Sea may be closer to 40 to 50% thermogenic in origin 551 

(Figure S1). Samples from mud volcanoes fall into two categories of discordant Δ13CH3D and 552 

δ13C values, in the upper right and bottom left quadrants (Figure 4).  553 

The tectonic settings of the mud volcanoes may have important implications for 554 

chemistry of their deeply-sourced fluids and mechanism of methane production. The Kumano 555 

Basin mud volcanoes and the Mediterranean Sea mud volcanoes are both situated in proximity to 556 

subduction zones (Figure 4, upper right quadrant), while the Black Sea mud volcanoes and 557 

Håkon Mosby mud volcano, in the North Atlantic are situated in a thickly sedimented back-arc 558 

basin and a passive continental slope, respectively (Figure 4, lower left quadrant). Unlike 559 

methane from the submarine mud volcanoes in this study, methane emitted from a mud volcano 560 

positioned on an active fault in the subduction-accretion system onshore Taiwan has δ13C-CH4 561 

values (ca. –35.6 to –40.3‰) and Δ13CH3D values (2.1 to 3.2‰) expected for a putative deep 562 

thermogenic source (Rumble et al., 2018). 563 
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 564 

Figure 4: Relationship between Δ13CH3D and δ13C, categorized by site location (symbol shape) 565 

and defining site feature (color). Quadrants are delineated at Δ13CH3D = 4.3‰ (≃80℃) and 566 

δ13C-CH4 = -50‰, and as low as -40‰ for biodegradation, based on δ13C from other source 567 

attribution diagrams (e.g., Whiticar, 1999; Milkov and Etiope, 2018), and the upper limit of 568 

secondary microbial methanogenesis (Wilhelms et al., 2001; Head et al., 2003). Microbially 569 

produced hydrocarbons are expected to fall in the upper left quadrant, and thermogenic 570 

hydrocarbons are expected to fall in the lower right quadrant. The line with arrow in the lower 571 

left quadrant represents a fractionation scenario of a diffused thermogenic hydrocarbons with an 572 

initial composition of Δ13CH3D = 2.5‰ and δ13C = -50‰. 573 

 574 

4.2.1 Origin of high δ13C and high Δ13CH3D methane due to substrate depletion (CO2) at mud 575 

volcanoes on convergent margins  576 

At convergent margins, such as those associated with the Kumano Basin and 577 

Mediterranean Sea mud volcanoes, burial and dehydration of clay minerals can lead to formation 578 
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and ascent of deeply-sourced fluid, which can transport mud, methane, and other volatiles to the 579 

surface (e.g., Hensen et al., 2004; Torres et al., 2004). Processes that lead to fluid expulsion 580 

include dewatering of sediments by compression from subduction, and dehydration of mineral-581 

bound water at increasing temperatures and pressures (Kulm et al., 1986; Moore et al., 2011). 582 

Samples from the Western summit of Venere and Thessaloniki mud volcanoes in the 583 

Mediterranean Sea were found to have pore-water chloride that was depleted to 20% of seawater 584 

concentrations, used as evidence for clay dehydration (Pape et al., 2010b; Loher et al., 2018). 585 

Similarly, mud volcanoes from the Kumano Basin have been found to have chloride 586 

concentrations roughly half of seawater from deeply sourced clay dehydration (Ijiri et al., 587 

2018a). In addition to low Cl concentrations, increased concentrations of boron and lithium are 588 

indicative of inputs of fluids from basaltic basement rocks (Kastner et al., 2014). In the 589 

Mediterranean Sea, pore-water boron and lithium concentrations exceed typical ranges (e.g., 590 

boron concentrations up to 13mM while typical concentrations are below 5mM) (Kopf and 591 

Deyhle, 2002; Klasek et al., 2019). The lithium isotopic composition of pore-waters from 592 

Kumano basin mud volcano #5 have further shown that some fluid originated from the 593 

serpentinized mantle wedge (Nishio et al., 2015).  594 

High concentrations of H2 have been observed at mud volcanoes located at convergent 595 

margins. At Kumano Basin mud volcano #5 in situ H2 concentration is 28.1μM (at 61.5 mbsf 596 

from piston core sampled porewater) (Ijiri et al., 2018b), and at the serpentinite mud volcano 597 

South Chamorro Seamount in the Mariana Basin H2 concentration is < 10μM (at 149t202 mbsf 598 

from CORK fluid) (Kawagucci et al., 2018), compared to typical submarine sediment values of < 599 

0.1 μM (Lin et al., 2012). In these settings, H2 can be produced by serpentinization, or through 600 

fault friction (Hirose et al., 2011; Nishio et al., 2015). In the Nankai trough, it is hypothesized 601 

that H2 is supplied from water-rock reactions in the underlying basement rocks (Ijiri et al., 602 

2018b).  603 

Methane from mud volcanoes with thermogenic-like δ13C-CH4 values (>-50‰), and 604 

microbial-like Δ13CH3D values (>4.3‰) may be explained either by 1) a microbial end-member 605 

produced by closed-system distillation in which low (<80 ℃) temperature methanogenesis is 606 

fueled by deeply rooted fluids that carry H2 from serpentinization reactions, or 2) isotopic re-607 

setting of thermogenic methane upon ascent. Thermogenic-like δ13C-CH4 values from 608 
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microbially produced hydrocarbons have been observed in several ocean sediment sites 609 

including the Middle America Trench (δ13C-CH4 up to -39.0‰), the Kumano Basin mud volcano 610 

#5 (δ13C-CH4 ca. -38.0‰), and the Cascadia Margin (δ13C-CH4 ca. -39.5‰) (Jenden and Kaplan, 611 

1986; Pohlman et al., 2009; Pape, 2014; Ijiri et al., 2018b). Microbially produced methane with 612 

high δ13C-CH4 values may occur from depletion of CO2. During methanogenesis, 12C-containing 613 

dissolved inorganic carbon (DIC) is preferentially consumed, leaving the remaining DIC pool 614 

increasingly enriched in 13C. As the substrate gets depleted, the accumulated methane will 615 

become more enriched in 13C (Whiticar, 1999). Gases from mud volcanoes located around Japan 616 

and Italy have been documented to have high δ13C-CO2 (>5‰), supporting this model (Mazzini 617 

and Etiope, 2017). For example, values of δ13C-CO2 from Kumano Basin mud volcano #5, which 618 

is in close proximity to other Kumano Basin mud volcanoes, range from 35 to 40‰ between 15 619 

to 125 mbsf (Ijiri et al., 2018). These values are in contrast to CO2 produced from thermogenic 620 

kerogen maturation in catagenesis, which has values of δ13C-CO2 from -15 to -25‰ (Hunt, 1996; 621 

Jenden et al. 1993). CO2 associated with microbial methanogenesis has δ13C-CO2 >-3‰, and 622 

reflect residual CO2 from microbial consumption through substrate utilization or secondary 623 

methanogenesis following oil biodegradation (Etiope et al., 2009). Microbial methane of this 624 

nature may mix with methane of thermogenic origins to produce the observed isotopic 625 

compositions. 626 

Alternatively, methane with microbial-like δ13C-CH4 values and thermogenic-like 627 

Δ13CH3D values may occur due to bond re-ordering of thermogenic methane that ascended to 628 

shallower depths and lower temperatures. Bond re-ordering has previously been suggested to 629 

account for apparent 12CH2D2 re-ordering without resolvable 13CH3D re-ordering, in marine 630 

hydrothermal vent fluids, down to 65℃ (Labidi et al., 2020). Non-enzymatic bond re-ordering 631 

has additionally been suggested to explain relatively high (90 ℃ and 130 ℃) apparent 632 

temperatures of microbial-like methane from cold seeps in the Sea of Marmara (Giunta et al., 633 

2021). Re-equilibration rates following D/H exchange are expected to be slow at low 634 

temperatures (re-equilibration would take >1010 years at temperatures <100 ℃) (e.g., Wang et 635 

al., 2018), but rates for re-equilibration are unknown in natural environments. Enzymatic bond 636 

re-ordering from processes like AOM may also drive Δ13CH3D values towards cooler 637 

temperatures than those at which they formed (e.g., Young et al., 2019). Apparent temperatures 638 

observed for mud volcanoes with thermogenic-like methane studied herein are typically less than 639 
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60 ℃, which are lower temperatures than other hypothesized cases of bond re-ordering. Given 640 

that these apparent temperatures are well within the temperature limit of microbial life in marine 641 

sedimentary environments (i.e., <80 ℃), and that the rate of non-enzymatic equilibration is 642 

expected to be exceedingly slow at low temperatures, enzymatic bond re-ordering is more likely 643 

than non-enzymatic bond re-ordering to explain the observed isotopologue distributions. 644 

Observations of irregularly shaped mud chambers are widespread, and have the potential to 645 

create traps, including buried sub-chambers (e.g., Somoza et al., 2012; Xing et al., 2015) and 646 

“Christmas-tree” structures (e.g., Deville et al., 2006; Deville 2009), where bond re-ordering 647 

may occur. The interplay of old and fresh fluids from different phases of mud volcano activity 648 

(e.g., Mazzini and Etiope 2017) may lead to spatially and temporally complex intensities of 649 

microbial methane cycling. However, given the available data we cannot conclusively rule out 650 

closed-system distillation or bond re-ordering as the controlling mechanism for observed 651 

methane isotopologue compositions from mud volcanoes located at active convergent margins. 652 

4.2.2 Origin of low δ13C and low Δ13CH3D methane from kinetic fractionation at mud volcanoes 653 

in less active and passive tectonic environments  654 

 Isotopologue signals of methane from mud volcanoes with microbial-like δ13C-CH4 (<-655 

50‰), and thermogenic-like Δ13CH3D (<4.3‰) may be governed by kinetic isotopologue 656 

fractionation, potentially by physical transport processes or during microbial methane 657 

production. Fluid mobilization at mud volcanoes in thickly sedimented, tectonically minor 658 

active, and passive margin settings, such as those in the Black Sea and the North Atlantic (Håkon 659 

Mosby), may be driven by mechanisms including sediment loading, differential compaction, 660 

overpressure, and facies changes (Suess, 2014). In mud volcanoes, advection is expected to be 661 

the dominant physical transport process responsible for the upward transport of chemicals from 662 

deeper sediment layers to the sediment-seafloor interface (e.g., Niemann and Boetius, 2010). 663 

Advection rate is difficult to measure directly, but fluid flow velocities for mud volcanoes in the 664 

Black Sea (Dvurechenski) and North Atlantic (Håkon Mosby) have been resolved as 8-25 and 665 

40-600 cm yr-1, respectively (de Beer et al., 2006; Kaul et al., 2006; Aloisi et al., 2004). 666 

However, transport associated with advection is not expected to yield significant isotopic 667 

fractionation. Transport of gases could result in fractionation due to diffusion or adsorption (the 668 
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geochromatographic effect), in which the transported gas is depleted in heavy isotopologues and 669 

ethane and propane (Prinzhofer and Pernaton, 1997). 670 

A slope of molecular diffusion for δ13C-CH4 vs Δ13CH3D can be estimated using 671 

Graham’s law as a Rayleigh process (e.g., Young et al., 2017). Molecular diffusion can be 672 

modeled with an inverse power-law function of Graham’s law (Bourg and Sposito, 2008) 673 

𝛼 =
𝐷 

∗

𝐷
= (

𝑚 
∗

𝑚
)

−𝛽

   (6) 674 

where α is the fractionation factor, D is the diffusivity of isotopologues, and m is the 675 

molecular mass of isotopologues. The exponent, β, equals 0.5 for diffusion involving ideal gases, 676 

but the value of β is less than 0.25 for solute diffusion in water (Christensen et al., 2019). The 677 

exponent is solute dependent and is less than 0.05 for ions in solution, but larger for noble gases 678 

and uncharged molecules (Bourg and Sposito, 2008).  679 

The expected trajectory of diffused methane, represented as different fractions of original 680 

gas remaining after Rayleigh fractionation for β = 0.5 is shown in Figure 4. Isotopic values of 681 

methane and molecular compositions of hydrocarbons from the Black Sea mud volcanoes can be 682 

reproduced by the diffusion of thermogenic hydrocarbons with δ13C-CH4 = -50‰, δD-CH4 = -683 

200‰, C1/C2+3 = 50, and Δ13CH3D = 2.5‰ (Figure S2); diffusion produces a relatively large 684 

change in δ13C-CH4 and δD-CH4 values, but change in Δ13CH3D value is relatively minor. For 685 

example, a 15‰ depletion in δ13C-CH4 and δD-CH4 is expected to be accompanied by a 0.75‰ 686 

enrichment in Δ13CH3D. The hydrocarbons from the northern Black Sea are hypothesized to be 687 

derived from early oil-cracking processes and altered by secondary microbial methane from oil 688 

biodegradation. While an apparent temperature of T13D~195℃, for a gas with a Δ13CH3D value 689 

of 2.5‰, is higher than the expected temperature windows for either early maturity thermogenic 690 

gas production or oil biodegradation, it has been observed that early maturity thermogenic gases 691 

are not always equilibrated (Xie et al., 2021). Therefore gas with a Δ13CH3D value of 2.5‰ does 692 

not require formation at 195℃. Alternatively, fractionation associated with microbial reactions 693 

could result in a gas with the hypothesized isotopic composition. Biomarker and isotopic 694 

evidence suggests that the mud volcanoes are supplied by upward transport of altered 695 

thermogenic fluid from a deep source, potentially the Lutetian-basal Priabonian Kuma Formation 696 

or the Oligocene-lower Miocene Maikop Series (Stadnitskaia et al., 2008; Boote et al., 2018). 697 
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Further, δ13C-CH4 and C2/C1 of gas from these mud volcanoes does not follow a simple mixing 698 

line; similar relationship between δ13C-CH4 and C2/C1 values has previously been interpreted as 699 

the result from fractionation during leakage of a thermogenic fluid from a deep reservoir 700 

(Prinzhofer and Pernaton, 1997).  701 

The relatively low Δ13CH3D (ca. 1.6 to 1.9‰; Table 1), yet microbial-like δ13C-CH4 (–702 

63.6 to –63.8‰) and C1/C2+3 (>1000) of the two samples of hydrated hydrocarbons from the 703 

North Atlantic Håkon Mosby mud volcano are not well described by the fractionation of 704 

thermogenic gas, and can be explained by kinetic fractionation associated with microbial 705 

reactions. A diffused gas from depth would need to have an initial Δ13CH3D <1.0‰ and apparent 706 

temperature (T13D) > 430 ℃ in order to reconcile the low observed Δ13CH3D values. This is 707 

significantly higher than expected sediment temperatures below the central conduit of ca. 185 ℃ 708 

(Eldholm et al., 1999). Microbial methane in disequilibrium has been previously observed in 709 

both natural and laboratory settings (Stolper et al., 2015; Wang et al., 2015; Young et al., 2017; 710 

Gruen et al., 2018; Ash et al., 2019; Douglas et al., 2020; Shuai et al., 2021). Additional studies 711 

have reported kinetic isotope effects associated with microbial and thermogenic methane, as well 712 

as clumped isotope disequilibrium in thermogenic methane in which apparent temperatures 713 

(T13D)  are higher than experimental or natural conditions (Douglas et al., 2017; Stolper et al., 714 

2017; Shuai et al., 2018, Xie et al. 2021). The measurement of the methane isotopologue, 715 

12CH2D2, has been used to assess whether samples of methane are in internal isotopic 716 

equilibrium (e.g., Zhang et al., 2021), and, thus, can serve as a screen for whether or not the 717 

apparent temperature (T13D)  unambiguously reflects geological formation or re-equilibration 718 

temperature. 719 

4.3 Apparent depths of methane production  720 

Clumped isotopologue temperatures can be used to estimate the approximate depth of 721 

methane generation or last equilibration, once local geothermal gradients are established (See 722 

Table S1); this value is herein called “apparent depth” because equilibration of methane 723 

isotopologues cannot always be demonstrated. The advantage of this approach is the calculation 724 

of apparent depths allows for comparison of hypothetical generation depths between seepage 725 

locations with different geothermal gradients. Conversely, if estimated generation depth differs 726 

from depths predicted by other geochemical proxies, kinetic control on methane generation could 727 
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be identified. Apparent depths of methane formation, categorized by seafloor expression are 728 

shown in Figure 5 and Table S1. Methane from cold seeps and pockmarks typically have 729 

apparent depths less than 1.5 kmbsf, with the exception of samples Area 1 from the North 730 

Atlantic W. of Spitsbergen. Oil-associated methane has a much wider range of apparent depths 731 

from ca. 1.0 to 4.5 kmbsf. Apparent depths of methane from mud volcanoes ranges from ca. 0.5 732 

to 5.5 kmbsf.  733 

 734 

Figure 5: Apparent depths of methane generation or re-equilibration derived from Δ13CH3D 735 

values and background geothermal gradients (see Table S1) vs δ13C of methane. Error accounts 736 

for error in calibrated temperatures from the 95% confidence interval of Δ13CH3D measurements, 737 

as well as thermal gradient error. Thermal gradients used for this calculation and associated 738 

references can be found in Table S1. 739 

 740 

Where available, we compared the implications of methane source rocks and 741 

geothermometry based on clay mineralogy and fluid chemistry (Li, B, and Cl) to the apparent 742 

depths from clumped methane isotopologue thermometry, and overall found good agreement 743 

with estimated apparent depths. Limited geochemical proxies are available to assess the depth of 744 

hydrocarbon formation, but apparent temperatures (T13D) from clumped methane isotopologue 745 

thermometry provide valuable information to evaluate source depths. For example, empirical 746 
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relationships between clay minerals and temperature serves as the basis for several 747 

geothermometers, most notably smectite to illite transition which occurs between temperatures of 748 

ca. 70 to 110℃ (Perry and Hower, 1972). Temperature induced mobilization of elements 749 

including lithium and boron can be applied to assess whether fluids have exceeded the 750 

temperature range of this transformation (Ishikawa and Nakamura, 1993). Other elemental 751 

concentrations in fluids can be applied as geothermometers including Li-Mg, Na-Li, and silica 752 

geothermometers (Kharaka and Mariner, 1989). For thermogenic hydrocarbons, biomarkers can 753 

yield information about source rock strata. Further, the extent of isotopic fractionation between 754 

environmental water and hydrogen in methane can be applied to assess equilibration temperature 755 

(Horibe and Craig, 1995).  756 

Methane from cold seep and pockmark sites have apparent depths that suggest methane 757 

generation typically occurs shallower than ca. 1.5 kmbsf (Figure 5a, b). Most mineral 758 

geothermometers and thermal maturity indicators apply to sediments and fluids that have 759 

experienced temperatures higher than ca. 60 ℃, so data to corroborate estimated apparent depths 760 

for microbial methane sources is limited to the interpretation that sediments and fluids have 761 

remained below alteration temperatures. Apparent generation depths of methane from most cold 762 

seep and pockmark sites are consistent with methane production below temperatures associated 763 

with thermal alteration. Conversely, the apparent depth of methane formation from gas collected 764 

at site Area 1, West of Spitsbergen, is ca. 3.5 kmbsf. Previous studies on the West coast of 765 

Svalbard have suggested thermogenic methane production at ca. 2.0 kmbsf from Miocene-age 766 

source rock. This work is based on basin modeling and sediment studies of ODP sites 909 and 767 

986, located ca. 270 and 146 km, respectively, from sites included in this study (Myhre et al., 768 

1995; Butt et al., 2000; Knies et al., 2018; Pape et al., 2020a). Thus, the apparent depth of 769 

methane from this site is inconsistent with what is typical for cold seep-derived methane and 770 

deeper than what has been inferred from previous studies. This observation implies that methane 771 

from this site may have experienced kinetic alteration (e.g., oxidation), or is derived from a 772 

higher temperature thermogenic source than previously thought. 773 

Methane from oil-associated sites (Figure 5c) in the Black Sea (Pechori Mound, Iberia 774 

Mound, Colkheti Seep), have apparent formation depths that are consistent with information 775 

from mineral geothermometers and source rock biomarkers. Information from biomarkers (e.g., 776 
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oleanane) suggests that oils at these sites come from the Eocene Kuma Formation and/or the 777 

Oligocene to Miocene-aged Maikop Group, prolific source rocks in the Black Sea. However, due 778 

to intense folding induced by tectonic compression, the local burial depth of source rocks 779 

remains largely unknown (Robinson et al., 1996; Reitz et al., 2011; Pape et al., 2021). Fluids 780 

from the Pechori Mound carry signals of clay alteration at temperatures between 60 and 110 ℃ 781 

and depths between 1.2 and 2.2 km, using Li-Mg, Na-Li and silica geothermometers (Reitz et al., 782 

2011). Apparent depths of methane formation from these sites range from ca. 0.8 to 2.7 kmbsf, 783 

consistent with mineral geothermometers (Kutas et al., 1998). As C1/C2+3 values and δ13C values 784 

suggest contribution from thermogenic methane, near-equilibrium signals might have been 785 

produced during thermogenic generation of methane in these sites. 786 

For methane from Bush Hill in the Gulf of Mexico, apparent depth is intermediate 787 

between the hypothesized reservoir depth (1.7 to 3.1 kmbsf) and source rock depth (6 to 10 788 

kmbsf). Apparent depth estimations from clumped methane isotopologues are ca. 4.3 kmbsf 789 

(T13D ~115 ℃). This may represent some admixture of thermogenic methane with methane 790 

produced by oil biodegradation. 791 

Apparent depths from mud volcanoes (Figure 5d) may in some cases yield information 792 

about the depths at which microbial methanogenesis occurs in mud volcano systems, but may be 793 

less meaningful for sites in which kinetic effects are suspected. Previous work on the Kumano 794 

Basin mud volcano #5 suggested biogenic methane production at 0.3 to 0.9 kmbsf, i.e., based on 795 

methane clumped isotopologue thermometry (Ijiri et al., 2018b). This is also observed at 796 

Kumano Basin mud volcanoes #2, and #4, in which methane has apparent depths ca. 0.5 and 0.7 797 

kmbsf, respectively. Kumano Basin mud volcano #10 is expected to have a higher contribution 798 

of thermogenic methane than mud volcano #5, with an apparent depth of methane formation at 799 

1.4 kmbsf. At nearby IODP site C0009 high concentrations of methane were detected at ca. 1.2 800 

kmbsf, correlated to high amounts of wood and lignite (Saffer et al., 2010).  801 

Gas hydrate from mud volcanoes in the northern Black Sea and the North Atlantic 802 

yielded low Δ13CH3D (<1.9‰), characteristic of thermogenic methane. Their relatively low 803 

δ13C-CH4 values (ca. -64‰), however, support microbial origin, suggesting methane 804 

isotopologues were not equilibrated, so apparent depth of methane formation should be regarded 805 

critically. Gas hydrate from the northern Black Sea mud volcanoes has been hypothesized to be 806 
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partially derived from thermal cracking of organic matter in the Maikop Group, which is located 807 

below 3 kmbsf, (Stadnitskaia et al., 2008). This source is corroborated by apparent depths of 808 

methane from these features, ca. 3.5 kmbsf. The apparent depth of equilibration for gas hydrate 809 

at the North Atlantic Håkon Mosby mud volcano is ca. 4.5 to 5.3 kmbsf, which correlated to pre-810 

glacial Middle Miocene to Late Pliocene-aged strata below the ca. 3.1 km thick glacial sediment 811 

column. Previous studies have suggested that considerable amounts of thermogenic methane may 812 

have formed in pre-glacial or interglacial sediments below the North Atlantic Håkon Mosby mud 813 

volcano (Lein et al., 1999; Berndt and Planke, 2006). 814 

This calculation assumes methane isotopologue abundances reflect the temperature of 815 

generation or the temperature at which isotopologues were last equilibrated by microbial 816 

catalysis. Bond re-ordering of methane isotopologues was suggested to be a potentially important 817 

process at non-hydrate bearing cold seeps and marine sediments (Ash et al., 2019; Giunta et al., 818 

2021). It is assumed that methane trapped in the lattice of a gas hydrate structure is unlikely to 819 

re-equilibrate; however, previous work has shown that isotope fractionation may occur between 820 

gas and hydrate phases by a few per-mille for δD, but not δ13C (Hachikubo et al., 2007). Further, 821 

most gas hydrate samples included in this study were collected from the uppermost meters below 822 

seafloor, but the interface between free gas and the base of the gas hydrate stability zone may be 823 

situated several tens to hundreds of meters below seafloor. It is assumed that water deficiency or 824 

local heat prevent hydrate formation and facilitate migration of methane in the free gas phase 825 

through the gas hydrate stability zone. However, in dynamic systems, such as mud volcanoes, 826 

episodic formation and dissociation of hydrates may result in repeated trapping and release of 827 

hydrocarbons. Given the possible kinetic alteration, bond-re-ordering, or closed-system 828 

distillation suspected for submarine mud volcano samples, the assumption of equilibrium, and 829 

thus the extrapolation to apparent depth of formation is uncertain. 830 

5. Summary 831 

In this study, we applied clumped methane isotopologue geothermometry alongside isotope 832 

ratios of methane (δ13C, and δD) and hydrocarbon ratios (C1/C2+3) to test whether isotope-based 833 

temperatures are consistent with putative formation processes at different seepage morphologies. 834 

We assess 46 submarine gas hydrates and associated vent gases from 11 regions of the world’s 835 
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oceans from oil seeps, pockmarks, mud volcanoes, and other cold seeps. Our findings are 836 

summarized below. 837 

1. Methane associated with cold seeps and pockmarks yielded Δ13CH3D values from 4.5 to 838 

6.0‰, consistent with a microbial source of methane, produced between 15 and 65 ℃. 839 

Methane from oil-associated gas hydrates yielded lower Δ13CH3D values, corresponding 840 

to secondary methane generation at higher temperature (50 to 120 °C). Methane 841 

associated with mud volcanoes yielded a range of Δ13CH3D values (1.5 to 6.0‰), 842 

suggesting their diverse origins.  843 

2. We measure samples from two sites (Batumi seep area and Helgoland mud volcano, 844 

Black Sea) where both hydrate-bound gas and vent gas were collected. We find that 845 

Δ13CH3D values for the gases are within measurement error, suggesting that methane in 846 

hydrate and vent gas at these sites share the same origin. 847 

3. The Δ13CH3D values and apparent temperatures (T13D) of equilibration for methane 848 

associated with cold seeps, pockmarks, and oil-rich hydrates are consistent with 849 

conventional source attribution based on δ13C, δD and C1/C2+3 values. In contrast, 850 

methane from mud volcanoes yields methane with dissonant source attributions from 851 

Δ13CH3D and δ13C values, and fall into two geochemical groupings. We hypothesize that 852 

these differences are connected to the tectonic environments at which the mud volcanoes 853 

are situated.  854 

4. We use methane isotopologue temperatures and local geothermal gradients to infer the 855 

apparent depth of methane generation. These apparent depths often corroborate available 856 

information from previous studies regarding methane source rocks based on biomarker 857 

studies, and geothermometry based on clay mineralogy and fluid chemistry (Li, B, and 858 

Cl).  859 
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Figure S1: Modeling results for end-member mixing scenarios for oil-associated hydrates in the 

Gulf of Mexico (red) and Black Sea (blue) in A) δ13C vs δD, B) δ13C vs Δ13CH3D, and C) δD vs 

Δ13CH3D space. The thermogenic end-members are marked as 0% and the microbial end-

members are marked as 100%. 

 

We define the end-members for the Gulf of Mexico mixing scenario as: Microbial = [ 

δ13C = -70‰, δD =-220‰, Δ13CH3D = 4.75‰], Thermogenic = [ δ13C = -35‰, δD =-185‰, 

Δ13CH3D = 3.0‰]. We define the end-members for the Black Sea mixing scenario as: Microbial 

= [ δ13C = -65‰, δD =-250‰, Δ13CH3D = 4.75‰], Thermogenic = [ δ13C = -30‰, δD =-160‰, 

Δ13CH3D = 3.0‰]. A microbial end-member value for Δ13CH3D was chosen as 4.75‰ because 

the corresponding apparent temperature of 60℃ is an approximate upper temperature limit of 

primary microbial methanogenesis. A thermogenic end-member value for Δ13CH3D was chosen 

as 3.0‰ because the corresponding apparent temperature of 150℃ falls within the temperature 

range of peak oil generation. Using these end-members, oil-associated hydrates from the Gulf of 

Mexico may be 70 to 80% thermogenic in origin, while oil-associated hydrated from the Black 

Sea may be closer to 40 to 50% thermogenic in origin.  

In cases where source gases have large (i.e., 10s ‰) differences in δD-CH4 and δ13C-

CH4, mixing is non-linear due to the definition of Δ13CH3D in reference to the stochastic 

distribution of isotopologues, which is a non-linear function with respect to δD-CH4 and δ13C-

CH4. Resultant Δ13CH3D can be either larger or smaller than what is predicted by conservative 

mixing. In the mixing scenarios we model for the two regions, the non-linear mixing effect 

results in higher Δ13CH3D than what is predicted from conservative mixing. For the modeled 

Black Sea mixing scenario, Δ13CH3D values can be up to 1.0‰ higher than what is predicted 

from conservative mixing, and for the modeled Gulf of Mexico mixing scenario, Δ13CH3D 

values can be up to 0.4‰ higher than what is predicted from conservative mixing. This effect 

results in apparent temperatures (T13D) of methane from oil-associated hydrates to be lower than 

what would be predicted by a conservative mixing. An implication of this is that apparent depth 

estimates for these samples may be under-estimates. 

  



Figure S2: Diffusion trajectory of a thermogenic gas with composition (C1/C2+3 = 50, δ13C = -

50‰, δD= -200‰, Δ13CH3D = 2.5‰). A C1/C2+3 vs δ13C, B δ13C vs Δ13CH3D, C C1/C2+3 vs 

Δ13CH3D D δD vs δ13C. Data from Black Sea mud volcanoes is shown as black circles. 

Diffusivity of methane is set as 9.467*10-5 and ethane is set as 4.733*10-5 m2/yr (Zhang and 

Kroos 2001). 

 

  



Table S1: Additional information for hydrate samples including site location, bottom water 

temperature, local geothermal gradient, and apparent depth of methane formation.  

Region 
Sample 

ID 
Site Latitude Longitude 

Bottom water 
temperature 

(℃) 

Geothermal 
gradient 
(℃/km) 

 ± 
Water 
depth 

(m) 

Apparent 
depth (km) 

- + References 

Ea
st

er
n

 B
la

ck
 S

ea
 

15260 
Batumi seep 

area 
41.95876 41.2924 9 35 7.3 850 1.2 0.41 0.41 Reitz et al., 2011 

11907 
Batumi seep 

area 
41.95876 41.2924 9 35 7.3 850 1.31 0.35 0.35 Reitz et al., 2011 

11921-
1 

Batumi seep 
area 

41.95876 41.2924 9 35 7.3 850 1.26 0.67 0.61 Reitz et al., 2011 

11971 Colkheti Seep 41.9678 41.1033 9 39 10.4 1000 1.57 0.49 0.49 Reitz et al., 2011 

11938 Iberia Mound 41.879 41.1671 9 51 11.1 1000 0.8 0.45 0.43 Reitz et al., 2011 

15268-
1 

Ordu ridge 
patch#02 

41.535 37.62889 9     1530       Bohrmann, 2011 

15503-
1 

Ordu ridge 
patch#03 

41.535 37.62889 9     1530       Bohrmann, 2011 

15505 
Ordu ridge 
patch#05 

41.53528 37.62944 9     1530       Bohrmann, 2011 

15507 
Ordu ridge 
patch#07 

41.535 37.62944 9     1530       Bohrmann, 2011 

15227-
3 

Pechori 
Mound- 
1/23cm 

41.9827 41.1257 9 27 8.7 1000 1.85 0.69 0.69 Reitz et al., 2011 

15227-
3 

Pechori 
Mound-1cm 

41.9827 41.1257 9 27 8.7 1000 1.44 1.88 1.54 Reitz et al., 2011 

15227-
3 

Pechori 
Mound-5cm 

41.9827 41.1257 9 27 8.7 1000 1.78 0.91 0.88 Reitz et al., 2011 

15227-
3 

Pechori 
Mound-7cm 

41.9827 41.1257 9 27 8.7 1000 4.11 1.51 1.32 Reitz et al., 2011 

15227-
3 

Pechori 
Mound-9cm 

41.9827 41.1257 9 27 8.7 1000 2.74 0.58 0.69 Reitz et al., 2011 

15244-
2 

Poti Seep 41.95833 41.30667 9 33.5 6.1 890 1.43 0.66 0.6 
Klaucke et al., 

2006 

N
o

rt
h

er
n

 B
la

ck
 S

ea
 

11913 
Vodyanitskii 

MV 
44.285 35.03361 9.1 40 6.1 2065 4.12 0.4 0.4 

Sahling et al., 
2009 

15525-
1 

Helgoland MV 44.2875 35 9 39 6 2050 3.25 0.64 0.59 Bohrmann, 2011 

14339-
3 

Helgoland MV 44.2875 35 9 39 6 2050 3.52 0.74 0.67 Bohrmann, 2011 

15518 Kerch Flare 44.62167 35.7075 9     900       Bohrmann, 2011 

G
u

lf
 o

f 
G

u
in

ea
 16022-

1 
Pockmark_A 3.25 6.699 4.53     1140       Wei et al., 2015 

16016-
1 

Pockmark_C1 3.235 6.699 4.53     1189       Wei et al., 2015 

N
o

rt
h

er
n

 C
o

n
go

 
Fa

n
 

13114-
3 

Hydrate Hole -4.80111 9.9475 2.5 70.5 0.8 3110 0.52 0.12 0.12 
Sahling et al., 

2008 
13115-

1 
Baboon Hole -4.94083 9.94417 2.5 71 2.5 3000 0.64 0.22 0.2 

Sahling et al., 
2008 

13118-
1 

Worm Hole -4.75167 9.945 2.5 70 1 3110 0.74 0.29 0.26 
Sahling et al., 

2008 

K
u

m
an

o
 

B
as

in
, 

So
u

th
 o

f 
Ja

p
an

 

16716-
2 

MV10 33.53556 136.26889 2 71.8 2.3 1825 1.43 0.23 0.21 
Hamamoto et al., 
2012; Pape, 2014; 

Ijiri et al., 2018 



16736-
2 

MV4 33.66472 136.63389 2 71.8 2.3 1980 0.49 0.09 0.09 
Hamamoto et al., 
2012; Pape, 2014; 

Ijiri et al., 2018 

16772 MV2 33.68083 136.92194 2 71.8 2.3 2000 0.68 0.21 0.2 
Hamamoto et al., 
2012; Pape, 2014; 

Ijiri et al., 2018 

M
ak

ra
n

 
A

cc
re

ti
o

n
ar

y 

P
ri

sm
 

12303 Nascent Ridge                     

12316-
3 

Flare 2 24.83556 63.02889 5     1027       
Römer et al., 

2012 

12316-
4 

Flare 2 24.83556 63.02889 5     1027       
Römer et al., 

2012 

N
o

rt
h

 A
tl

an
ti

c-
W

es
t 

o
f 

Sp
it

sb
er

ge
n

 

16807-
2 

Area 1 78.54733 10.23754 3.2 37.6 1.1 94 3.43 0.51 0.45 
Sahling et al., 

2014; Riedel et 
al., 2018 

16823-
2 

Area 2 78.65424 9.25755 4.1 37.6 1.1 242 0.5 0.3 0.3 
Sahling et al., 

2014; Riedel et 
al., 2018 

16823-
5 

Area 2 78.6542 9.43401 4.1 37.6 1.1 240 0.4 0.38 0.35 
Sahling et al., 

2014; Riedel et 
al., 2018 

16833-
2 

Area 3 78.62031 9.41099 3.7 37.6 1.1 382 0.41 0.32 0.3 
Sahling et al., 

2014; Riedel et 
al., 2018 

16833-
3 

Area 3 78.62017 9.4095 3.7 37.6 1.1 384 0.3 0.14 0.14 
Sahling et al., 

2014; Riedel et 
al., 2018 

16848-
2 

Area 4 78.55544 9.47597 3.9 37.6 1.1 387 0.48 0.3 0.3 
Sahling et al., 

2014; Riedel et 
al., 2018 

N
o

rt
h

 A
tl

an
ti

c-
 H

åk
o

n
 

M
o

sb
y 

PS70-
94-1 

Håkon Mosby 
MV 

72.00139 14.71861 -0.8 59 3.7 1250 4.49 1.72 1.16 Pape et al., 2011 

PS70-
110-1 

Håkon Mosby 
MV 

72.00139 14.71861 -0.8 59 3.7 1250 5.32 2.62 1.55 Pape et al., 2011 

G
u

lf
 o

f 
M

ex
ic

o
 SO174-

1 
Bush Hill 27.78472 -91.501 7.75 25 1.7 570 4.25 0.71 0.63 

Labails et al., 
2007 

SO174-
2 

Bush Hill 27.78472 -91.501 7.75 25 1.7 570 4.37 0.47 0.43 
Labails et al., 

2007 

C
as

ca
d

ia
 

M
ar

gi
n

 SO148-
1 

Hydrate Ridge 44.57139 
-

125.10222 
3.7 71 5.4 887 0.2 0.16 0.16 

Linke and Suess, 
2001 

SO148-
2 

Hydrate Ridge 44.57139 
-

125.10222 
3.7 71 5.4 777 0.43 0.34 0.32 

Linke and Suess, 
2001 

M
ed

it
er

ra
n

ea
n

 S
ea

 

17908-
1 

Thessaloniki 
MV 

35.41806 30.25 14.01             Pape et al., 2010 

19224-
3 

Venere MV 
Flare 1 

38.61667 17.185 13.8     1600       Loher et al., 2018 

19240-
2 

Venere MV 
Flare 5 

38.58444 17.2 13.8     1600       Loher et al., 2018 

19251-
1 

Venere MV 
western 
summit 

38.60111 17.18389 13.8     1600       Loher et al., 2018 

 

  



Table S2: Data from International Heatflow Commission Global Heat Flow Database (Fuchs et 

al., 2021) used to calculate local geothermal gradients at sites. Geothermal gradients from hot 

spots or with the value '0' are excluded for not being representative of background sediment, and 

shown in red. The threshold for hotspots is temperature gradients greater than 130 K/km. The 

FID numbers refer to the International Geo Sample Numbers from the heat flow database.  

  

Distance from 
hydrate sample Elevation Thermal gradient Latitude Longitude 

       
geotherm data within 50 km from Batumi 
Seep  (lat: 41.958760, long: 41.292400; 
gradient: 35 ( +/-  7.3) K/km)          

FID: 37217 site: A2-1470G at 10.2 km elevation: -906 20 K/km lat:42.05 long:41.30 

FID: 38558 site: 15 at 24.2 km elevation: -1300 53 K/km lat:41.95 long:41.00 

FID: 38881 site: BS1470G at 10.2 km elevation: -906 51 K/km lat:42.05 long:41.30 

FID: 60945 site: Geol 1-5 at 10.3 km elevation: -750 27 K/km lat:42.03 long:41.37 

FID: 60946 site: Geol 1-6 at 18.6 km elevation: -750 25 K/km lat:42.12 long:41.37 

FID: 60947 site: Geol 1-7 at 24.2 km elevation: -640 43 K/km lat:42.15 long:41.43 

       
geotherm data within 50 km from Colkheti 
Seep (lat: 41.967800, long: 41.103300; 
gradient: 39 (+/- 10.4) K/km)          

FID: 37217 site: A2-1470G at 18.6 km elevation: -906 20 K/km lat:42.05 long:41.30 

FID: 38558 site: 15 at 8.8 km elevation: -1300 53 K/km lat:41.95 long:41.00 

FID: 38881 site: BS1470G at 18.6 km elevation: -906 51 K/km lat:42.05 long:41.30 

FID: 60945 site: Geol 1-5 at 23.0 km elevation: -750 27 K/km lat:42.03 long:41.37 

       
geotherm data within 50 km from Iberia 
Mound (lat: 41.879000, long: 41.167100; 
gradient: 51 (+/- 11.1) K/km)          

FID: 37217 site: A2-1470G at 22.0 km elevation: -906 20 K/km lat:42.05 long:41.30 

FID: 38558 site: 15 at 15.9 km elevation: -1300 53 K/km lat:41.95 long:41.00 

FID: 38559 site: 16 at 21.5 km elevation: -1050 68 K/km lat:41.70 long:41.27 

FID: 38881 site: BS1470G at 22.0 km elevation: -906 51 K/km lat:42.05 long:41.30 

FID: 60945 site: Geol 1-5 at 23.8 km elevation: -750 27 K/km lat:42.03 long:41.37 

       
geotherm data within 50 km from Ordu ridge 
patch#02 (lat: 41.535000, long: 37.628889; 
gradient: N/A)          

FID: 37219 site: A2-1476P at 10.1 km elevation: -1741 21 K/km lat:41.62 long:37.68 

FID: 38886 site: BS1476G at 11.1 km elevation: -1741 69 K/km lat:41.63 long:37.65 

       
geotherm data within 50 km from Ordu ridge 
patch#03 (lat: 41.535000, long: 37.628889; 
gradient: N/A)          

FID: 37219 site: A2-1476P at 10.1 km elevation: -1741 21 K/km lat:41.62 long:37.68 

FID: 38886 site: BS1476G at 11.1 km elevation: -1741 69 K/km lat:41.63 long:37.65 

       
geotherm data within 50 km from Ordu ridge 
patch#05 (lat: 41.535278, long: 37.629444; 
gradient: N/A)          

FID: 37219 site: A2-1476P at 10.1 km elevation: -1741 21 K/km lat:41.62 long:37.68 

FID: 38886 site: BS1476G at 11.0 km elevation: -1741 69 K/km lat:41.63 long:37.65 

       



geotherm data within 50 km from Ordu ridge 
patch#07 (lat: 41.535000, long: 37.629444; 
gradient: N/A)          

FID: 37219 site: A2-1476P at 10.1 km elevation: -1741 21 K/km lat:41.62 long:37.68 

FID: 38886 site: BS1476G at 11.1 km elevation: -1741 69 K/km lat:41.63 long:37.65 

       
geotherm data within 50 km from Pechori 
Mound (lat: 41.982700, long: 41.125700; 
gradient: 27 (+/- 8.7) K/km)          

FID: 37217 site: A2-1470G at 16.2 km elevation: -906 20 K/km lat:42.05 long:41.30 

FID: 38558 site: 15 at 11.0 km elevation: -1300 53 K/km lat:41.95 long:41.00 

FID: 38881 site: BS1470G at 16.2 km elevation: -906 51 K/km lat:42.05 long:41.30 

FID: 60945 site: Geol 1-5 at 20.7 km elevation: -750 27 K/km lat:42.03 long:41.37 

FID: 60946 site: Geol 1-6 at 24.9 km elevation: -750 25 K/km lat:42.12 long:41.37 

       
geotherm data within 50 km from Poti Seep 
(lat: 41.958333, long: 41.306667; gradient: 
33.5 (+/- 6.1) K/km)          

FID: 37217 site: A2-1470G at 10.2 km elevation: -906 20 K/km lat:42.05 long:41.30 

FID: 38881 site: BS1470G at 10.2 km elevation: -906 51 K/km lat:42.05 long:41.30 

FID: 60944 site: Geol 1-4 at 24.3 km elevation: -720 40 K/km lat:42.13 long:41.48 

FID: 60945 site: Geol 1-5 at 9.7 km elevation: -750 27 K/km lat:42.03 long:41.37 

FID: 60946 site: Geol 1-6 at 18.3 km elevation: -750 25 K/km lat:42.12 long:41.37 

FID: 60947 site: Geol 1-7 at 23.7 km elevation: -640 43 K/km lat:42.15 long:41.43 

       
geotherm data within 50 km from 
Vodyanitskii MV (lat: 44.285000, long: 
35.033611; gradient: 40 (+/- 6.1) K/km)          

FID: 37213 site: A2-1433P at 24.4 km elevation: -2170 11 K/km lat:44.07 long:35.00 

FID: 37222 site: A2-1485G at 22.6 km elevation: -1758 25 K/km lat:44.42 long:35.25 

FID: 38893 site: BS1485G at 22.6 km elevation: -1758 37 K/km lat:44.42 long:35.25 

FID: 60662 site: 5661 at 4.1 km elevation: -2055 305 K/km lat:44.28 long:34.98 

FID: 60675 site: 5660 at 5.3 km elevation: -2047 68 K/km lat:44.28 long:34.97 

FID: 60690 site: 5616 at 10.5 km elevation: -2038 70 K/km lat:44.28 long:34.90 

FID: 60726 site: 5615 at 20.2 km elevation: -2020 53 K/km lat:44.24 long:34.79 

FID: 60728 site: 5627 at 21.3 km elevation: -1900 44 K/km lat:44.47 long:34.95 

FID: 60738 site: 5626 at 17.1 km elevation: -2015 43 K/km lat:44.40 long:34.88 

FID: 60754 site: 5625 at 16.8 km elevation: -2052 40 K/km lat:44.33 long:34.83 

FID: 60773 site: 5617 at 14.3 km elevation: -1818 38 K/km lat:44.38 long:35.15 

FID: 60787 site: 5616r at 5.0 km elevation: -2035 35 K/km lat:44.33 long:35.03 

FID: 60795 site: 5624 at 20.7 km elevation: -2133 36 K/km lat:44.24 long:34.78 

FID: 60924 site: AVA 1957 at 22.8 km elevation: -1919 70 K/km lat:44.47 long:34.90 

       
geotherm data within 50 km from Helgoland 
MV (lat: 44.287500, long: 35.000000; 
gradient: 39 (+/- 6) K/km)          

FID: 37213 site: A2-1433P at 24.6 km elevation: -2170 11 K/km lat:44.07 long:35.00 

FID: 37222 site: A2-1485G at 24.5 km elevation: -1758 25 K/km lat:44.42 long:35.25 

FID: 38893 site: BS1485G at 24.5 km elevation: -1758 37 K/km lat:44.42 long:35.25 

FID: 58026 site: G 8022 at 24.3 km elevation: -1800 20 K/km lat:44.50 long:34.91 

FID: 60662 site: 5661 at 1.5 km elevation: -2055 305 K/km lat:44.28 long:34.98 

FID: 60675 site: 5660 at 2.7 km elevation: -2047 68 K/km lat:44.28 long:34.97 



FID: 60690 site: 5616 at 7.9 km elevation: -2038 70 K/km lat:44.28 long:34.90 

FID: 60726 site: 5615 at 17.6 km elevation: -2020 53 K/km lat:44.24 long:34.79 

FID: 60728 site: 5627 at 20.3 km elevation: -1900 44 K/km lat:44.47 long:34.95 

FID: 60738 site: 5626 at 15.1 km elevation: -2015 43 K/km lat:44.40 long:34.88 

FID: 60754 site: 5625 at 14.1 km elevation: -2052 40 K/km lat:44.33 long:34.83 

FID: 60773 site: 5617 at 16.0 km elevation: -1818 38 K/km lat:44.38 long:35.15 

FID: 60787 site: 5616r at 5.2 km elevation: -2035 35 K/km lat:44.33 long:35.03 

FID: 60795 site: 5624 at 18.2 km elevation: -2133 36 K/km lat:44.24 long:34.78 

FID: 60924 site: AVA 1957 at 21.5 km elevation: -1919 70 K/km lat:44.47 long:34.90 

       
geotherm data within 50 km from Kerch Flare 
(lat: 44.621667, long: 35.707500; gradient: 
N/A)          

       
geotherm data within 50 km from Pockmark 
A (lat: 3.250000, long: 6.699000; gradient: 
N/A)          

       
geotherm data within 50 km from Pockmark 
C1 (lat: 3.235000, long: 6.699000; gradient: 
N/A)          

       
geotherm data within 50 km from Hydrate 
Hole (lat: -4.801111, long: 9.947500; gradient: 
70.5 (+/- 0.8) K/km)          

FID: 48445 site: GGH44 at 22.6 km elevation: -3135 72 K/km lat:-4.75 long:10.14 

FID: 48452 site: GGH16 at 17.0 km elevation: -3201 72 K/km lat:-4.84 long:10.10 

FID: 48475 site: GGH15 at 18.8 km elevation: -3191 71 K/km lat:-4.88 long:10.10 

FID: 48481 site: GGH17 at 16.6 km elevation: -3190 70 K/km lat:-4.79 long:10.10 

FID: 48486 site: GGH42 at 23.5 km elevation: -3141 71 K/km lat:-4.88 long:10.14 

FID: 48496 site: GGH14 at 21.6 km elevation: -3179 71 K/km lat:-4.93 long:10.10 

FID: 48501 site: GGH4 at 14.5 km elevation: -3224 70 K/km lat:-4.88 long:10.05 

FID: 48541 site: GGH43 at 21.7 km elevation: -3170 68 K/km lat:-4.79 long:10.14 

FID: 48543 site: GGH45 at 24.4 km elevation: -3132 67 K/km lat:-4.70 long:10.14 

FID: 48609 site: GGH3 at 18.0 km elevation: -3220 66 K/km lat:-4.93 long:10.05 

       
geotherm data within 50 km from Baboon 
Hole (lat: -4.940833, long: 9.944167; gradient: 
71 (+/- 2.5) K/km)          

FID: 48390 site: GGH39 at 23.7 km elevation: -3090 78 K/km lat:-5.02 long:10.14 

FID: 48399 site: GGH40 at 22.4 km elevation: -3083 77 K/km lat:-4.97 long:10.14 

FID: 48410 site: GGH41 at 22.1 km elevation: -3105 75 K/km lat:-4.93 long:10.14 

FID: 48452 site: GGH16 at 20.5 km elevation: -3201 72 K/km lat:-4.84 long:10.10 

FID: 48475 site: GGH15 at 18.1 km elevation: -3191 71 K/km lat:-4.88 long:10.10 

FID: 48481 site: GGH17 at 23.8 km elevation: -3190 70 K/km lat:-4.79 long:10.10 

FID: 48486 site: GGH42 at 23.0 km elevation: -3141 71 K/km lat:-4.88 long:10.14 

FID: 48496 site: GGH14 at 17.0 km elevation: -3179 71 K/km lat:-4.93 long:10.10 

FID: 48501 site: GGH4 at 13.4 km elevation: -3224 70 K/km lat:-4.88 long:10.05 

FID: 48609 site: GGH3 at 11.8 km elevation: -3220 66 K/km lat:-4.93 long:10.05 

FID: 48933 site: GGH13 at 19.0 km elevation: -3178 57 K/km lat:-5.02 long:10.10 

FID: 48965 site: GGH12 at 21.8 km elevation: -3164 56 K/km lat:-5.07 long:10.10 



       
geotherm data within 50 km from Worm Hole 
(lat: -4.751667, long: 9.945000; gradient: 70 
(+/ 1) K/km)          

FID: 48445 site: GGH44 at 22.0 km elevation: -3135 72 K/km lat:-4.75 long:10.14 

FID: 48452 site: GGH16 at 19.3 km elevation: -3201 72 K/km lat:-4.84 long:10.10 

FID: 48475 site: GGH15 at 22.2 km elevation: -3191 71 K/km lat:-4.88 long:10.10 

FID: 48481 site: GGH17 at 17.3 km elevation: -3190 70 K/km lat:-4.79 long:10.10 

FID: 48501 site: GGH4 at 18.6 km elevation: -3224 70 K/km lat:-4.88 long:10.05 

FID: 48541 site: GGH43 at 22.4 km elevation: -3170 68 K/km lat:-4.79 long:10.14 

FID: 48543 site: GGH45 at 22.7 km elevation: -3132 67 K/km lat:-4.70 long:10.14 

FID: 48609 site: GGH3 at 22.7 km elevation: -3220 66 K/km lat:-4.93 long:10.05 

       
geotherm data within 50 km from MV #10 
(lat: 33.535556, long: 136.268889; gradient: 
N/A)          

FID: 41384 site: RYOFU 81-6 at 17.1 km elevation: -2060 115 K/km lat:33.41 long:136.37 

FID: 41385 site: RYOFU 81-7 at 10.4 km elevation: -1930 105 K/km lat:33.57 long:136.37 

FID: 57792 site: NT-B at 19.1 km elevation: -2055 58 K/km lat:33.42 long:136.42 

       
geotherm data within 50 km from MV #4 (lat: 
33.664722, long: 136.633889; gradient: N/A)          

FID: 50900 site: null at 17.3 km elevation: -1999 0 K/km lat:33.82 long:136.65 

FID: 57795 site: NT-D at 1.8 km elevation: -2073 45 K/km lat:33.65 long:136.64 

       
geotherm data within 50 km from MV #2 (lat: 
33.680833, long: 136.921944; gradient:N/A)          

         

FID: 59977 site: GH97 307 at 22.1 km elevation: -1990 0 K/km lat:33.82 long:137.10 

       

       
geotherm data within 50 km from Nascent 
Ridge (lat: N/A, long: N/A; gradient: N/A)          

       
geotherm data within 50 km from Flare 2 (lat: 
24.835556, long: 63.028889; gradient: N/A)          

       
geotherm data within 50 km from Area 1 (lat: 
78.547325, long: 10.237540; gradient: N/A)          

       
geotherm data within 50 km from Area 2 (lat: 
78.654236, long: 9.257554; gradient: N/A)          

       
geotherm data within 50 km from Area 2 (lat: 
78.654196, long: 9.434012; gradient: N/A)          

       
geotherm data within 50 km from Area 3 (lat: 
78.620308, long: 9.410987; gradient: N/A)          

       
geotherm data within 50 km from Area 3 (lat: 
78.620172, long: 9.409495; gradient: N/A)          

       
geotherm data within 50 km from Area 4 (lat: 
78.555436, long: 9.475971; gradient: N/A)          

       
geotherm data within 50 km from Haakon 
Mosby MV (lat: 72.001389, long: 14.718611; 
gradient: 59 (+/- 3.7) K/km)          



FID: 44407 
site: PL96-5a 36 
B-296 at 0.8 km elevation: -1228 817 K/km lat:72.01 long:14.73 

FID: 44414 
site: PL96-5b 36 
B-507 at 0.7 km elevation: -1228 637 K/km lat:72.00 long:14.74 

FID: 44447 site: HM95-20 at 0.8 km elevation: -1260 314 K/km lat:72.01 long:14.73 

FID: 44470 
site: PL96-7b 27 
G-342 at 0.6 km elevation: -1224 167 K/km lat:72.01 long:14.71 

FID: 44491 
site: PL96-7a 27 
G-230 at 0.5 km elevation: -1224 141 K/km lat:72.00 long:14.71 

FID: 44525 site: 47 G at 1.3 km elevation: -1230 0 K/km lat:72.00 long:14.68 

FID: 44540 
site: PL96-7c 36 
B-496 at 1.0 km elevation: -1233 108 K/km lat:72.01 long:14.71 

FID: 44679 
site: PL96-5c 
36B-784 at 1.0 km elevation: -1249 68 K/km lat:72.00 long:14.75 

FID: 44693 site: HM95-22a at 6.9 km elevation: -1147 68 K/km lat:71.98 long:14.91 

FID: 44756 site: 108UB84 at 24.5 km elevation: -1433 59 K/km lat:72.00 long:14.01 

FID: 44767 site: HM95-21 at 23.5 km elevation: -1506 71 K/km lat:71.94 long:14.07 

FID: 44804 site: HM95-22c at 4.5 km elevation: -1215 56 K/km lat:71.99 long:14.85 

FID: 44817 
site: PL96-5e 36 
B-1320 at 1.6 km elevation: -1218 51 K/km lat:72.00 long:14.76 

FID: 44828 site: HM95-22b at 6.8 km elevation: -1155 54 K/km lat:71.98 long:14.91 

FID: 45516 
site: PL96-6d 36 
B-376 at 0.5 km elevation: -1233 0 K/km lat:72.00 long:14.73 

FID: 45517 
site: PL96-6c 36 
B-219 at 0.6 km elevation: -1220 0 K/km lat:72.01 long:14.72 

FID: 45524 site: 85-95 at 0.9 km elevation: -1257 0 K/km lat:72.01 long:14.73 

FID: 45530 
site: PL96-6b 27 
G-460 at 0.4 km elevation: -1247 0 K/km lat:72.00 long:14.72 

FID: 45531 
site: PL96-6a 27 
G-186 at 0.8 km elevation: -1223 0 K/km lat:72.01 long:14.70 

FID: 45533 site: 75-95 at 9.4 km elevation: -1245 0 K/km lat:71.92 long:14.77 

FID: 45534 site: 73-95 at 6.4 km elevation: -1380 0 K/km lat:71.95 long:14.66 

FID: 45545 site: 77-95 at 19.8 km elevation: -1419 0 K/km lat:71.85 long:14.42 

FID: 45546 site: 74-95 at 8.4 km elevation: -1314 0 K/km lat:71.93 long:14.65 

FID: 45568 site: 69-95 at 6.3 km elevation: -1269 0 K/km lat:72.04 long:14.58 

FID: 45570 site: 68-95 at 6.3 km elevation: -1161 0 K/km lat:72.03 long:14.57 

FID: 45572 site: 78-95 at 20.2 km elevation: -1521 0 K/km lat:71.90 long:14.23 

FID: 45578 site: 72-95 at 0.8 km elevation: -1255 0 K/km lat:72.01 long:14.73 

       

       
geotherm data within 50 km from Bush Hill 
(lat: 27.784722, long: -91.501000; gradient: 
N/A)          

       
geotherm data within 50 km from Hydrate 
Ridge (lat: 44.571389, long: -125.102222; 
gradient: 71 (+/- 5.4) K/km)          

FID: 37431 site: 2 at 7.6 km elevation: -735 172 K/km lat:44.63 long:-125.07 

FID: 37432 site: 3 at 9.0 km elevation: -768 148 K/km lat:44.65 long:-125.14 

FID: 37433 site: 4 at 6.2 km elevation: -820 133 K/km lat:44.62 long:-125.06 

FID: 37434 site: 5 at 10.4 km elevation: -900 156 K/km lat:44.66 long:-125.14 

FID: 37435 site: 6 at 6.5 km elevation: -973 72 K/km lat:44.62 long:-125.06 

FID: 43263 site: AII112-1A at 18.6 km elevation: -2337 78 K/km lat:44.68 long:-125.29 

FID: 43264 site: AII112-1C at 16.8 km elevation: -2375 82 K/km lat:44.66 long:-125.27 

FID: 43265 site: AII112-1D at 16.5 km elevation: -2380 92 K/km lat:44.66 long:-125.27 

FID: 43266 site: AII112-1E at 16.1 km elevation: -2380 77 K/km lat:44.66 long:-125.26 

FID: 43267 site: AII112-1F at 15.4 km elevation: -2380 82 K/km lat:44.66 long:-125.25 

FID: 43268 site: AII112-3A at 22.9 km elevation: -2983 70 K/km lat:44.66 long:-125.36 



FID: 43269 site: AII112-3B at 22.4 km elevation: -2903 32 K/km lat:44.66 long:-125.35 

FID: 43270 site: AII112-3C at 22.0 km elevation: -2779 36 K/km lat:44.66 long:-125.35 

FID: 43271 site: AII112-3D at 21.5 km elevation: -2790 38 K/km lat:44.66 long:-125.34 

FID: 43272 site: AII112-3E at 21.5 km elevation: -2917 44 K/km lat:44.65 long:-125.35 

FID: 43308 site: AII112-C10 at 17.9 km elevation: -2264 0 K/km lat:44.67 long:-125.28 

FID: 43631 site: W836-9A at 16.0 km elevation: -2254 68 K/km lat:44.65 long:-125.27 

FID: 43632 site: W836-9B at 17.6 km elevation: -2120 74 K/km lat:44.65 long:-125.30 

FID: 43633 site: W836-9C at 17.5 km elevation: -2124 77 K/km lat:44.65 long:-125.30 

FID: 43634 site: W836-9D at 19.0 km elevation: -2015 65 K/km lat:44.65 long:-125.31 

FID: 43635 site: W836-9E at 19.0 km elevation: -2015 55 K/km lat:44.65 long:-125.32 

FID: 43637 site: W836-9G at 22.7 km elevation: -2864 34 K/km lat:44.65 long:-125.37 

FID: 43640 site: W836-10A at 9.2 km elevation: -935 99 K/km lat:44.65 long:-125.14 

FID: 43641 site: W836-10B at 8.9 km elevation: -911 43 K/km lat:44.65 long:-125.07 

FID: 43642 site: W836-10C at 9.2 km elevation: -948 44 K/km lat:44.65 long:-125.06 

FID: 43643 site: W836-10D at 11.2 km elevation: -1008 83 K/km lat:44.65 long:-125.02 

FID: 43644 site: W836-10E at 13.8 km elevation: -820 81 K/km lat:44.65 long:-124.97 

FID: 43659 site: W836-RK24 at 19.9 km elevation: -2420 0 K/km lat:44.66 long:-125.32 

FID: 43660 site: W836-RK26 at 20.9 km elevation: -2795 0 K/km lat:44.65 long:-125.34 

FID: 43661 site: W836-RK27 at 19.9 km elevation: -2623 0 K/km lat:44.65 long:-125.33 

       

       
geotherm data within 50 km from 
Thessalonkiki MV (lat 35.418056, long: 
30.250000; gradient: N/A)          

FID: 61078 site: CH61-54 at 15.3 km elevation: -2017 38 K/km lat:35.33 long:30.12 

       
geotherm data within 50 km from Venere MV 
Flare 1 (lat: 38.616667, long: 17.185000; 
gradient: N/A)          

       
geotherm data within 50 km from Venere MV 
Flare 5 (lat: 38.584444, long: 17.200000; 
gradient: N/A)          

       
geotherm data within 50 km from Venere MV 
western summit (lat: 38.601111, long: 
17.183889; gradient: N/A)          
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