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Abstract 

Knowing the origin of methane at submarine methane seeps (cold seeps) can 

provide valuable insights into the depth origin and migration process of the seep fluids 

as well as into the subsurface fluid circulation. The origin of methane at ancient seeps 

has been estimated indirectly based on geological backgrounds and carbon isotopic 

compositions of carbonates that formed via the anaerobic oxidation of methane (AOM). 

In this study, two approaches were attempted to estimate the origin of methane at 

ancient seeps: 1) carbon isotope analysis of lipid biomarkers for anaerobic methane-

oxidizing archaea (ANME) and 2) analysis of the carbon isotopic and molecular 

compositions of residual gases within the methane-seep carbonates. A modern methane-

seep carbonate rock obtained from the seafloor at a seep site offshore Joetsu, Niigata 

Prefecture, central Japan was examined to estimate the carbon isotope fractionation 

between methane and ANME biomarkers. For ancient seep carbonates, Miocene to 

Pleistocene methane-seep carbonate rocks collected at 11 sites in the Japan Sea region 

were examined. 

The early-diagenetic, AOM-derived carbonate phases show various δ13C values 

ranging between −64.7‰ and −4.7‰ (vs. VPDB). This result does not tell us which is 

plausible thermogenic (>−50‰) or biogenic (<−50‰) origin for the methane. 
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Pentamethylicosane (PMI) extracted from the modern methane-seep carbonate has a 

δ13C value of −80‰, which shows an offset of 44‰ from the seep methane (−36‰) at 

this site. The ANME biomarkers PMI and crocetane were extracted from the ancient 

carbonates, with δ13C values ranging between −137‰ and −93‰. The estimated offset 

of δ13C (44‰) indicates that the methane at the ancient seep had δ13C values mostly 

lower than −50‰ and are biogenic in origin, assuming that the δ13C values of the 

ANME biomarkers are controlled by those of the source methane and isotopic 

fractionations during biosynthesis. The relationship of the δ13C values between methane 

and ANME biomarkers was assessed by regression analysis based on data taken at 

modern seeps in other regions of the world. The obtained regression formulae were used 

to constrain the δ13C values of methane at the ancient seeps with 95% prediction 

intervals, which provided the similar results as estimated from the δ13C offset. It can be 

concluded that the methane contained in the seep fluids at the ancient seeps in the study 

area is mainly biogenic in origin and was produced in the shallow subsurface. Migration 

and seepage of thermogenic methane from the deep subsurface were probably minor 

before Pleistocene in the study area. 

Methane and heavier hydrocarbons were extracted by acid digestion of powdered 

samples of the AOM-derived carbonate phases. The methane content tends to increase 
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with increasing age of the carbonate. The extracted methane has δ13C values of −69.6‰ 

to −26.9‰ and methane to (ethane+propane) ratios of 2 to 518, and therefore both 

thermogenic and biogenic origins are possible. Methane was also released by heating 

and crushing of chipped samples of the Miocene seep carbonates at the Nakanomata 1 

site. These methods produced a little amount of methane as compared with acid 

digestion and high amounts of carbon dioxide. The δ13C values were measured for the 

methane and carbon dioxide liberated by the crushing. The methane shows δ13C values 

from −55.1‰ to −49.9‰, while the carbon dioxide exhibits values ranging between 

−26.8‰ and −25.2‰. The obtained δ13C values can be explained by methane oxidation. 

The results suggest a reasonable scenario of the origin of methane at Nakanomata 1 as 

follows: 1) biogenic methane was originally contained in the Miocene seep fluids; 2) 

isotopic fractionation during AOM enriched the methane in 13C; and 3) the 13C-enriched 

methane was trapped within the seep carbonate mainly as intracrystal inclusions. This 

scenario is also supported by a positive significant correlation of the δ13C values 

between the methane and its host carbonate. The δ13C values typically increase with 

increasing carbon number in thermogenic and biogenic hydrocarbons. In contrast, the 

δ13C values of the methane, ethane, and propane liberated from the examined carbonates 

by acid digestion showed “reverse” isotopic trends. This “reverse” isotopic trends found 
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in the liberated hydrocarbons indicate that ethane and propane with unusually low δ13C 

values (<−40‰) were mixed with normal thermogenic or biogenic gases. The unusually 

13C-depleted ethane and propane could have originated from secondary thermal 

cracking of 13C-depleted organic compounds within the seep carbonates. They were 

extracted even from the samples of low maturity. The line of evidence indicates that the 

residual gases within the seep carbonates can contain incidental gases as well as original 

ones. The isotopic trend of the unusually 13C-depleted ethane and propane was different 

between low and high maturities. This result suggests that the mixing ratio to the normal 

gases and the molecular ratio of the secondary-generated gases both depend on thermal 

maturity. 

It is probable that the carbon isotopic compositions of the ANME biomarkers 

preserved within the methane-seep carbonates are less affected by thermal maturation, 

with respect to the petrographic textures and oxygen isotopic compositions of the 

carbonates. However, in some samples of high maturity, the ANME biomarkers were 

not preserved probably due to thermal break down. Residual gases within the seep 

carbonates could be affected seriously by incidental gases even in the samples of low 

maturity. Therefore, the residual gases should be examined using multiple extraction 

methods and with other signatures such as the isotopic compositions of the carbonates 
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and the biomarkers. 

 

和文要旨 

海底からのメタン湧水（冷湧水）中のメタンの起源を知ることは，流体の起

源深度や湧出過程，地殻内の水循環などを理解するうえで重要である．地質時

代の古メタン湧水で湧出していたメタンの起源は，メタンの嫌気的酸化によっ

て形成された炭酸塩の炭素同位体比や地質学的な背景から間接的に推測されて

いるのみで，それを推定する方法は確立されていない．本研究では，メタン酸

化古細菌のバイオマーカーの炭素同位体比と，炭酸塩残留ガスの炭素同位体比

や分子組成に着目することで，古メタン湧水のメタンの起源を推定することを

試みた．そのために，新潟県上越沖海底で採取された現世のメタン湧水炭酸塩

岩を用いて，メタンと古細菌のバイオマーカーとの間の炭素同位体分別を求め

た．また，日本海側陸域 11産地の中新統～更新統より採取した古メタン湧水

炭酸塩岩試料を用いた． 

試料中のメタン酸化起源の炭酸塩組織の炭素同位体比は−64.7‰～−4.7‰（vs. 

VPDB）と幅広い δ13C値を示した．この結果のみからは，メタンが熱分解起源

（>−50‰）なのか微生物起源（<−50‰）なのか判別することはできない．現世

のメタン湧水炭酸塩岩よりペンタメチルイコサンを抽出し，その δ13C 値を測定
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した結果，−80‰であった．この湧水中のメタンの δ13C 値は先行研究によって

−36‰と求められているので，バイオマーカーとメタンの δ13C 値の差は 44‰と

見積もられる．古メタン湧水炭酸塩岩のバイオマーカー分析を行った結果，嫌

気的メタン酸化古細菌のバイオマーカーであるペンタメチルイコサンやクロセ

タンが抽出された．これらバイオマーカーの δ13C 値を測定したところ，−137‰

～−93‰であった．バイオマーカーの同位体比がメタンの同位体比と古細菌の

同化・生合成に伴う同位体分別によって決まるとすれば，先述のバイオマーカ

ーとメタンとの δ13C値の差（44‰）から，古メタン湧水のメタンの δ13C 値は

概ね−50‰より低く見積もられ，微生物起源であったと推定される．一方，世

界各地の現世湧水のデータから，バイオマーカーの δ13C 値とメタンの δ13C 値

の回帰分析を行い，メタンの δ13C 値を 95%予測区間付きで制約するための回帰

式を求めた．この式を用いて古メタン湧水のメタンの同位体比を推定した結

果，バイオマーカーとメタンとの δ13C 値の差から推定した結果と同様な結果を

得た．以上の結果から，更新世以前の本研究地域では，主に地下浅部で生成し

た微生物メタンが湧出しており，地下深部からの熱分解メタンの湧出はまれで

あったと考えられる． 

各試料中のメタン酸化起源の炭酸塩組織を粉末化して酸で溶解させたとこ

ろ，メタンおよびエタン以上の炭化水素が抽出され，メタンの量は古い試料ほ
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ど多い傾向を示した．抽出されたメタンは幅広い δ13C 値（−69.6‰～−26.9‰）

と低いメタン/（エタン+プロパン）比（2～518）を示し，熱分解起源と微生物

起源のいずれの可能性も否定できない結果となった．中新世の 1産地（中ノ俣

1）の炭酸塩小片を加熱・粉砕した結果，酸溶解の場合よりも少量のメタン

と，高濃度の二酸化炭素が抽出された．粉砕により抽出したメタンと二酸化炭

素の δ13C 値はそれぞれ−55.1‰～−49.9‰，−26.8‰～−25.2‰であり，メタン酸

化による同位体分別を受けた微生物メタンと二酸化炭素の値として解釈でき

る．中ノ俣 1については，酸溶解によって抽出したメタンと炭酸塩の間で δ13C

値に有意な正の相関が見られた．このことからも，メタン酸化による分別を受

けた中新世当時の湧水中の微生物メタンが主に炭酸塩結晶内部に捕獲されたも

のが，試料中に残留していた可能性がある．一方，各産地で酸溶解によって抽

出されたメタン，エタン，プロパンの δ13C値を比較した結果，炭素数とともに

δ13C 値が高くなる一般的な同位体比トレンドとは逆に，炭素数とともに δ13C 値

が低くなる傾向を示す場合が見られた．このことから，抽出されたガスは通常

の熱分解ガスまたは微生物ガスに加えて，通常の熱分解ガスよりも低い異常な

δ13C 値（<−40‰）を示すエタンやプロパンを含むガスが混入したものであるこ

とがわかった．異常な δ13C 値をもつエタンやプロパンは，炭酸塩岩中の δ13C

値の低い有機物の二次的な熱分解によって生成したと考えられ，熟成度の比較
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的低い試料からも抽出されている．以上から，メタン湧水炭酸塩岩中の残留ガ

スは，湧水中に含まれていたものだけでなく，炭酸塩岩の埋没過程で周囲から

二次的に捕獲された熱分解ガスや微生物ガス，あるいは熱熟成の過程で炭酸塩

内有機物の二次的な熱分解によって生成したガスが含まれていると考えられ

る．低熟成度の試料と高熟成度の試料では，異常な δ13C 値のエタン，プロパン

の同位体比トレンドが異なることから，炭酸塩内有機物から二次的に生成した

熱分解ガスの混合比や分子組成は，熟成度によって変化することがあると考え

られる． 

メタン湧水炭酸塩岩中のメタン酸化古細菌のバイオマーカーの炭素同位体比

は，炭酸塩の組織や酸素同位体比に比べて熱熟成の影響を受けにくいと考えら

れる．ただし，熟成度の高い試料では，バイオマーカーが熱分解によって保存

されていない場合がある．炭酸塩残留ガスは，熟成度が低い場合でも二次的な

ガスの影響があるため，複数の抽出法を試すとともに，炭酸塩やバイオマーカ

ーの同位体比などいくつかの指標を総合して結果を解釈する必要がある． 
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Preface 

I. Origin of methane 

Methane is the simplest organic molecule known as a potent greenhouse gas and 

the dominant component of natural gases. It is either generated from carbon dioxide or 

more complex organic molecules. The methane produced by archaeal methanogenesis is 

called biogenic (or microbial) methane. The pathways for biogenic methane production 

include hydrogenotrophic methanogenesis (carbonate reduction) and fermentative 

methanogenesis, both of which are performed by methanogenic archaea restricted to 

anaerobic environments such as shallow (<3 km) subsurface sediments (e.g., Inagaki et 

al., 2015). The methane produced by thermal decomposition of organic matter in the 

deep subsurface at >100°C is called thermogenic methane (e.g., Claypool and 

Kvenvolden, 1983). The methane produced by abiotic processes such as Fischer-

Tropsch type reaction and Sabatier reaction (e.g., McCollom and Seewald, 2007) is 

called abiotic methane. 

The origin of methane can be distinguished mainly by stable carbon and hydrogen 

isotopic compositions of methane and its molecular ratios to heavier hydrocarbons 

(Bernard et al., 1976; Whiticar, 1999; Kawagucci and Toki, 2010). The biogenic 

methane is characterized by δ13C values ranging between −110‰ and −50‰ (vs. 
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VPDB) and methane to ethane+propane (C1/(C2 + C3)) ratios higher than 1000. The 

thermogenic methane has been reported to have higher δ13C values ranging between 

−50‰ and −20‰ and C1/(C2 + C3) ratios lower than 50. Methane of probably abiotic 

origins has been reported to show δ13C values higher than −20‰ and be associated with 

heavier hydrocarbons, but the isotopic signatures and molecular compositions 

characterizing the abiotic methane remain to be constrained (e.g., Kawagucci and Toki, 

2010; Suda et al., 2017). 

 

II. Cold seeps as windows to the subsurface 

Seepage of methane-rich geofluids from the seafloor is called methane seep or cold 

seep, after the fluid temperatures close to the ambient bottom water (e.g., Kulm et al., 

1986). Since the first discoveries in the Gulf of Mexico (Paull et al., 1984; Kennicutt et 

al., 1985), cold seeps have been recognized on the seafloor at continental margins of the 

world by the unique biological communities, which resemble those at hydrothermal 

vents, and by venting of methane bubbles or oils (Sibuet and Olu, 1998; Campbell, 

2006; Fig. P.1). Cold seeps are not only major sources for methane to the ocean and 

atmosphere (Boetius and Wenzhöfer, 2013) but also windows to the subsurface 

environments, because seep fluids contain methane and various elements derived from 
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biogeochemical processes and fluid-rock interactions in the crust (Hensen et al., 2004; 

Kawagucci and Toki, 2010). 

Knowing the origin of methane discharging at cold seeps provides various insights 

into the depth origins and migration processes for the seep fluids and therefore into the 

subsurface fluid circulation. The origin of methane at cold seeps is either biogenic, 

thermogenic, or both (Fig. P.1). Seepage of biogenic methane from shallow subsurface 

is commonly driven by diffusion and fluid transport through subsurface faults (e.g., 

Himmler et al., 2015; Crémière et al., 2016a; Prouty et al., 2016; Pirre et al., 2017), 

while seepage of thermogenic methane and other hydrocarbons or oils from deep 

subsurface requires effective migration processes and thermal maturity of deep 

sediments (Milkov, 2005; Suess, 2014). As those of biogenic origins, methane seeps of 

thermogenic origins are known from both active and passive continental margins; they 

are known for example from mud volcanoes where deep-sourced fluids and muds are 

discharged such as on the Nankai Trough subduction zone (Toki et al., 2012; Pape et al., 

2014) and on the Mediterranean Ridge (Pape et al., 2010a), a headless submarine 

canyon on the Cascadia accretionary prism where sediment compaction and 

deformation generate steep pore pressure gradients and drive focused fluid flow 

(Pohlman et al., 2005), hydrocarbon seeps sustained by subsurface salt diapirs in the 
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Gulf of Mexico (Roberts and Aharon, 1994; Sassen et al., 2004), and high-flux seepage 

sites sustained by deep-rooted faults in the Black Sea (Pape et al., 2010b), offshore 

Norway (Sauer et al., 2015), and the Japan Sea (Matsumoto et al., 2009). 

 

III. Ancient cold seeps 

Cold seeps in the geologic past are preserved in the sediments as peculiar 

authigenic carbonate rocks, which are commonly called seep carbonates or methane-

derived authigenic carbonates (MDACs). The formation of the carbonate rocks at 

methane seeps is induced by an alkalinity increase during the sulfate-coupled anaerobic 

oxidation of methane (AOM) (e.g., Reeburgh, 1976; Ritger et al., 1987): 

CH4 + SO4
2− → HS− + HCO3

− + H2O 

The sulfate-coupled AOM is mediated by microbial consortia of anaerobic methane-

oxidizing archaea (ANME) and sulfate-reducing bacteria, which thrive in anaerobic 

environments below or in a few cases above the sediment-water interface and within the 

carbonate rocks (Boetius et al., 2000; Michaelis et al., 2002; Teichert et al., 2005; 

Marlow et al., 2015). The cementation of the sediments and the microbial communities 

by the carbonates enables preservation of characteristic biomarkers (molecular fossils) 

derived from the lipids of the AOM-mediating microbes, as well as animal fossils 
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thriving in the cold-seep environments (Hinrichs et al., 1999; Peckmann et al., 1999; 

Campbell, 2006). Moreover, seep carbonates have been regarded as recorders of 

geochemistry of sediment, fluid, and gas in the past (e.g., Feng et al., 2009, 2014; 

Himmler et al., 2010; Crémière et al., 2016b). 

Ever since the early 1990s, a number of carbonate deposits hosted within ancient 

marine sediments around the world have been identified as ancient methane-seep sites 

(Fig. P.1). The major criteria for identifying ancient seep carbonates include the 

association with peculiar animal fossils, petrographic features, 13C-depleted isotopic 

compositions of the carbonate cements, and preservation of characteristic biomarkers. 

Animal fossils characteristic to Cenozoic seep environments include solemyid, 

thyasirid, lucinid, vesicomyid, and bathymodiolin bivalves, and Provanna gastropods 

(Amano and Kiel, 2007; Taylor and Glover, 2010; Kiel, 2013; Kiel and Amano, 2013; 

Amano and Little, 2014; Amano et al., 2015). Paleozoic and Mesozoic seeps were 

dominated either by extinct bivalves such as a modiomorphid Caspiconcha or 

brachiopods such as a dimerelloid Peregrinella (Campbell and Bottjer, 1995; Kiel and 

Little, 2006; Jenkins et al., 2013; Kiel et al., 2014). Although seep carbonates are 

mainly composed of microcrystalline carbonate crystals cementing the sediments as 

non-seep sedimentary concretions, they are known to show several petrographic 
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features such as stromatactoid cavities, banded and botryoidal cement, and microbial 

filaments (Peckmann et al. 2002, 2003; Bojanowski, 2007). The δ13C values of the seep 

carbonates are commonly lower than −30‰, resulting from the oxidation of 13C-

depleted methane (Peckmann and Thiel, 2004; Campbell, 2006). Such highly negative 

δ13C values of the carbonates allow us to distinguish seep carbonates from non-seep 

sedimentary concretions, whereas less negative values are in some cases indicative of 

ancient oil-seep carbonates (Peckmann et al., 2001, 2007; Kiel and Peckmann, 2007). 

Lipid biomarkers for ANME include diethers such as archaeol and hydroxyarchaeol and 

isoprenoid hydrocarbons such as pentamethylicosane (PMI) and crocetane, with 

extremely 13C-depleted compound-specific isotopic signatures (Peckmann and Thiel, 

2004; Blumenberg, 2010). These biomarkers can be preserved within ancient seep 

carbonates as old as the Carboniferous in age (Birgel et al., 2008), but their 

concentrations relative to other compounds could be altered by thermal maturation even 

in Cenozoic carbonates (Hryniewicz et al., 2016). 

Despite the vast number of paleontological studies on ancient methane-seep 

carbonates around the world, few studies have attempted to estimate the origin of 

methane contained in the ancient seep fluids. The origin of methane at ancient seeps has 

been interpreted based on indirect evidences such as carbon isotopic signatures of the 
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carbonates (see Part 1) and geological settings. Agirrezabala et al. (2013) studied a 

Lower Cretaceous methane seep in the Basque-Cantabrian Basin, western Pyrenees, and 

claimed that it was sustained by thermogenic methane. They inferred that the 

thermogenic methane was sourced from sediments at ~900 m below the paleo-seafloor, 

which were heated by magmatic intrusions observed in a seismic profile. However, such 

geological features possibly related to past methane seepage are rarely observed in the 

field, particularly where sedimentary strata have been subjected to complex tectonic 

histories. There is an ongoing attempt to estimate the origin of seep fluids using trace-

element geochemistry of the seep carbonates (Jakubowicz et al., 2015). Estimation of 

the origin of methane at ancient methane seeps, along with the origin of fluids, can 

provide valuable insights into biogeochemical processes and fluid circulation in 

subsurface environments in the geologic past. Knowing the fluid circulation and related 

fluid-flow pathways in the past would also help to understand tectonic histories of 

sedimentary basins such as fault activities. 

 

IV. Objective of this study 

The objective of this study is to estimate the origin of methane at ancient cold 

seeps distributed along the Japan Sea side of the Japanese archipelago. The present 
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study is based on organic geochemical signatures within the methane-seep carbonates, 

which could reflect carbon isotopic compositions of the source methane. Stable carbon 

isotopic compositions were measured in lipid biomarkers for ANME, as well as in the 

carbonates, and are used to constrain the carbon isotopic compositions of the source 

methane as shown in Part 1. For this purpose, carbon isotope fractionation or offset 

between methane and biomarkers was estimated by compiled data obtained from a 

modern seep carbonate and from literature. In addition, residual gases within the seep 

carbonates were examined to obtain more direct information on the isotopic 

compositions of methane contained in the seep fluids. In Part 2, the origin of the 

residual gases is discussed based on the molecular compositions and carbon isotopic 

compositions of hydrocarbons extracted from the seep carbonates. The isotopic 

compositions and thermal maturity of organic matter within the carbonates were also 

examined. The potential of the residual gas to preserve the original signatures of the 

methane and the risk of secondary processes affecting the residual gas are also 

discussed in this chapter. Such a multidisciplinary study of ancient methane seeps is rare 

and would shed new light on ancient seep carbonates as tools to know ancient 

subsurface environments. 

The material for this study is Cenozoic methane-seep carbonates collected from the 
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area along the Japan Sea coast. The stratigraphy and developmental history of 

sedimentary basins in the study area have been revealed in detail, and therefore the 

estimated origin of methane at the ancient seeps can be verified from a geological 

perspective. In addition, the examined seep carbonates are from strata of different ages 

and thus could have experienced different thermal history. This is helpful to know 

possible effects of thermal alterations on the organic geochemical signatures mentioned 

above. 

 

V. Geological setting and modern methane seeps of the Japan Sea 

The Japan Sea is a back-arc basin that was formed in the Miocene (Burdigalian to 

Langhian). During the opening of the Japan Sea, several sedimentary basins were 

formed by rifting (e.g., Iijima and Tada, 1990; Jolivet and Tamaki, 1992; Takano, 2002). 

This early stage of formation of the Japan Sea was characterized by volcanic activity 

that produced rocks commonly referred to as the “Green Tuff”. These volcanic and 

pyroclastic rocks constitute the lower part of the sedimentary basins, and are overlain by 

a >5 km thick clastic marine sediments. The volcanic materials and organic-rich 

sediments in this region act as sources and reservoirs of oil and gas today (Kikuchi et 

al., 1991; Okui et al., 2008). The stress field in the Japan Sea region changed from 
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tensional to compressional during the late Miocene to Pliocene, causing reactivation of 

normal faults as reverse faults and uplift and transformation of the rift basins into 

anticlines (Jolivet and Tamaki, 1992; Sato, 1994; Okamura et al., 1995). 

In the present-day Japan Sea, methane seeps originating from thermogenic 

methane, as well as biogenic methane, are known in several areas. Thermogenic gas and 

oil have been produced in this region by the thermal degradation of organic matter in 

the Miocene to Pliocene sediments at >1 km subsurface. Extensive gas hydrate fields 

have formed as a result of the gas migrating through permeable layers and along 

subsurface faults which were reactivated due to the compressional stress (Monzawa et 

al., 2006; Okui et al., 2008; Matsumoto et al., 2009). 
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Fig. P.1. Worldwide distribution of modern and ancient cold seeps. The origin of methane 
at some modern seeps is indicated by colors. “Mixed” indicates a mixed origin between 
biogenic and thermogenic methane. Note the dense report of both modern and ancient 
seep sites around the Japanese Islands with respect to other regions in the world. The 
distribution and origin of modern seeps are from Paull et al. (1989), Brooks et al. (1991), 
Bohrmann et al. (1998), Lein et al. (1999), Suess et al. (1999), Lorenson and Collett 
(2000), Hovland (2002), Michaelis et al. (2002), Schmidt et al. (2002), Wiedicke et al. 
(2002), Sassen et al. (2004), Hovland et al. (2005), Milkov (2005), Pohlman et al. (2005), 
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et al. (2017). The distribution of ancient seeps is from Gill et al. (2005), Campbell (2006), 
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Part 1. Constraining the origin of methane at ancient methane seeps 

based on carbon isotopic compositions of lipid biomarkers 

1.1. Introduction 

The origin of methane at ancient methane seeps has been roughly inferred from the 

carbon isotopic compositions of methane-seep carbonates. The seep carbonates are 

precipitated from bicarbonate ions produced by the anaerobic oxidation of methane 

(AOM, see Preface III). The stable carbon isotopic compositions of the seep carbonates 

therefore reflect those of the oxidized methane. The selective uptake of 13C-depleted 

methane during the AOM should result in bicarbonate more enriched in 12C than the 

parent methane, with isotope fractionation factors (α) of 1.002 to 1.039 (Whiticar and 

Faber, 1986; Alperin et al., 1988; Martens et al., 1999; Reeburgh, 2007; Holler et al., 

2009). However, it is well known that the carbon isotopic compositions of bicarbonate 

in the AOM zone and the seep carbonates are often more 13C-enriched than the parent 

methane, as a result of the mixing with bicarbonate from other sources. The other 

sources of bicarbonate include the inorganic carbon dissolved in seawater (δ13C = ~0‰) 

and the sulfate reduction of sedimentary organic matter (δ13C values typically range 

from −25‰ to −20‰) (e.g., Ritger et al., 1987; Suess and Whiticar, 1989; Formolo et 

al., 2004; Crémière et al., 2012). The mixing ratio, or relative contribution of each 
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bicarbonate source to the carbon isotopic compositions of the carbonates, can vary 

depending on environmental factors such as the organic content in sediments, input of 

heavier hydrocarbons than methane, and probably fluid flow rate (Formolo et al., 2004; 

Joye et al., 2004; Peckmann et al., 2009; Crémière et al., 2016). The mixing ratio also 

varies among carbonates at a certain seep site and even within a single carbonate crystal 

(Bojanowski et al., 2015). The mixing with bicarbonate from other sources makes it 

difficult to estimate the carbon isotopic compositions of methane contained in the 

ancient seep fluids based on the δ13C values of the carbonates alone. 

In this chapter of the thesis, the origin of methane at ancient seeps is estimated 

using carbon isotopic compositions of lipid biomarkers of the anaerobic methane-

oxidizing archaea (ANME). The stable carbon isotopic composition of an organism is 

dictated primarily by the isotopic composition of the carbon source and kinetic isotope 

effects that depend on the process by which the carbon is assimilated (Pancost and 

Sinninghe Damsté, 2003). The carbon isotopic composition of lipids is further 

controlled by isotope effects during biosynthesis. The isotopic composition of carbon 

source can thus be estimated based on that of lipids, if the net isotope effects during 

biosynthesis are known. Lipids of ANME from methane-seep environments often show 

extremely low δ13C values, ranging from −140‰ to −55‰ (mostly <−60‰) (Niemann 
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et al., 2005; Londry et al., 2008; Niemann and Elvert, 2008; Haas et al., 2010). This has 

been thought to be the result of methane-derived carbon uptake by the archaea, although 

carbon assimilation pathways of ANME remain not fully understood (Blumenberg et al., 

2005; Nauhaus et al., 2007; Wegener et al., 2008). Most lipid biomarkers of ANME are 

present also in methanogenic archaea, but they can be distinguished from those of 

methanogens by their δ13C values lower than −60‰, indicating methane consumption 

(Londry et al., 2008; but see Summons et al., 1998; Alperin and Hoehler, 2009). 

Although the isotope fractionation factor between methane and archaeal lipids has not 

yet been verified by culture experiments, carbon isotope offset (Δδ13Cmethane − lipid) can be 

calculated based on δ13C values of methane and biomarkers obtained from modern 

methane seeps (Niemann and Elvert, 2008). The Δδ13Cmethane − lipid values can be useful 

to estimate δ13C values of source methane contained in the seep fluids (Niemann and 

Elvert, 2008; Birgel et al., 2011; Himmler et al., 2015). However, the Δδ13Cmethane − lipid 

values have not yet been applied to estimate the origin of methane at ancient seeps. 

Large variations have been reported for the Δδ13Cmethane − lipid values, which could be 

partly attributed to the fact that the δ13C values of methane and biomarkers are not 

measurements from the same samples (Niemann and Elvert, 2008) and possibly to 

regional variation. The Δδ13Cmethane − lipid values proper to be applied to ancient seeps 
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thus remain unclear. This study tried to calculate the carbon isotope offset between 

methane and the ANME biomarkers at the same modern methane-seep site in the Japan 

Sea, which is applicable to ancient seeps along the Japan Sea coast. In addition, a single 

regression analysis was performed to formulate regression lines that are more generally 

applicable to predict the carbon isotopic composition of methane based on that of the 

ANME biomarkers, using literature data as well as the data in the Japan Sea. 

 

1.2. Material 

1.2.1. Modern methane-seep carbonates and literature data 

Modern methane-seep carbonates for biomarker analysis were collected from the 

seafloor at the Umitaka Spur central seep site, offshore Joetsu City, Niigata Prefecture 

(Fig. 1.1 and Appendix). The δ13C value of methane seeping at this site is known 

through previous works (Hachikubo et al., 2015). In addition, 19 modern methane-seep 

sites where both the carbon isotopic compositions of methane and ANME biomarkers 

are known were compiled based on literature, as listed in Table 1.1. Data in which 

methane and biomarkers had been examined at separate sites in the same region were 

excluded. 
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1.2.2. Ancient seep carbonates 

Carbonate rock samples were collected at 11 sites along the Japan Sea coast 

ranging from the lower Miocene to Middle Pleistocene (Figs. 1.1 and 1.2). The study 

sites include: Fukusaki, Kanoura, and Tanohama sites, the Burdigalian Taishu Group; 

Takinoue site, the Langhian part of the Takinoue Formation; Anazawa/Akanuda and 

Sorimachi sites, the Serravallian part of the Bessho Formation; Kuroiwa site, the 

Tortonian part of the Ogaya Formation; Nakanomata 1 and 2 sites, the Tortonian or 

Messinian part of the Nodani Formation; Matsunoyama site, the Zanclean Tamugigawa 

Formation; and Anden site, the Middle Pleistocene Wakimoto Formation. These sites 

have been identified as ancient methane-seep sites, based on paleontological, 

petrographic, and geochemical characters of the carbonates (see Appendix). The study 

sites are underlain by over 1-km-thick sediments (Fig. 1.2). 

 

1.3. Analytical methods 

1.3.1. Calculation of carbon isotope offset and regression analysis 

This study focused on isoprenoid hydrocarbons, i.e., PMI (2,6,10,15,19-

pentamethylicosane) and crocetane (2,6,11,15-tetramethylhexadecane), because these 

compounds are the most common biomarkers for ANME at methane-seep environments 
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(e.g., Peckmann and Thiel, 2004; Blumenberg, 2010) and they are known to have higher 

potential for preservation in ancient samples compared with ether biomarkers such as 

archaeol (Blumenberg, 2010). The δ13C value of PMI preserved within the Umitaka 

Spur seep carbonate was analyzed as described in section 1.3.3, and used to calculate 

the carbon isotope offset (Δδ13Cmethane – PMI value) at the Umitaka Spur as follows: 

Δδ13Cmethane – PMI = δ13Cmethane − δ13CPMI. 

This isotope offset was applied to estimate the carbon isotopic composition of methane 

based on that of the ANME biomarkers at the ancient seeps along the Japan Sea coast, 

assuming that the isotope offset was similar in the past in this area. The Δδ13Cmethane – PMI 

and Δδ13Cmethane – crocetane values were calculated also based on the literature data (Table 

1.1). 

Combining the data from the Umitaka Spur and the literature (Table 1.1), a single 

regression analysis was performed using Microsoft Excel 2016, in which isotopic 

compositions (mean values were used) of methane are dependent and those of the lipid 

biomarkers (PMI or crocetane) are independent variables. Regression lines were 

calculated by a least-squares method to predict δ13C values of methane based on those 

of the biomarkers with 95% prediction intervals. The 95% prediction interval of δ13C 

values was calculated as the product of standard error of prediction and critical value of 
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t statistic with α = 0.025 with n−2 degrees of freedom, where n is sample size. 

 

1.3.2. Petrographic and stable carbon and oxygen isotopic analyses of carbonates 

To identify early-diagenetic carbonate phases (described below), petrographic 

examination and stable carbon and oxygen isotope analysis of the carbonate samples 

were performed prior to biomarker analyses. The carbon and oxygen isotopes were used 

also to assess diagenetic alterations of the carbonates and the origin of methane 

estimated using biomarkers. Cut slabs of the carbonate rocks were polished using 

carborundum abrasives and were scanned. Thin sections (48 × 28 mm or 76 × 52 mm, 

~30 μm thick) were then prepared and were examined using a polarizing microscope 

under plane- and cross-polarized light. 

Powdered samples were collected from selected slabs using a hand-held rotary 

micromill. X-ray diffraction (XRD) analysis was then carried out on the powders using 

a diffractometer with CuKα radiation (Rigaku SmartLab) at the Department of Geology 

and Mineralogy, Kyoto University (DGMKU), Japan, to determine the mineralogy of 

the carbonates. Scans were run at 40 kV and 40 mA over a scanning range of 5 to 70° 

2θ, at a rate of 10°/min and with a step size of 0.04° 2θ. The magnesium concentration 

of the calcite phases was inferred from the positions of the (104) peaks, in accordance 
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with Griffin (1971). Calcite containing <5 mol% MgCO3 is referred to as low-Mg 

calcite, and calcite containing 5–20 mol% MgCO3 is referred to as high-Mg calcite 

(Burton and Walter, 1987). 

Powdered samples for carbon and oxygen isotope analyses were collected from the 

counterparts of the thin sections or other cut slabs using a hand-held micromill and a 

high-precision micromill (Izumo-Web Geomill 326) equipped with a computer-

controlled microdrill. Some samples were prepared by crushing and grinding cut chips. 

Samples were taken from early-diagenetic carbonate phases recognized during thin 

section observation. Samples from the Fukusaki, Kanoura, Tanohama, and Umitaka 

Spur sites were analyzed by a Thermo Scientific GasBench II/Delta V Advantage 

isotope ratio mass spectrometer (IRMS) at the Laboratory of Evolution of Earth 

Environment, Kanazawa University (LEEKU), Kanazawa, Japan. The powders (~300–

500 μg) were reacted with orthophosphoric acid in a glass vial under vacuum at 70°C in 

an online GasBench II system. The produced CO2 was analyzed in a continuous-flow 

Delta V Advantage IRMS. Samples from the Takinoue and Anden sites were analyzed 

by an Isoprime MultiPrep/IsoPrime IRMS at the Japan Agency for Marine-Earth 

Science and Technology (JAMSTEC), Yokosuka, Japan. The samples (~30–95 μg) were 

reacted with orthophosphoric acid in a glass vial under vacuum at 90°C for 1000 s in an 



58 

 

online MultiPrep system. The produced CO2 was analyzed in a dual-inlet IsoPrime 

IRMS. Samples from the remaining study sites were analyzed using the same 

instrument (MultiPrep/IsoPrime100) at the DGMKU (reported in Miyajima et al., 

2016). All isotope values are reported as a per-mil difference between the sample and a 

Vienna Pee Dee Belemnite (VPDB) standard in delta notation ([  = Rsample/Rstandard − 1] 

× 1000, where R is the ratio of minor to major isotopes). The values measured by 

GasBench II/Delta V Advantage and by MultiPrep/IsoPrime were both calibrated with 

the international standard NBS19. The standard deviations of replicate analyses of 

NBS19 and working standards LSVEC and JLs-1 by GasBench II/Delta V Advantage 

were better than 0.18‰ and 0.13‰ for 13C and 18O, respectively. The standard 

deviations of replicate analyses of a working standard of JAMSTEC (JAMSTEC-WS), 

which is composed of calcite, by MultiPrep/IsoPrime were better than 0.22‰ and 

0.23‰ for 13C and 18O, respectively. In this chapter, δ13C and δ18O data from late-

diagenetic phases that could have not originated from the AOM are not presented, such 

as calcite veins with high 13C and low 18O values. 

 

1.3.3. Biomarker analyses 

Lipid biomarker analyses were performed on samples containing the early-
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diagenetic phases. After removal of weathered surfaces, small pieces of rock were 

washed in distilled water and then in methanol (MeOH) and dichloromethane (DCM) 

using an ultrasonic bath for 10 min. The washed pieces were crushed into fine chips 

using an iron hammer, and then powdered using a tungsten mortar and pestle. Lipids 

were extracted from ~20 g of powdered sample by ultrasonication with DCM:MeOH 

(7:3, v:v) for 15 min, and separated after centrifugation for 20 or 30 min. Lipids were 

extracted from the residual powders in the same way two more times and were 

combined. Lipid extraction from the Fukusaki, Tanohama, and Kanoura samples (~10 g 

powders) was performed by a Thermo Scientific Accelerated Solvent Extractor System 

(Dionex ASE 350) at the LEEKU, using DCM as a solvent. For another ~10 g powder 

of a sample from Tanohama, hexane-washed distilled water was added to the powder 

and 1N HCl was slowly poured to dissolve the carbonate. After the carbonate was 

dissolved, lipids were separated by adding hexane:DCM (9:1, v:v) and centrifuging for 

10 min (three cycles). The separated solvents were washed with hexane-washed distilled 

water and were combined. After removing elemental sulfur, the aliphatic hydrocarbon 

fractions of the extracted lipids were obtained through a silica gel column with n-

hexane. The aromatic, ketone, and polar fractions separated with DCM and MeOH were 

not examined in this study. Finally, the hydrocarbon fractions were diluted with 200 μL 



60 

 

of n-hexane after drying. Individual compounds were detected using a gas 

chromatograph-mass spectrometer (SHIMADZU GCMS-QP2010) equipped with a HP-

5MS capillary column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies) at the 

LEEKU. The column oven temperature was increased from 50°C to 120°C at 30°C/min, 

then from 120°C to 310°C at 3.0°C/min, and kept at 310°C for 15 min. The splitless 

system inlet was kept at 310°C. Compounds were identified based on comparison of 

retention times and mass spectra with published data (e.g., Elvert et al. 1999 for PMI; 

Ogihara et al. 2003 for crocetane and phytane). Since crocetane is co-eluting with 

phytane, its presence was identified based on mass spectrum. 

Stable carbon isotope compositions of the biomarkers were measured with a gas 

chromatograph-isotope ratio mass spectrometer (GC-IRMS: Thermo Scientific Delta V 

Advantage interfaced with a Thermo Scientific Trace GC Ultra through a GC Isolink) at 

the LEEKU. Each compound was combusted at 1030°C to make CO2 gas. The 

configuration of the gas chromatograph was generally similar to that of the GC-MS, 

except that a DB-5MS capillary column (60 m × 0.25 mm × 0.10 μm; Agilent 

Technologies) was used. During sample measurement, a standard n-alkane mixture (C17, 

C18, C20, C24, C28, and C32 with δ13C values of −32.45‰ to −26.88‰ vs. VPDB) was 

measured one or two times per day for calibration. Because the biomarkers of methane-
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oxidizing archaea show strongly 13C-depleted carbon isotope compositions, a linear 

extrapolation of the calibration line from the standard measurements was used to 

calculate the isotope compositions of the samples. Carbon isotope compositions are 

given in δ notation (δ13C‰ vs. VPDB) after calibration. 

 

1.4. Results 

1.4.1. Carbon isotope offset and regression analysis between methane and ANME 

biomarkers 

A lipid biomarker PMI was extracted from the modern seep carbonate at the 

Umitaka Spur, with a δ13C value of −80‰. The δ13C value of seep methane at the 

Umitaka Spur central seep was measured as −36.0‰ in average (n = 6; Hachikubo et 

al., 2015). The carbon isotope offset (Δδ13Cmethane − PMI value) between the methane and 

PMI at this site can thus be calculated as 44‰. Another biomarker crocetane was also 

detected from the Umitaka Spur carbonate, but its low concentration prevented 

determination of the carbon isotopic composition. Therefore, the carbon isotope offset 

between the methane and crocetane at this site could not be calculated. 

Compilation of the literature data shows that the Δδ13Cmethane − PMI values range 

between 8‰ and 68‰ (average 40‰, n = 22 including Umitaka Spur), and the 
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Δδ13Cmethane − crocetane values range between 4‰ and 60‰ (average 36‰, n = 16) (Fig. 

1.3A and Table 1.1). Despite the large variation, the Δδ13C values are mostly within 

30‰–60‰ in average. 

The regression lines for the δ13C values of methane and biomarkers (Table 1.1) 

were obtained as (Fig. 1.3B): 

δ13Cmethane = 0.35 × δ13CPMI – 26.48 (r2 = 0.44), 

δ13Cmethane = 0.23 × δ13Ccrocetane – 39.59 (r2 = 0.45). 

    The data for PMI and crocetane yielded a similar coefficient of determination (r2). 

 

1.4.2. Petrography and carbon and oxygen isotopic compositions of carbonates 

The matrix of the studied carbonate rocks is composed mostly of microcrystalline 

calcite (micrite) or aragonite, which encloses detrital grains and animal fossils. 

Millimeter- to centimeter-scale void spaces within the microcrystalline matrix are 

rimmed with acicular to fibrous calcite or aragonite cements at the Nakanomata 1 seep 

(Fig. 1.4A). At the Takinoue seep, the void spaces are filled with pinkish micritic 

cements, instead of acicular cements (see Appendix). The above-mentioned carbonate 

phases that cement the matrix and void spaces are known as early-diagenetic phases in 

methane-seep carbonates, which originated from the AOM (e.g., Campbell et al., 2002; 



63 

 

Kiel et al., 2014). Carbonates at the Fukusaki, Tanohama, Kanoura, Anazawa/Akanuda, 

and Kuroiwa seeps are affected by recrystallization in which void spaces are filled with 

sparry calcite that shows ghost structures after acicular rim cements (Fig. 1.4B). The 

matrix of the Fukusaki, Tanohama, and Kanoura carbonates are almost completely 

recrystallized to larger mosaics of sparry calcite (see Appendix). 

Stable carbon and oxygen isotopic compositions of the early-diagenetic carbonate 

phases, both original and recrystallized ones, from the study sites are shown in Fig. 1.5 

and Table 1.2. The carbon isotopic composition of the carbonates shows a wide 

variation, with δ13C values ranging from −64.7‰ to −4.7‰ (described in detail in 

Appendix). Nevertheless, except for the Nakanomata 2 and Umitaka Spur seeps, the 

mean δ13C values of the carbonates at the study sites lie between −40‰ and −30‰: 

−38.7‰ at Fukusaki (n = 2); −33.2‰ at Tanohama (n = 16); −33.3‰ at Kanoura (n = 

6); −40.5‰ at Takinoue (n = 19); −36.9‰ at Anazawa/Akanuda (n = 7); −29.7‰ at 

Sorimachi (n = 26); −30.4‰ at Kuroiwa (n = 7); −32.9‰ at Nakanomata 1 (n = 23); 

−37.3‰ at Matsunoyama (n = 26); and −31.6‰ at Anden (n = 14). Carbonates from the 

Nakanomata 2 and Umitaka Spur seeps are generally 13C-enriched compared with other 

sites, with δ13C values of −20.6‰ (n = 7) and −16.3‰ (n = 5) in average, respectively. 

The oxygen isotopic composition of the recrystallized carbonates at the Fukusaki, 
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Tanohama, Kanoura seeps is highly depleted in 18O, with δ18O values as low as 

−14.5‰. The δ18O values of the carbonates at the Anazawa/Akanuda and Kuroiwa 

seeps, which are less affected by recrystallization, are also negative, but not lower than 

−10‰. Carbonates at the Takinoue and Sorimachi seeps show both negative and 

positive δ18O values around 0‰. Carbonates younger than the late Miocene 

(Nakanomata 1 and 2, Matsunoyama, Anden, and Umitaka Spur) show consistently 

positive δ18O values as high as +5.4‰, except for one sample from Nakanomata 1. 

 

1.4.3. Carbon isotopic compositions of ANME biomarkers 

The hydrocarbon fractions extracted from the carbonates are shown in Fig. 1.6. 

The hydrocarbon fractions from Takinoue, Anazawa/Akanuda, Sorimachi, and Kuroiwa 

contain unresolved complex mixture (UCM), characterized by elevated baseline with 

abundant small peaks. It should be noted that the compound-specific carbon isotopic 

compositions shown below are somewhat affected by the overlapping UCM that is 

composed of 13C-enriched compounds with respect to ANME biomarkers. During the 

GC-IRMS analyses, it was confirmed that co-elution of non-target small peaks did not 

modify the δ13C values significantly. No considerable difference of the values was 

observed when several peak definitions were tested for calculation of the isotope ratios. 
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Compound-specific carbon isotopic compositions of the biomarkers for the ANME are 

shown in Fig. 1.7 and Table 1.3. The ANME biomarker PMI was detected in all samples 

except for those from the Fukusaki, Tanohama, Kanoura, and Nakanomata 2 seeps. At 

the ancient seeps, compound-specific δ13C values of PMI are mostly lower than 

−100‰: −116‰ at Takinoue; −116‰ to −93‰ at Anazawa/Akanuda (n = 3); −100‰ at 

Sorimachi; −113‰ and −106‰ at Kuroiwa (n = 2); −113‰ and −108‰ at Nakanomata 

1 (n = 2); −119‰ at Matsunoyama; and −137‰ at Anden. PMI extracted from a sample 

from the Takinoue seep is enriched in 13C, with a δ13C value of −57‰. In the sample 

from the Anden seep, unsaturated homologues of PMI, PMIΔ1 and PMIΔ2 with 1 and 2 

double bonds, respectively, were detected. Similar to the PMI from the same sample, the 

two PMIΔ2 having two double bonds in different positions show extremely negative 

δ13C values of −147‰ and −145‰. Another ANME biomarker crocetane was detected 

only in samples from the Anazawa/Akanuda, Nakanomata 1, and Anden seeps, with 

δ13C values of −99‰, −101‰ in average (n =2), and −136‰, respectively. The δ13C 

values of crocetane have to be used with caution in the following calculation (section 

1.4.4), because the values are mixed with co-eluting phytane, which could be derived 

either from ANME, methanogenic archaea, or phototroph pigments. Acyclic biphytane 

was found in samples from the Anazawa/Akanuda and Nakanomata 1 seeps, the former 
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of which shows a δ13C value of −115‰. The hydrocarbon fractions extracted from the 

heavily recrystallized carbonates from the Fukusaki, Tanohama, and Kanoura seeps 

contain only n-alkanes and minor amounts of isoprenoids pristane and phytane, and 

none of the biomarkers known for ANME was detected. For a sample from Tanohama, 

alternative lipid extraction method including the dissolution of the carbonate (see 

section 1.3.3) provided the same result. ANME biomarkers were not found also in 

samples from the Nakanomata 2 seep, which contain high amounts of pristane and 

phytane, steranes, and hopanes, as well as n-alkanes. 

 

1.4.4. Estimated carbon isotopic compositions of methane at ancient seeps 

The δ13C values of methane at the ancient seep sites along the Japan Sea coast can 

be estimated by adding the carbon isotope offset calculated for the modern seep site 

(Δδ13Cmethane – PMI = 44‰, section 1.4.1) to the δ13C values of PMI, as shown in upper 

panel of Fig. 1.7 and Table 1.3. The resulting δ13C values of methane are mostly lower 

than −50‰: −72‰ at Takinoue; −59‰ in average at Anazawa/Akanuda (n = 3); −56‰ 

at Sorimachi; −66‰ in average at Kuroiwa (n = 2); −67‰ in average at Nakanomata 1 

(n = 2); −75‰ at Matsunoyama; and −93‰ at Anden. Because the Δδ13Cmethane – PMI 

values obtained from literature range between 8‰ and 68‰ (Fig. 1.3A and Table 1.1), 
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the minimum and maximum δ13C values of methane are also estimated using these 

values (upper panel of Fig. 1.7 and Table 1.3). The maximum δ13C values of methane 

estimated in this way are lower than −40‰ except for four samples from 

Anazawa/Akanuda, Sorimachi, and Kuroiwa. PMI with a δ13C value higher than −60‰ 

(−57‰) extracted from a Takinoue sample could be derived from methanogenic 

archaea, rather than ANME (e.g., Pancost and Sinninghe Damsté, 2003), and is 

excluded in this calculation. The δ13C values of methane at the ancient seeps were 

estimated in the same way also using the isotopic compositions of crocetane. Since the 

carbon isotopic composition of crocetane in the Umitaka Spur sample could not be 

measured, the average carbon isotope offset between methane and crocetane 

(Δδ13Cmethane – crocetane) obtained from literature (Fig. 1.3A and Table 1.1) was used. Using 

the Δδ13Cmethane – crocetane values ranging between 4‰ and 60‰ (39‰ in average), δ13C 

values of methane at the Anazawa/Akanuda, Nakanomata 1, and Anden seeps can be 

estimated as lower than −40‰ (upper panel of Fig. 1.7 and Table 1.3). Although data 

for the carbon isotope offsets between methane and PMIΔ2 and acyclic biphytane are 

scarce relative to PMI and crocetane, some of the literature listed in Table 1.1 reported 

52‰ in average (n = 5) and 50‰ offsets for the two biomarkers, respectively. These 

lead to the δ13C values of methane of −65‰ at Anazawa/Akanuda and −94‰ in average 
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at Anden. 

Using the calculated regression lines (section 1.4.1) and the measured δ13C values 

of PMI and crocetane, the δ13C values of methane were constrained between −82‰ and 

−51‰ at Takinoue, between −82‰ and −44‰ at Anazawa/Akanuda (n = 3), between 

−76‰ and −46‰ at Sorimachi, between −81‰ and −48‰ at Kuroiwa (n = 2), between 

−81‰ and −49‰ at Nakanomata 1 (n = 2), between −83‰ and −52‰ at Matsunoyama, 

and between −90‰ and −57‰ at Anden (lower panel of Fig. 1.7 and Table 1.3, 

minimum and maximum values indicate endpoints of 95% prediction intervals). 

 

1.5. Discussion 

1.5.1. Notes on carbon and oxygen isotopic compositions of carbonates 

The isotopic compositions of the seep carbonates provide some insights into 

diagenetic histories of the carbonates and the origin of methane at the ancient seeps, 

although the latter cannot be specified only by δ13C values of the carbonates as noted in 

section 1.1. The oxygen isotopic composition of the seep carbonates in this study 

becomes more depleted in 18O with increasing age and degree of recrystallization, 

indicating diagenetic alterations during burial (Fig. 1.5). In contrast, the mean of the 

carbon isotopic composition of the carbonates is similar among the study sites, except 
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for those at Nakanomata 2 and Umitaka Spur, regardless of their age and degree of 

recrystallization. This is consistent with the assumption that carbon isotopes are less 

affected by late-diagenetic alterations than oxygen isotopes, as carbon is contained 

much less than oxygen in diagenetic fluids (e.g., Tong et al., 2016). The large scatter of 

the δ13C values of the carbonates suggests, however, that the early-diagenetic phases 

analyzed in this study were precipitated not only from AOM-derived 13C-depleted 

bicarbonate ions but also from more 13C-enriched bicarbonate ions. The minimum δ13C 

values of the carbonates could have at least originated from the methane oxidation, and 

therefore they could reflect carbon isotopic composition of methane contained in seep 

fluids. The minimum δ13C values of the carbonates at the Tanohama and Anden seeps 

are lower than −50‰ (−52.8‰ and −64.7‰, respectively), indicating biogenic origins 

for methane. Carbonates at the remaining seep sites show δ13C values higher than 

−50‰, indicating either biogenic or thermogenic, or both origins for methane. The 

carbonate δ13C values at the Umitaka Spur seep, where thermogenic methane is known 

to be seeping, are not lower than −20‰ and generally higher than the ancient seep 

carbonates. It is probable that methane at the ancient seep sites had lower δ13C values 

than the methane at Umitaka Spur (−36.0‰ in average; Hachikubo et al., 2015). 
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1.5.2. The origin of methane at the ancient seeps estimated by carbon isotopic 

compositions of ANME biomarkers 

The estimated δ13C values of methane at the ancient seeps were mostly lower than 

−50‰ and indicate biogenic origins for the methane, based on the measured δ13C values 

of PMI and the carbon isotope offset calculated for the modern Umitaka Spur seep 

(upper panel of Fig. 1.7 and Table 1.3). The same conclusion was obtained even if the 

Δδ13Cmethane – lipid values having great ranges (~60‰) calculated from the literature data 

(Table 1.1) are used; the estimated δ13C values of methane were mostly lower than 

−40‰, indicating biogenic origins. Indeed, the maximum estimated values of δ13C of 

methane are higher than −40‰ at Anazawa/Akanuda, Sorimachi, and Kuroiwa and 

seemingly indicate thermogenic origins for the methane. However, the maximum 

estimates for the three sites seem overestimates for the following two reasons. First, the 

Δδ13Cmethane – lipid values are mostly within 30‰ to 60‰ and the isotope offset larger 

than 60‰ seems rare (Fig. 1.3). Second, the examined ancient seeps could have been 

dominated by an archaeal clade showing a small isotope offset. Niemann and Elvert 

(2008) showed that the isotope offset between methane and lipid depends on 

phylogenetic clades of ANME: ANME-2 archaea show a large offset (~50‰) while 

ANME-1 archaea show a smaller offset (~30‰). Crocetane is a specific biomarker for 
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ANME-2 archaea (Blumenberg et al., 2004; Niemann and Elvert, 2008), which was not 

detected from most of the ancient seep carbonates including the Anazawa/Akanuda, 

Sorimachi, and Kuroiwa samples. The ancient Japan Sea seeps were thus probably 

dominated by ANME-1 archaea. The δ13C values of methane estimated using the 

isotope offset calculated for the Umitaka Spur could be also overestimates. The modern 

Umitaka Spur seep is inhabited by ANME-2 archaea, as supported by the presence of 

crocetane in the seep carbonate (section 1.4.1) and molecular phylogeny (Yanagawa et 

al., 2011). However, determination of taxonomic composition of ANME needs further 

analyses on other lipid signatures such as the hydroxyarchaeol to archaeol ratio 

(Niemann and Elvert, 2008). The prediction of the δ13C values of methane by the 

regression analysis also supports the biogenic origin at the ancient seeps. As a result of 

the regression analysis, the difference between minimum and maximum δ13C values of 

methane was about 30‰ (lower panel of Fig. 1.7 and Table 1.3). The regression 

analysis can thus constrain the origin of methane more strictly compared with the 

simple addition of the isotope offset. 

Since ANME biomarkers were not detected from the examined samples from the 

Fukusaki, Tanohama, Kanoura, and Nakanomata 2 seeps, the isotopic composition of 

methane at these sites could not be constrained from the biomarkers. The hydrocarbon 
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fractions from the Fukusaki, Tanohama, and Kanoura seep carbonates are characterized 

by a predominance of short-chained n-alkanes and minor amounts of isoprenoids (Fig. 

1.6), indicating that the carbonates are thermally mature (Tissot et al., 1971; Tissot and 

Welte, 1984; Peters et al., 2005; see also Part 2). It is thus possible that isoprenoid 

biomarkers such as PMI and crocetane were lost due to thermal cracking at these sites 

(Kiel et al., 2013, 2014). This is supported by the recrystallized nature and highly 

negative δ18O values of the carbonates (Fig. 1.5). Since the average δ13C values of the 

carbonates are similar between the above three and the other study sites, it is likely that 

methane at the three sites also had δ13C values around −70‰ to −60‰ as estimated by 

biomarkers at the other sites. The hydrocarbon fractions from the Nakanomata 2 seep 

carbonates are mainly composed of isoprenoid hydrocarbons such as pristane and 

phytane which are typical of phototrophs, eukaryotic biomarkers steranes, and bacterial 

biomarkers hopanes. They are preserved more abundantly than n-alkanes. This feature 

and the positive δ18O values of the carbonates indicate that the Nakanomata 2 seep 

carbonates were not affected by high temperature and resultant thermal cracking (see 

also Part 2). The relatively high δ13C values of the Nakanomata 2 carbonates (−24.8‰ 

in minimum) might have originated from the oxidation of thermogenic methane. 

However, it is also possible that the carbonates were precipitated out of the AOM zone, 
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in which ANME biomarkers are commonly concentrated, or they were precipitated via 

the sulfate reduction of sedimentary organic matter rather than via methane seepage. 

Based on the above, the origins of methane at the studied ancient seeps could have 

been mostly biogenic, although mixing with thermogenic methane cannot fully be ruled 

out. The study sites are underlain by sediment piles of over 1 km thick (Fig. 1.2). The 

underlying formations such as the middle to upper Miocene Nambayama, Nanatani, 

Lower Teradomari, and Onnagawa formations are the present source rocks of oil and 

gas and characterized by high total organic carbon contents of up to >3% (Hata and 

Sekiguchi, 1992; Monzawa et al., 2006; Kano et al., 2011). If the heat flow prevailing in 

the study area during the Miocene to Pleistocene was similar to that at present, it is 

possible that thermogenic methane was generated in the organic-rich sediments at the 

deep subsurface at the depositional time of the seep carbonates. Nevertheless, the 

Miocene to Pleistocene seeps in this study could have been sustained mainly by 

biogenic methane generated via microbial methanogenesis in the shallow subsurface. 

This suggests that migration and seepage of thermogenic gases through subsurface 

conduits such as deep-rooted faults were minor in the study area until Pleistocene. Okui 

et al. (2008) claimed that thermogenic gas generation began around 2–1 Ma in the 

Naoetsu Basin, offshore Niigata Prefecture, based on simulations of generation and 



74 

 

migration of the oil and gas using geophysical, geological, and geochemical data. This 

hypothesis is concordant with the present conclusion that generation and migration of 

thermogenic methane in the study area were minor at least in the Miocene. The seepage 

of biogenic methane produced in the shallow subsurface could be caused either by 

diffusion from the sediments, discharge of shallow- or deep-sourced fluids through 

faults accompanying with tectonic compression, decrease in sea level and hydraulic 

pressure, or submarine groundwater discharge (Ge et al., 2002; Wiedicke et al., 2002; 

Toki et al., 2014; Himmler et al., 2015; Crémière et al., 2016; Prouty et al., 2016; Pierre 

et al., 2017). The latter two possibilities might be ruled out in the case of some study 

sites, based on the water depth (upper to middle bathyal) and the positive δ18O values of 

the seep carbonates. However, it is necessary to estimate the origin of seep fluids to 

know the processes in which biogenic methane seeped out in the study area. The 

examined seep carbonates are, in most cases, hosted within massive silty sediments with 

no indication of erosional events. Therefore, it can be ruled out that the seepage in the 

study area was caused by breaching of fine-grained sedimentary cover by mass wasting 

or erosion, which exposed high permeable horizons (Naudts et al., 2006). 

This study assumes that the carbon isotopic composition of the ANME lipids is 

controlled by that of the source methane and net isotopic fractionation during 
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biosynthesis. Some previous culture experiments suggest that both methane and carbon 

dioxide are incorporated into the lipid synthesis (Nauhaus et al., 2007; Wegener et al., 

2008; Kellermann et al., 2012). These experiments also suggest that the strong 13C 

depletion in ANME lipids is not simply the result of the direct transfer of 13C-depleted 

methane carbon into the lipid synthesis. More improved estimation of the carbon 

isotopic compositions of methane using that of ANME biomarkers requires better 

understanding of the process of the lipid biosynthesis by ANME and accompanying 

isotope fractionation. 

 

1.6. Summary 

1) Carbon isotope fractionations (offsets) between ANME biomarkers (PMI and 

crocetane) and methane were estimated as differences between the δ13C values of 

them measured at modern methane seeps. 

2) Regression lines were obtained to predict the carbon isotopic composition of 

methane based on that of the biomarkers with 95% prediction intervals. 

3) ANME biomarkers including PMI and crocetane were extracted from the Miocene 

to Pleistocene methane-seep carbonate rocks collected along the Japan Sea coast. 

The compound-specific δ13C values of the biomarkers were measured as mostly 
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lower than −90‰. 

4) Using the calculated isotope offsets and regression lines, the origin of methane at 

the examined ancient seeps was estimated to have been mainly biogenic, with δ13C 

values less than −50‰ or −40‰. 
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Fig. 1.1. Locations and approximate ages of the seep sites examined in this study. The 

Sorimachi and Anazawa/Akanuda sites are located in close proximity to each other, 

which is also the case with the Nakanomata 1 and 2 sites. Pleist., Pleistocene; Plio., 

Pliocene.
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Fig. 1.2. Stratigraphy of the study area, with stratigraphic positions of the examined 

seep carbonates (stars). Major geological events in the Japan Sea region (Hoyanagi et 

al., 1986; Kano et al., 1991; Jolivet and Tamaki, 1992; Sato, 1994) are also shown. In 

each column, the formation name and thickness (m in parentheses) are shown next to 

the lithology. The stratigraphy and chronology are based on Akahane and Kato (1989), 

Kikuchi et al. (1991), Takeuchi et al. (1996, 2000), Takahashi et al. (2002), Kawakami 

et al. (2002), Yanagisawa and Amano (2003), Monzawa et al. (2006), Harayama et al. 

(2009), Kubota et al. (2010), Kano et al. (2011), Kato et al. (2011), and Ninomiya et al. 

(2014). Abbreviations: Pleist., Pleistocene; Plio., Pliocene; AA, Anazawa/Akanuda; 

AD, Anden; Fk, Funakawa; FS, Fukusaki; Hg, Higashigawa; Hh, Hijirigahana; Hz, 

Haizume; KI, Kuroiwa; Kn, Katanishi; Kt, Kitaura; KU, Kanoura; Kz, Kawazume; Mh, 

Minamihirasawa; MY and My, Matsunoyama; Nd, Nadachi; NK1, Nakanomata 1; 

NK2, Nakanomata 2; Nm, Nishimizuguchi; Om, Oshimizu; Sg, Sugawa; Sk, 

Shibikawa; SM, Sorimachi; Td, Taruda; Tg, Takegahana; Th, Tanihama; Tk, 

Torigakubi; Tm, Tamugigawa; TN, Tanohama; TU, Takinoue; UT, Umitaka Spur; Wm, 

Wakimoto.
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Fig. 1.3. Relationships between the carbon isotopic composition of the source methane 

and lipid biomarkers of anaerobic methane-oxidizing archaea, PMI and crocetane. The 

source of the data is shown in Table 1.1. (A) The carbon isotope offset between the 

source methane and the lipids (Δδ13Cmethane − lipid) as a function of the δ13C value of the 

source methane. Plots and error bars indicate the mean and observed range of the Δδ
13Cmethane – lipid values. (B) Plot of the δ13C values of the source methane (y) and lipid 

biomarkers (x), i.e., PMI and crocetane. Regression lines between the δ13C values of 

methane and those of lipids are shown with 95% prediction intervals by solid and 

dashed lines for PMI and crocetane, respectively. r2 value indicates the coefficient of 

determination.
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Fig. 1.4. Representative microphotographs showing void-filling cement fabrics of the 

seep carbonates. Cross-polarized light. Scale bar = 1 mm. (A) Layered acicular rim 

cements (ac) showing a radial extinction. Nakanomata 1. m, microcrystalline matrix. 

(B) Recrystallized void cements composed of a mosaic of sparry calcite (sp) with 

irregular crystal boundaries. Note the ghost structures after layered acicular rim cements 

(arrow). Kuroiwa.
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Fig. 1.5. Box plots showing stable carbon (upper) and oxygen (bottom) isotopic composi-
tions of the early-diagenetic phases of the seep carbonates. In each box, horizontal bar 
and × indicate median and average, respectively. Open circle indicates outlier. Ordered 
from the oldest (left) to youngest (right) site. Pleisto., Pleistocene; Plio., Pliocene.
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Fig. 1.6. Total ion chromatograms of the hydrocarbon fractions extracted from the seep 

carbonates. Compound-specific carbon isotopic composition is indicated as δ13C ‰ vs. 

VPDB in parentheses. Chromatograms with low intensities are enlarged vertically. 

Ordered from the oldest (lower) to youngest (upper) site. n-Alkanes are indicated by 

filled circles with numbers representing total number of carbon atoms. Bp0, acyclic 

biphytane; Cr, crocetane; Ph, phytane; PMI, pentamethylicosane; PMIΔ1 and 2, 
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Fig. 1.7. Stable carbon isotopic compositions of the lipid biomarkers for anaerobic 

methane-oxidizing archaea, PMI and crocetane, extracted from the seep carbonates 

(filled and open circles). Stars indicate the carbon isotopic compositions of the source 

methane, which were estimated based on the carbon isotope offset (Δδ13Cmethane – lipid, 

Fig. 1.3A) in the upper panel and on the regression lines (Fig. 1.3B) in the lower panel. 

Filled and open stars indicate the values estimated using the isotopic compositions of 

PMI and crocetane, respectively. In both panels, error bars indicate the range of the 

estimated values. Ordered from the oldest (left) to youngest (right) site. Pleisto., 

Pleistocene; Plio., Pliocene.
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Site Sample Phase δ13C δ18O
Fukusaki fs01 Recrystallized matrix −37.2 −14.1
Fukusaki fs05 Recrystallized matrix −40.2 −12.2
Tanohama tn06 Micrite −15.3 −13.3
Tanohama tn08 Micrite −26.5 −12.6
Tanohama tn14 Micrite −17.9 −13.3
Tanohama tn10 Recrystallized matrix −32.3 −12.9
Tanohama tn19 Recrystallized matrix −41.0 −5.9
Tanohama tn02 Sparry calcite −8.2 −13.8
Tanohama tn04 Sparry calcite −17.8 −13.1
Tanohama tn07 Radial calcite −50.5 −2.5
Tanohama tn09 Sparry calcite −48.4 −2.2
Tanohama tn11 Sparry calcite (acicular ghost) −45.2 −5.1
Tanohama tn12 Sparry calcite −46.3 −3.5
Tanohama tn13 Sparry calcite −17.3 −13.4
Tanohama tn17 Sparry calcite −13.6 −13.4
Tanohama tn18 Sparry calcite −52.8 −2.4
Tanohama tn20 Sparry calcite −49.6 −4.4
Tanohama tn21 Sparry calcite (acicular ghost) −49.0 −4.8
Kanoura ku01 Recrystallized matrix −25.1 −14.0
Kanoura ku03 Recrystallized matrix −30.7 −14.5
Kanoura ku04 Recrystallized matrix −19.9 −14.0
Kanoura ku02 Sparry calcite −41.1 −11.8
Kanoura ku07 Sparry calcite −41.8 −10.4
Kanoura ku08 Sparry calcite −41.0 −12.2
Takinoue yy0129 Matrix micrite −26.9 −2.9
Takinoue yy0124 Matrix micrite −31.4 −2.9
Takinoue yy0101 Matrix micrite −39.7 0.1
Takinoue yy0108 Matrix micrite −38.9 −0.5
Takinoue yy0112 Matrix micrite −37.1 −1.1
Takinoue yy0114 Matrix micrite −41.1 0.2
Takinoue yy0116 Matrix micrite −43.0 0.0
Takinoue yy0122 Matrix micrite −41.7 0.0
Takinoue yy0125 Matrix micrite −41.1 0.3
Takinoue yy0102 Pinkish cement (spherical crystals) −40.3 −3.3
Takinoue yy0103 Pinkish cement (pure micrite) −46.1 1.3
Takinoue yy0104 Pinkish cement (microsparite) −39.5 −4.0
Takinoue yy0105 Pinkish cement (microsparite) −45.7 1.1
Takinoue yy0107 Pinkish cement (pure micrite) −48.3 1.5
Takinoue yy0109 Pinkish cement (pure micrite) −40.2 0.5
Takinoue yy0113 Pinkish cement (pure micrite) −37.3 −0.3
Takinoue yy0117 Pinkish cement (pure micrite) −42.8 1.1
Takinoue yy0120 Pinkish cement (pure micrite) −42.1 −1.9

Table 1.2. Stable carbon and oxygen isotopic compositions of the early-
diagenetic phases of the seep carbonates.
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Takinoue yy0121 Pinkish cement (pure micrite) −47.0 2.1
Anazawa/Akanuda ak01 Micrite −33.7 −7.3
Anazawa/Akanuda ak04 Micrite −27.3 −8.2
Anazawa/Akanuda az01 Micrite −35.5 −8.0
Anazawa/Akanuda az03 Micrite −39.9 −8.2
Anazawa/Akanuda ak03 Sparry calcite −39.9 −4.1
Anazawa/Akanuda az04 Sparry calcite −39.7 −8.9
Anazawa/Akanuda az05 Sparry calcite −42.2 −7.8
Sorimachi smcn00 Micrite −26.8 −0.5
Sorimachi smpn00-1 Micrite −32.6 −0.2
Sorimachi smpn00-2 Micrite −33.1 −0.2
Sorimachi smpn00-3 Micrite −26.3 −2.2
Sorimachi smpn00-4 Micrite −31.1 −0.9
Sorimachi smpn00-5 Micrite −30.5 −0.3
Sorimachi smpn01 Micrite −30.5 0.1
Sorimachi smpn02 Micrite −31.5 0.2
Sorimachi smpn03 Micrite −29.6 0.1
Sorimachi smpn04 Micrite −29.3 −0.1
Sorimachi smpn05 Micrite −31.7 −0.5
Sorimachi smpn06 Micrite −32.5 0.1
Sorimachi smpn07 Micrite −29.8 −0.4
Sorimachi smpn08 Micrite −31.2 −0.2
Sorimachi smpn09 Micrite −30.7 −0.7
Sorimachi smpn10 Micrite −23.6 −3.0
Sorimachi smpn11 Micrite −27.1 −0.6
Sorimachi smpn12 Micrite −31.8 −0.9
Sorimachi smpn13 Micrite −29.6 −1.0
Sorimachi smpn14 Micrite −33.3 −0.4
Sorimachi smpn15 Micrite −27.4 −0.3
Sorimachi smcn01-1 Micrite −29.6 0.2
Sorimachi smcn01-2 Micrite −29.9 0.2
Sorimachi smcn02 Micrite −24.4 −1.4
Sorimachi smcn04 Micrite −23.7 −2.1
Sorimachi smpn17 Micrite −34.6 1.2
Kuroiwa ki05 Micrite −34.3 −8.5
Kuroiwa ki09 Micrite −26.1 −6.8
Kuroiwa ki11 Micrite −28.0 −7.5
Kuroiwa ki13 Micrite −28.4 −7.5
Kuroiwa ki02 Acicular aragonite + calcite −36.6 −2.8
Kuroiwa ki12 Acicular aragonite + calcite −28.0 −6.5
Kuroiwa ki15 Acicular aragonite + calcite −31.2 −4.9
Nakanomata 1* nk1302 Microcrystalline aragonite −31.9 2.8
Nakanomata 1* nk1306 Microcrystalline aragonite −35.5 2.7
Nakanomata 1* nk1307 Microcrystalline aragonite −27.9 0.7
Nakanomata 1* nk1310 Microcrystalline aragonite −35.3 2.7

Table 1.2 (continued)

101



Nakanomata 1* nk1315 Microcrystalline aragonite −34.8 2.7
Nakanomata 1* nk1318 Microcrystalline aragonite −33.6 2.7
Nakanomata 1* nk1322 Microcrystalline aragonite −23.4 3.2
Nakanomata 1* nk1324 Microcrystalline aragonite −31.6 2.7
Nakanomata 1* nk1335 Microcrystalline aragonite −29.6 3.0
Nakanomata 1* nk1339 Microcrystalline aragonite −24.9 3.0
Nakanomata 1* nk1301 Acicular aragonite −33.4 2.9
Nakanomata 1* nk1305 Acicular aragonite −34.1 3.0
Nakanomata 1* nk1309 Acicular aragonite −38.8 2.7
Nakanomata 1* nk1313 Acicular aragonite −35.0 3.1
Nakanomata 1* nk1321 Acicular aragonite −32.1 3.2
Nakanomata 1* nk1325 Acicular aragonite −38.4 −0.7
Nakanomata 1* nk1327 Acicular aragonite −41.1 2.9
Nakanomata 1* nk1328 Acicular aragonite −38.6 3.3
Nakanomata 1* nk1329 Acicular aragonite −37.9 2.7
Nakanomata 1* nk1334 Acicular aragonite −28.2 3.4
Nakanomata 1* nk1337 Acicular aragonite −28.0 3.1
Nakanomata 1* nk1341 Acicular aragonite −31.3 2.6
Nakanomata 1* nk1342 Acicular aragonite −30.8 2.9
Nakanomata 2 nk1401 Micrite −21.7 1.6
Nakanomata 2 nk1403 Micrite −18.0 1.6
Nakanomata 2 nk1407 Micrite −20.6 1.4
Nakanomata 2 nk1408 Micrite −13.2 1.8
Nakanomata 2 nk1410 Micrite −23.1 1.4
Nakanomata 2 nk1402 Bladed calcite −22.6 1.9
Nakanomata 2 nk1411 Fibrous calcite −24.8 2.1
Matsunoyama ed01 Micrite −42.5 2.3
Matsunoyama ed02 Micrite −36.9 2.0
Matsunoyama ed06 Micrite −43.3 2.5
Matsunoyama ed07 Micrite −27.1 0.7
Matsunoyama ed08 Micrite −34.2 1.3
Matsunoyama ed09 Micrite −39.1 2.8
Matsunoyama ed12 Micrite −34.8 2.0
Matsunoyama ed0401 Micrite −36.6 3.6
Matsunoyama ed0404 Micrite −25.6 3.8
Matsunoyama ed0406 Micrite −38.2 3.8
Matsunoyama ed0407 Micrite −36.1 3.4
Matsunoyama ed0410 Micrite −24.3 1.5
Matsunoyama ed0411 Micrite −37.8 4.6
Matsunoyama ed0412 Micrite −29.9 1.7
Matsunoyama ed0415 Micrite −31.4 2.6
Matsunoyama ed0416 Micrite −36.2 2.2
Matsunoyama ed0418 Micrite −40.0 3.6
Matsunoyama ed0420 Micrite −42.1 3.8
Matsunoyama ed0421 Micrite −37.6 2.9

Table 1.2 (continued)
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Matsunoyama ed0423 Micrite −44.7 3.2
Matsunoyama ed0424 Micrite −46.0 2.8
Matsunoyama ed0425 Micrite −43.6 2.8
Matsunoyama ed0426 Micrite −42.1 2.8
Matsunoyama ed0428 Micrite −39.7 2.9
Matsunoyama ed0430 Micrite −40.9 3.5
Matsunoyama ed0433 Micrite −38.3 3.1
Anden mh01 Gray micrite −14.9 1.5
Anden mh02 Gray micrite −16.5 1.6
Anden mh03 Gray micrite −20.4 1.4
Anden mh04 Dark−gray micrite −64.7 1.8
Anden mh05 Gray micrite −12.4 0.2
Anden mh06 Dark−gray micrite −54.8 1.4
Anden mh07 Dark−gray micrite −58.4 1.3
Anden mh08 Gray micrite −4.7 1.6
Anden mh10 Gray micrite −10.4 0.7
Anden mh11 Gray micrite −5.6 1.5
Anden mh12 Dark−gray micrite −55.3 1.5
Anden mh13 Gray micrite −14.2 1.8
Anden mh14 Dark−gray micrite −55.6 1.4
Anden mh15 Dark−gray micrite −54.9 1.0
Umitaka Spur ut01 Micrite −13.4 3.0
Umitaka Spur ut02 Micrite −12.0 4.0
Umitaka Spur ut03 Micrite −18.0 5.2
Umitaka Spur ut04 Micrite −18.9 5.4
Umitaka Spur ut05 Micrite −19.3 5.4
Values are in ‰ vs. VPDB. *Data from Nakanomata 1 were previously reported in
Miyajima et al. (2016).

Table 1.2 (continued)
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Part 2. Residual gases in methane-seep carbonates 

2.1. Introduction 

Hydrocarbon gases within sediments and minerals have been analyzed to examine 

subsurface microbial activity such as methanogenesis and to detect subsurface 

petroleum generation (e.g., Abrams, 2005; Inagaki et al., 2015). Gases exist either in the 

interstitial pore spaces as a free or dissolved phase, bound to mineral or organic 

surfaces, or entrapped in crystal inclusions (Abrams, 2005). Multiple methods have 

been performed to extract hydrocarbon gases from the sediments, although the physical 

binding state of the hydrocarbons is poorly understood. The interstitial gases have been 

liberated traditionally using a standard headspace method (Kvenvolden and McDonald, 

1986) or mechanical destruction of sediments (reviewed in Abrams, 2005). Gases bound 

to mineral and organic surfaces or entrapped within crystal inclusions have been 

liberated by acid treatment (e.g., Whiticar et al., 1994; Knies et al., 2004), heating (e.g., 

Sugimoto et al., 2003; Toki et al., 2007), and vacuum desorption (Zhang, 2003). 

Hydrocarbon and noble gases trapped within mineral inclusions and volcanic glasses 

have been liberated by crushing the minerals and glasses in a ball mill (e.g., Nishio et 

al., 1998; Ueno et al., 2006). As noted in Abrams (2005), these procedures should not be 

considered as representative of the actual physical state of the gases in sediments. 
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It has been reported that methane is probably adsorbed on clay minerals in 

sediments by physical adsorption, and can be liberated by heating (Sugimoto et al., 

2003; Toki et al., 2007). Ijiri et al. (2009) reported that methane and ethane could be 

liberated by acid treatment from authigenic carbonate concretions recovered from the 

deep-sea subseafloor sediments. The contents of the methane liberated from the 

carbonate concretions were two orders of magnitude higher than those in the bulk 

sediments, and increased with increasing carbonate content of the bulk sediments (Ijiri 

et al., 2009). Although the mechanism of storage of the hydrocarbon gases in the 

authigenic carbonates was unclear, Ijiri et al. (2009) considered that the methane was 

preserved in the carbonates by simple physical adsorption. Their results suggested that 

authigenic carbonate concretions have an important role as adsorbents of methane in 

sediments. The methane liberated from the concretions showed stable carbon isotopic 

compositions nearly identical to, or lower than the methane contained in the 

surrounding bulk sediments. It was thus considered that the methane in the carbonate 

concretions and that in the surrounding sediments are of the same origin (Ijiri et al., 

2009). 

Submarine methane seeps are characterized by elevated contents of methane and 

heavier hydrocarbons compared with the normal seafloor (e.g., Toki et al., 2007, 2012; 
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Pape et al., 2010, 2014). The previous studies mentioned above indicate a possibility 

that methane contained in the seep fluids is preserved within authigenic methane-seep 

carbonates, which formed via an alkalinity increase induced by the anaerobic oxidation 

of methane (AOM). Recently, Blumenberg et al. (2017) extracted methane and heavier 

hydrocarbons in low concentrations (up to 257 ppb) from modern seep carbonates by 

acid treatment. This results showed that the carbon isotopic composition of the 

carbonate-entrapped methane reflects that of the seep methane, while the molecular 

composition (C1/(C2 + C3)) and carbon isotopic compositions of the ethane and propane 

appear to be modified in the carbonate-entrapped gases. Since there have been only a 

few attempts to extract the residual methane and other gases from the methane-seep 

carbonates (Ijiri, 2003; D. Maeyama, pers. comm.), the storage mechanisms and 

modification processes of the residual gases within the seep carbonates remain to be 

understood. Effects of thermal maturity on the residual gases within ancient methane-

seep carbonates hosted in sedimentary strata are also unknown. 

In this chapter, residual gases were extracted from both ancient and modern 

methane-seep carbonates using several methods. The origin of the extracted gases is 

estimated based on their concentrations and stable carbon isotopic compositions. 

Whether the extracted gases were originally contained in the seep fluids or originated 
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from secondary processes is discussed, based on carbon isotopic distributions among 

the residual gases and organic matter within the carbonates and maturity assessment of 

the samples. It is known that the carbon isotopic distribution among hydrocarbons 

depends on mixing of hydrocarbons from different sources as well as on their origins 

(thermogenic, biogenic, or abiotic) (e.g., Chung et al., 1988; Jenden et al., 1993; Tilley 

et al., 2011). This chapter also focuses on the isotopic distribution among methane, 

ethane, and propane in the residual gases from the view point of mixing of different gas 

components. 

 

2.2. Material 

For residual gas analyses, the same samples as used for the stable isotope and 

biomarker analyses were prepared. As described in Part 1, they were collected from the 

Miocene to Pleistocene sediments and a modern seep site along the Japan Sea coast 

(Fig. 1.1). Heating and crushing experiments described below were performed only on 

samples from the Tortonian or Messinian Nakanomata 1 site. The carbonates at 

Nakanomata 1 are composed of microcrystalline aragonite and acicular aragonite 

crystals, which are <10 μm or a few tens of μm in diameter. 
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2.3. Analytical methods 

To extract residual gases in seep carbonates, this study performed three 

experiments: 1) acid-digestion; 2) heating; and 3) crushing experiments. 

 

2.3.1. Acid-digestion experiment 

Powdered samples were collected from cut slabs or blocks of the carbonate rocks 

using a hand-held rotary micromill. Some samples were prepared by grinding crushed 

chips using a tungsten mortar and pestle. Samples were collected from early-diagenetic 

carbonate phases, microcrystalline matrix and void-filling cements such as acicular 

aragonite or sparry calcite (see Part 1). Hydrocarbon gases were extracted from the 

carbonates using the same method described in Ijiri et al. (2009). The powders (~50–

100 mg) were placed into a glass vial (inner volume 5 cm3), which was then sealed with 

a butyl rubber septum and aluminum cap. The vial was evacuated and orthophosphoric 

acid (~0.5 mL) was added to dissolve the carbonates. After complete dissolution of the 

carbonates at 50°C, 10 mL of the liberated gas was extracted with a gas-tight syringe 

and introduced into a gas chromatograph-isotope ratio mass spectrometer (GC-IRMS: 

Thermo Scientific Trace GC-Delta plus XP) at the Kochi Institute for Core Sample 

Research (KOCHI), Japan Agency for Marine-Earth Science and Technology 
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(JAMSTEC), Nankoku, Japan. Produced CO2 and water were removed by adsorbents 

before entering the GC. The extracted hydrocarbons were quantified in nmol/g of the 

carbonate, assuming that all of the gases present originated from the carbonate. The 

concentrations of hydrocarbons were calculated by comparing the 44CO2 output of the 

IRMS with those measured during analyses of a working standard gas containing 

0.513% methane, 0.492% ethane, 0.490% propane, and 0.502% n-butane. Measured 

values of i-butane are not shown in this study, because i-butane can be liberated from 

the butyl rubber septum by acid treatment. All isotope values are reported as a per-mil 

difference between the sample and a Vienna Pee Dee Belemnite (VPDB) standard in 

conventional delta (δ) notation. 

Stable carbon isotopic compositions of the carbonate powders used for the acid-

digestion experiment were measured by a Thermo Scientific GasBench II/Delta V 

Advantage IRMS at the Laboratory of Evolution of Earth Environment, Kanazawa 

University (LEEKU), Kanazawa, Japan and a Thermo Scientific Kiel III/MAT253 

IRMS at the KOCHI. To produce CO2, the powders of ~300–500 μg and ~50–70 μg 

were reacted in the online GasBench II and Kiel III carbonate devices, respectively, 

with orthophosphoric acid in a glass vial under vacuum at 70°C. Isotope compositions 

are given in δ notation (‰ vs. VPDB). The standard deviations of replicate analyses of 
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NBS19 and working standards LSVEC and JLs-1 by GasBench II/Delta V Advantage 

were better than 0.06‰ and 0.12‰ for 13C and 18O, respectively. The standard 

deviations of replicate analyses of NBS19 and a working standard ANU-m2 by Kiel 

III/MAT253 were better than 0.07‰ and 0.08‰ for 13C and 18O, respectively. 

 

2.3.2. Heating experiment 

Chipped samples (226–243 mg) were prepared by mechanically crushing the early-

diagenetic carbonate phases, microcrystalline aragonite and acicular aragonite crystal 

aggregates. The chips were placed in the bottom of a crusher device composed of Pyrex 

glass (internal volume 5 cm3), which was designed in Uemura et al. (2016). The crusher 

device was then heated at 90°C for 2 h under vacuum, using a mantle heater regulated 

by a temperature controller. The concentration of the released gas was monitored by a 

manometer. The released gases were collected at −196°C (liquid nitrogen) in a U-

shaped trap, which contained silica gel (Fig. 2.1). To introduce the collected gases into 

the GC-IRMS, the trap was warmed to ~100°C (hot water) and the liberated gases were 

transferred by the helium flow. Water was removed by an adsorbent before entering the 

GC. The instrument used for the GC-IRMS analyses was the same as the acid-digestion 

experiment. It has been reported that methane was not formed by pyrolysis when fresh 
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sediment was heated at 121°C for 60 min using an autoclave in laboratory (Sugimoto et 

al., 2003). 

 

2.3.3. Crushing experiment 

After the heating and evacuation of the line, the chipped samples in the crusher 

device were crushed under vacuum at 90°C. Heating was continued during the crushing 

to minimize possible adsorption of gases onto the newly created surfaces. Crushing was 

performed by pressing the glass rod onto the samples by rotating the grip at the top of 

the threaded valve stem of the crusher as Uemura et al. (2016). A filter was installed 

between the crusher and the line to prevent contamination of the line by crushed 

particles (Fig. 2.1). The released gases were collected in the trap and then analyzed by 

the GC-IRMS as described in section 2.3.2. After the experiment, the crushed samples 

were removed from the crusher, powdered, and then dissolved by phosphoric acid in 

glass vials to liberate gases that were analyzed by the GC-IRMS, as described in section 

2.3.1. 

 

2.3.4. Stable carbon isotope analyses of total organic carbon 

To get insights into the source of the hydrocarbons extracted from the seep 
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carbonates, the stable carbon isotopic compositions of total organic carbon (TOC) 

within the carbonates were analyzed. For the carbon isotope analyses of TOC, the same 

powdered samples used for biomarker analyses (Part 1) were prepared. The carbonates 

were completely dissolved by reacting with 5N HCl for 24 h at room temperature. Acid 

was then removed by repeated centrifugation and washing with deionized water. After 

freeze-drying, the residues (~1–4 mg, depending on the TOC content) were analyzed 

with a Thermo Quest NA2500NCS elemental analyzer (EA) connected to a Thermo 

Scientific Delta V Advantage IRMS at the LEEKU. Samples were oxygenated at 

1000°C to make CO2 gas. Carbon isotopic compositions are given in δ notation (δ13C‰ 

vs. VPDB). The standard deviations of replicate analyses of a working standard (L-

alanine, LAL) and the international standard ANU sucrose were better than 0.06‰ and 

0.11‰, respectively. 

 

2.3.5. Maturity assessment using biomarkers 

To assess thermal maturity of the carbonate samples, biomarker analyses were 

performed as described in Part 1. Maturity-related biomarker parameters were measured 

using peak areas of the relevant compounds in the total ion and mass chromatograms. 

The odd-to-even predominance (OEP) of n-alkanes and isomerization between S and R 



114 

 

configurations at C-20 in the C29 5α(H),14α(H),17α(H)-steranes and at C-22 in the C31 

and C32 17α(H)-hopanes were measured as: 

OEP1 = (C21 + 6C23 + C25)/(4C22 + 4C24) 

20S/(20S + 20R) 

22S/(22S + 22R). 

The OEP1 value in a thermally mature oil or rock extract is near 1.0. With increasing 

maturity, the 20S/(20S + 20R) and 22S/(22S + 22R) ratios rise from 0 to equilibrium 

values 0.55 and 0.60, respectively (Peters et al., 2005). The 22S/(22S + 22R) ratios of 

the hopanes reach equilibrium earlier than the 20S/(20S + 20R) ratios of the steranes. 

These parameters can be correlated with the vitrinite reflectance %Ro to estimate the 

maturity level of oils or rock extracts (Peters et al., 2005). 

 

2.3.6. Gas mixing model 

    To simulate the carbon isotope distribution observed in the hydrocarbon gases 

extracted by acid digestion, two-component mixing models were used. Assuming that 

two gases, A and B, mix to form a third gas, M, the concentration of i hydrocarbon in 

the mixed gas M (Ci
M) is given by simple mass balance as: 

Ci
M = f × Ci

A + (1 − f) × Ci
B 
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where Ci
A and Ci

B are the concentrations of the i hydrocarbon in A and B, respectively, 

and f is the fraction of the component A in the mixed gas (0 ≤ f ≤ 1). The carbon isotopic 

composition (δ13C) of the i hydrocarbon in the mixed gas M (Ii
M) is then given by: 

Ii
M = [f × Ci

A × Ii
A + (1 − f) × Ci

B × Ii
B]/Ci

M 

using the isotopic compositions of the i hydrocarbon in A and B (Ii
A and Ii

B). 

As an endmember component, average concentrations and isotopic compositions 

of methane to propane in Japanese natural gases were used (normal thermogenic gas): 

C1 = 83.8%, C2 = 4.7%, and C3 = 1.4%; δ13C1 = −34.6‰, δ13C2 = −23.6‰, and δ13C3 = 

−20.7‰ (Waseda et al., 2002). The normal thermogenic gas was generated from 

marine/terrestrial kerogens whose δ13C values are around −20‰ (Igari, 1999). As a 

biogenic gas, concentrations reported in Vogel et al. (1982) were used: C1 = 99.9757%, 

C2 = 0.0017%, and C3 = 0.0058%. Since reports on the isotopic compositions of 

biogenic ethane and propane are scarce, the isotopic compositions of the biogenic gas 

were assumed as δ13C1 = −70.0‰, δ13C2 = −60.0‰, and δ13C3 = −55.0‰. 

As another endmember of the mixing model, a secondary thermogenic gas (see 

section 2.5.4) was assumed. The isotopic compositions of hydrocarbons in the 

secondary thermogenic gas were calculated using formulae in Berner and Faber (1996). 

In their formulae, the isotopic compositions of hydrocarbons expected from thermal 
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cracking of a source kerogen with certain δ13C value can be calculated as a function of 

thermal maturity (%Ro). A δ13C value of a source was assumed so as to reproduce the 

isotopic compositions of the residual hydrocarbons extracted from the seep carbonates. 

For the hydrocarbon concentrations of the secondary gases, the results of open-system 

pyrolysis experiments of algal kerogens under different temperatures shown in Berner et 

al. (1995) were used. 

 

2.4. Results 

2.4.1. Hydrocarbon gases extracted by acid digestion 

Methane and heavier hydrocarbons were successfully extracted from the examined 

seep carbonates by acid digestion. The concentrations and the stable carbon isotopic 

compositions of hydrocarbon gases extracted from the carbonates are shown in Table 

2.1. Methane was extracted from all the samples, whose content ranges between 7 and 

1354 nmol/g. A very high amount of methane (3650 nmol/g) was liberated from a 

sample from the Burdigalian Tanohama site. The methane content roughly increases 

with age of the carbonates (Fig. 2.2), and only trace amounts of methane (<13 nmol/g) 

was released from the samples taken from the Pleistocene and modern seep sites (Anden 

and Umitaka Spur, respectively). Ethane was extracted from the carbonates excluding 
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those at the Anden and Umitaka Spur seeps. Propane was liberated from the Tanohama, 

Takinoue, Anazawa/Akanuda, Sorimachi, Kuroiwa, Nakanomata 1 and 2, and 

Matsunoyama samples. n-Butane was liberated only from the Takinoue, Sorimachi, 

Anazawa/Akanuda, and Nakanomata 1 samples (Table 2.1). The methane to ethane plus 

propane ratios (C1/(C2 + C3)) of the extracted gases range between 2 and 518, and are 

mostly lower than 50 except for the gases from the Fukusaki and Kanoura carbonates 

(Fig. 2.3A). 

The δ13C values of the methane extracted from the carbonates show a large scatter, 

ranging between −69.6‰ and −26.9‰ (Fig. 2.3A and B). The isotopic composition of 

the methane could not be measured for the Anden and Umitaka Spur samples due to its 

low concentration. The methane liberated from the Kanoura and Anazawa/Akanuda 

carbonates has δ13C values lower than −50‰, while the methane from the Sorimachi, 

Kuroiwa, Nakanomata 2, and Matsunoyama has δ13C values higher than −50‰. The 

δ13C values of the methane extracted from the carbonates at Fukusaki, Tanohama, 

Takinoue, and Nakanomata 1 range from −69.6‰ to −40.0‰. The δ13C values of the 

liberated ethane range between −78.0‰ and −26.2‰, which are lower or higher than 

the coexisting methane (Table 2.1 and Figs. 2.3B and 2.4). The propane has δ13C values 

ranging between −83.7‰ and −28.9‰, which are in some cases lower than the 
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coexisting methane and ethane (Table 2.1 and Figs. 2.3C and 2.4). The δ13C values of 

the n-butane range between −49.5‰ and −35.4‰, which are higher than the coexisting 

propane (Table 2.1 and Fig. 2.4). Comparisons of the δ13C values of the coexisting 

hydrocarbons revealed increases in δ13C values with increasing carbon number (δ13C1 < 

δ13C2 < δ13C3) for some data, but also found isotopic “reversals” such as δ13C1 > δ13C2 

and δ13C2 > δ13C3 for other data (Fig. 2.4). The methane, ethane, and propane liberated 

from the void-filling cements such as acicular aragonite or calcite and sparry calcite 

tend to have low δ13C values with respect to those from microcrystalline matrix of the 

carbonates, although it is not always the case (Fig. 2.3). 

The carbon isotopic compositions of the methane and the carbonate powders from 

which the methane was liberated were compared at two sites, Nakanomata 1 and 

Anazawa/Akanuda. The δ13C values of the methane and the carbonates show a 

significant positive correlation (r = 0.64, p < 0.05) at Nakanomata 1, whereas those at 

Anazawa/Akanuda show no correlation (Fig. 2.5). 

 

2.4.2. Gases extracted by heating experiment 

During heating of the chipped carbonates from Nakanomata 1, the gas 

concentration increased continuously (Fig. 2.6). The increase rate of the gas 
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concentration dropped with time. The degassed gases contain methane (~2 nmol/g) and 

carbon dioxide (265–490 nmol/g) (n = 3; Table 2.2 and Fig. 2.7). Ethane and heavier 

hydrocarbons were not detected in the gases released by heating. While the low 

concentrations of the methane retarded measurements of the carbon isotopic 

compositions, the δ13C values of the carbon dioxide was measured as −13.1‰ to 

−11.2‰ (Table 2.2 and Fig. 2.8B). 

 

2.4.3. Gases extracted by crushing experiment 

Crushing of the carbonate chips liberated methane and carbon dioxide. Ethane and 

heavier hydrocarbons were not detected in the gases released by crushing. The amount 

of the methane liberated by crushing (4–10 nmol/g) is higher than that by heating (Table 

2.2 and Fig. 2.7). In contrast, the amount of the carbon dioxide liberated by crushing 

(41–193 nmol/g) is lower than that by heating. The δ13C values of the liberated methane 

range between −55.1‰ and −49.9‰ (Table 2.2 and Fig. 2.8A). The δ13C values of the 

carbon dioxide range between −26.8‰ and −25.0‰, which are lower than those 

liberated by heating (Table 2.2 and Fig. 2.8B). Even higher amounts of methane (163–

247 nmol/g) were extracted along with heavier hydrocarbons by acid digestion of the 

crushed carbonate samples (Table 2.2 and Fig. 2.7). The δ13C values of the methane 
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released by acid digestion range between −63.5‰ and −55.8‰, which are similar to or 

lower than those by crushing (Table 2.2 and Fig. 2.8A). The concentrations and carbon 

isotopic compositions of the hydrocarbons extricated by acid digestion of the crushed 

samples are identical to those reported for the Nakanomata 1 samples in section 2.4.1. 

 

2.4.4. Carbon isotopic compositions of total organic carbon within the seep 

carbonates 

The δ13C values of the total organic carbon (TOC) within the examined seep 

carbonates range between −49.1‰ (Tanohama) and −24.3‰ (Matsunoyama) (Table 2.3 

and Fig. 2.4). These δ13C values are lower than those of sedimentary organic carbon and 

the kerogen in the Miocene source rocks for oils in the study area (>−25‰, Waseda and 

Iwano, 2008; Freire et al., 2012). 

 

2.4.5. Thermal maturity of organic matter within the seep carbonates 

The OEP1 values of n-alkanes within the carbonates older than 10 Ma (Fukusaki, 

Tanohama, Kanoura, Takinoue, Anazawa/Akanuda, Sorimachi, and Kuroiwa) are 

around 1.0, while those within the younger carbonates at the remaining sites are 

significantly larger than 1.0 (Table 2.4 and Fig. 2.9). The 20S/(20S + 20R) ratios of the 
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C29 steranes range between 0.18 and 0.60, and particularly the Anazawa/Akanuda 

carbonates showed greater ratios (around 0.55) than any other samples (Fig. 2.9). The 

22S/(22S + 22R) ratios of the C31 hopanes range between 0.26 and 0.59, and the 

Takinoue, Sorimachi, and Anazawa/Akanuda carbonates showed higher ratios than 0.48. 

Measurements of the 22S/(22S + 22R) ratios of the C32 hopanes gave the similar results, 

ranging between 0.18 and 0.62, except that a sample from the Pleistocene Anden 

carbonate showed a high ratio of 0.55. Steranes and hopanes were not detected within 

the carbonates at Fukusaki, Tanohama, and Kanoura, which are oldest in age in this 

study. These compounds could have been thermally degraded at the three sites due to an 

even higher level of thermal maturity (Peters et al., 2005). This interpretation is 

supported by the recrystallized nature and the strongly 18O-depleted signature of the 

carbonates (see Part 1 and Appendix). Based on these biomarker parameters, the 

maturity level of the organic matter within the seep carbonates can be correlated with 

the vitrinite reflectance %Ro as follows: Ro < 0.5% for the Nakanomata 1 and 2, 

Matsunoyama, Anden, and Umitaka Spur carbonates; Ro = 0.5%–0.6% for the Takinoue, 

Sorimachi, and Kuroiwa carbonates; Ro > 0.7% for the Fukusaki, Tanohama, Kanoura, 

and Anazawa/Akanuda carbonates. 
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2.4.6. Isotope distribution in hydrocarbons simulated by gas mixing models 

    Ethane and propane extracted by the acid-digestion experiment (section 2.4.1) have 

δ13C values as low as −84‰. They can be reproduced if organic matter with δ13C value 

of −80‰ contained within the carbonates is assumed to be thermally cracked to 

generate secondary thermogenic hydrocarbons (section 2.5.4). The carbon isotopic 

compositions of such a secondary thermogenic gas component can be calculated as 

δ13C1 = −95.9‰, δ13C2 = −87.8‰, and δ13C3 = −84.4‰ based on Berner and Faber 

(1996), assuming maturity level (Ro) of 0.5%. The hydrocarbon concentrations of this 

component are given as C1 = 53.3%, C2 = 27.2%, and C3 = 11.2% based on Berner et al. 

(1995). Figure 2.10A shows the isotope distribution in hydrocarbons of a mixed gas 

produced when the secondary thermogenic gas is mixed with a normal thermogenic gas 

in different fractions of 0.0 to 1.0. This mixing model shows isotopic “reversals” such as 

δ13C1 > δ13C2 and δ13C2 > δ13C3 as observed in the hydrocarbons extracted by the acid 

digestion of the seep carbonates (Fig. 2.4). The full isotopic reversal, δ13C1 > δ13C2 > 

δ13C3, is produced when the fraction of the secondary gas is assumed to be 0.1 and 0.2. 

The result of another mixing model between a biogenic gas and the secondary gas is 

shown in Fig. 2.10B. This model also shows isotopic reversals between methane and 

ethane, but not between ethane and propane. 
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When the secondary thermogenic gas is generated at higher maturity level (Ro) of 

1.5%, the isotopic compositions of hydrocarbons can be calculated as δ13C1 = −88.6‰, 

δ13C2 = −79.2‰, and δ13C3 = −76.2‰. Using the result of pyrolysis experiment in 

Berner et al. (1995), the hydrocarbon concentrations of the secondary gas generated at 

Ro of 1.5% are given as C1 = 84.4%, C2 = 11.6%, and C3 = 2.1%. In Fig. 2.10C, the 

isotope distribution in hydrocarbons of a mixed gas is calculated assuming the mixing 

between the normal thermogenic gas and the secondary thermogenic gas generated at Ro 

of 1.5%. In this mixing model, the isotopic reversals are observed between methane and 

ethane when the fraction of the secondary gas is 0.3 to 0.6. However, the difference in 

the δ13C value between methane and ethane is much smaller compared with the previous 

mixing model between the normal and secondary gases generated at Ro of 0.5% (Fig. 

2.10A). The isotopic reversals were not observed between ethane and propane in this 

model (Fig. 2.10C). 

 

2.5. Discussion 

2.5.1. Storage of residual gases within the seep carbonates 

As in clastic sediments, possible mechanisms of storage of gases within carbonate 

rocks are either 1) entrapment within intercrystalline pore spaces, 2) physical adsorption 
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to surfaces of carbonates and other minerals or organic matter, or 3) inclusion within 

carbonate crystals (Abrams, 2005; Ijiri et al., 2009). Acid digestion of powdered 

carbonates (<30 μm) can liberate the gases both adsorbed to mineral surfaces and 

entrapped within crystals. Heating of chipped carbonates (<8 mm) can desorb the gases 

physically adsorbed to surfaces of carbonates, clay minerals, or organic matter by weak 

intermolecular forces such as van der Waals forces (Sugimoto et al., 2003). Crushing of 

the chipped carbonates can release the gases entrapped in intercrystalline pores. Because 

heating was continued during the crushing experiment in this study, it is also possible 

that the gases were thermally desorbed from crystal surfaces newly exposed by the 

crushing. Both the acid-digestion and heating experiments liberated >200 nmol/g of 

hydrocarbons and carbon dioxide in total, while the crushing experiment liberated less 

amounts of gases (Table 2.2 and Fig. 2.7). This fact suggests that the gases within 

intercrystalline pores could be minor in amount. With respect to the methane, smaller 

amounts of methane were liberated by the heating and crushing experiments, compared 

with those liberated by the acid digestion. This might be because the methane entrapped 

within intercrystalline pores and adsorbed to crystal surfaces is minor in amount, and 

the methane is mainly entrapped within small individual crystals of <10 μm to a few 

tens of μm in diameter. However, it is also possible that the subsequent crushing and 
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powdering after heating exposed fresh surfaces of individual crystals, and resulted in 

further desorption of the methane adsorbed to the crystal surfaces by acid digestion. The 

amounts of methane liberated by the acid digestion are ~100 times larger than those 

liberated by the heating (Fig. 2.7). If all of the methane were adsorbed to individual 

crystal surfaces, this result cannot be explained by an increase in exposed crystal 

surfaces and further desorption. For example, powdering of a 5-mm cubic chip to 10-

μm cubic crystals results in a 500-times increase of surface area, which would 

overestimate the amount of methane further desorbed from the exposed surfaces. 

 

2.5.2. Origin of methane extracted from the seep carbonates 

The δ13C values of the methane and the C1/(C2 + C3) ratios of the gases extracted 

from the seep carbonates by acid digestion indicate either thermogenic or biogenic, or 

both origins for the extracted methane (Fig. 2.3A). The methane liberated from the 

Sorimachi, Kuroiwa, Nakanomata 2, and Matsunoyama carbonates has δ13C values 

higher than −50‰ and C1/(C2 + C3) ratios lower than 50, indicating a thermogenic 

origin. The methane liberated from the Fukusaki, Tanohama, Kanoura, Takinoue, 

Anazawa/Akanuda, and Nakanomata 1 carbonates have δ13C values around and lower 

than −50‰ and the C1/(C2 + C3) ratios lower than 1000. This methane could represent 
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biogenic methane enriched in 13C and depleted in content due to fractionation during the 

methane oxidation (Whiticar and Faber, 1986). However, its δ13C values can also be 

explained by mixed origins. Preferential adsorption or encapsulation of high-molecular-

weight hydrocarbons might also have contributed to the low C1/(C2 + C3) ratios (Cheng 

and Huang, 2004; Ijiri et al., 2009; Blumenberg et al.,2017). 

It is possible that the liberated methane clearly indicating a thermogenic origin 

(δ13C > −50‰, C1/(C2 + C3) < 50) was secondary trapped within or adsorbed to the 

carbonates after their precipitation and during their burial, rather than represents the 

methane originally contained in the seep fluids. The secondary entrapment of 

thermogenic methane is supported by the facts that the sediments hosting the seep 

carbonates act as reservoir rocks of oil and gas today (Monzawa et al., 2006; Okui et al., 

2008) and that only trace amounts of methane were extracted from the Pleistocene and 

modern carbonates (Fig. 2.2). The host rock at the Tortonian Kuroiwa site is intruded by 

a Pliocene andesite dyke, which could have generated thermogenic hydrocarbons even 

in the sediments surrounding the seep carbonates. The carbon isotopic compositions of 

the carbonates and biomarkers indicate biogenic, rather than thermogenic, origins for 

the methane at the examined ancient seeps, except for the Nakanomata 2 seep (Part 1). 

The biogenic origin of the liberated methane seems consistent with the results 
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obtained from the biomarker isotopes (Part 1). However, it is also possible that thermal 

cracking of the 13C-depleted organic matter preserved within the seep carbonates 

generated secondary thermogenic methane with δ13C values lower than −50‰ (see 

below). It is nevertheless noteworthy that there is a positive significant correlation 

between the δ13C values of the liberated methane and the carbonates at Nakanomata 1 

(Fig. 2.5). The methane liberated from the acicular aragonite has relatively low δ13C 

values as well as generally low δ13Ccarbonate values with respect to the microcrystalline 

aragonite. This correlation implies that the methane originally contained in the Miocene 

seep fluids was preserved within the host carbonate cements during their precipitation. 

The carbon isotope separation factor between carbon dioxide and methane (εC) was 

defined in Whiticar (1999) as: 

εC ≈ δ13CCO2
 – δ13CCH4. 

The difference between the δ13C values of the carbon dioxide and the methane released 

by the crushing of the Nakanomata 1 carbonates is consistent with the εC values 

resulting from the methane oxidation (Fig. 2.8C). This indicates that the biogenic 

methane contained in the seep fluids at the Nakanomata 1 seep became enriched in 13C 

due to isotope fractionation during the AOM, and was preserved within the host 

carbonate cements along with the 13C-depleted carbon dioxide. In contrast, there is no 
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significant correlation between the δ13C values of the liberated methane and the 

carbonates at Anazawa/Akanuda (Fig. 2.5). This might be partly attributed to the 

dissolution and reprecipitation of the carbonates during recrystallization which caused 

the resetting of the isotopic compositions of the carbonates. 

 

2.5.3. Origin of carbon dioxide extracted from the seep carbonates 

The δ13C values of the carbon dioxide extracted by heating from the Nakanomata 1 

carbonates were higher than those by crushing (Table 2.2 and Fig. 2.8B). It is known for 

methane that gases adsorbed to sediments and coal are enriched in 13C (Friedrich and 

Jüntgen, 1971; Whiticar et al., 1994; Knies et al., 2004; Toki et al., 2007). The 13C-

enriched carbon dioxide liberated by the heating could have thus resulted from the 

selective adsorption of 13C-rich carbon dioxide on the carbonate surfaces. It is suspected 

that the 13C-depleted carbon dioxide within the carbonate cements is attributed to the 

isotope fractionation during adsorption, as well as during methane oxidation. 

 

2.5.4. Origin of hydrocarbons heavier than methane extracted from the seep 

carbonates 

The hydrocarbons heavier than methane extracted by acid digestion have both low 
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δ13C values as low as −83.7‰ and typical values for thermogenic gases (δ13C > 

~−40‰), indicating multiple sources (Fig. 2.3B and C). Biogenic ethane and propane 

with δ13C values as low as −70‰ have been reported in natural environments, but they 

are <1% of methane (Vogel et al., 1982; Oremland et al., 1988; Waseda and Didyk, 

1995; Whiticar, 1999). The biogenic origin for the ethane and propane is thus 

inconsistent with the C1/(C2 + C3) ratios lower than 100 (Fig. 2.3A). 

The large amount of the ethane and propane liberated from the seep carbonates 

(Fig. 2.3A) indicates either decreases in the relative content of the methane due to the 

methane oxidation (Whiticar and Faber, 1986), thermogenic origins for the high-

molecular-weight hydrocarbons, or combined results of them. If the extracted 

hydrocarbons were thermogenic in origin, the source for their low δ13C values has to be 

explained. Calculation after the formulae in Berner and Faber (1996) indicated that the 

13C-depleted ethane and propane (δ13C < −40‰) extracted from the Tanohama, 

Takinoue, Anazawa/Akanuda, Sorimachi, Kuroiwa, Nakanomata 1, and Matsunoyama 

carbonates can be explained by the thermogenic generation from a source with a δ13C 

value lower than −30‰ (Fig. 2.3B and C). One of the possible candidates for the 13C-

depleted source is TOC of the seep carbonates, with δ13C values ranging between 

−49.1‰ (Tanohama) and −24.3‰ (Matsunoyama) (Table 2.3). The δ13CTOC values of 
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modern and ancient methane-seep carbonates are generally low due to inputs of 

methane-derived 13C-depleted carbon into the biomass sustained by the seep fluids (e.g., 

Smrzka et al., 2016). Another candidate is even more 13C-depleted compounds such as 

lipid biomarkers for methane-oxidizing archaea preserved within the carbonates (δ13C 

value around −100‰, see Part 1). The unusually 13C-depleted ethane and propane could 

have been produced by secondary thermal cracking of these organic compounds within 

the carbonates during burial and thermal maturation. 

Hydrocarbon generation by the secondary thermal cracking of the 13C-depleted 

compounds within the carbonates is possible in thermally mature samples. The organic 

matter within the Tanohama, Takinoue, Anazawa/Akanuda, Sorimachi, and Kuroiwa 

carbonates is mature (Ro > 0.5%, Table 2.4 and Fig. 2.9), and therefore such secondary 

process can be responsible for the 13C-depleted ethane and propane extracted from these 

samples. The generation of the secondary thermogenic gas from immature organic 

matter within seep carbonates is controversial. The 13C-depleted ethane and propane 

were liberated even from the Nakanomata 1 and Matsunoyama carbonates, in which 

organic matter is thermally immature (Ro < 0.5%, Table 2.4 and Fig. 2.9). These 

carbonates are unlikely to have been subjected to a high temperature of >100°C, as 

supported by the preservation of aragonitic phases and the positive δ18O values of the 
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carbonates (Part 1; Miyajima et al., 2016). It is supposed that the secondary thermal 

cracking under relatively low temperatures produced low amounts of 13C-depleted 

ethane and propane, while bulk organic matter remains immature within the seep 

carbonates. It can be ruled out that the secondary cracking was caused by the acid 

treatment and the subsequent heating at ~50°C during the experiments, because the 

acid-digestion experiments failed to extract 13C-depleted ethane and propane from the 

Fukusaki, Anden, and Umitaka Spur carbonates. 

Comparing the isotopic compositions of the coexisting hydrocarbons, the linear 

increase in δ13C values of the liberated hydrocarbons with increasing carbon number, 

that is, δ13C1 < δ13C2 < δ13C3 (Fig. 2.4), seems typical of thermogenic hydrocarbons 

formed by pyrolysis. This isotopic trend readily results from the kinetic isotope effect in 

which a 12C–12C bond is easier to break than a 12C–13C bond in kerogen molecules 

(Chung et al., 1988). A linear fit can be obtained when the δ13C value of cogenetic 

hydrocarbons are plotted as a function of the inverse carbon number (called “Natural 

gas plot”). The δ13C values of methane can deviate from the linear isotopic trend, due 

either to mixing of biogenic methane or to the methane oxidation (e.g., Pohlman et al., 

2005). The isotopic trend of thermogenic gas was exhibited by the hydrocarbons 

liberated from the Tanohama, Anazawa/Akanuda, Nakanomata 1, and Nakanomata 2 
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carbonates. The methane at the Nakanomata 1 seep could have been mainly biogenic in 

origin (see Part 1 and section 2.5.2). In contrast, one trio of methane, ethane, and 

propane extracted from the Nakanomata 1 carbonate showed the thermogenic trend with 

δ13C values higher than −43‰. This trio is possibly a thermogenic gas that migrated 

from the deep subsurface and was secondary entrapped within the carbonates. The 

secondary entrapment of thermogenic gas could also be the case for the hydrocarbons 

extracted from the Nakanomata 2 carbonates, since the Nodani Formation, which 

yielded the Nakanomata 1 and 2 carbonates, is known as a reservoir rock of oil and gas 

today (Akahane and Kato, 1989). 

The hydrocarbons extracted from the Tanohama and Anazawa/Akanuda carbonates 

showed the linear isotopic trend of thermogenic gas (Fig. 2.4), but they include ethane 

and propane with significantly low δ13C values compared with the typical thermogenic 

gases in the study area (>−42‰ for ethane and >−29‰ for propane: Sakata, 1991; Igari, 

1999; Waseda et al., 2002). As discussed above, these ethane and propane with low δ13C 

values could have originated from the secondary thermal cracking of the 13C-depleted 

organic compounds within the seep carbonates. The source δ13C values for the 

thermogenic hydrocarbons can be approximately estimated by the regression and 

extrapolation of the linear isotopic trend to the y-intercept in Fig. 2.4 (Chung et al., 
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1988; Igari, 1999; Pohlman et al., 2005). When applied to the hydrocarbons liberated 

from the Tanohama and Anazawa/Akanuda carbonates, the source δ13C values range 

between −47.4‰ and −23.3‰ (Fig. 2.4). These values are mostly lower than 

sedimentary organic carbon and are close to the δ13CTOC value of the Anazawa/Akanuda 

carbonate. 

In addition to the isotopic trend of thermogenic gas, the hydrocarbons released 

from the seep carbonates at Takinoue, Anazawa/Akanuda, Sorimachi, Nakanomata 1, 

and Matsunoyama show isotopic “reversals”, which are unusual for thermogenic and 

biogenic hydrocarbons. The “reverse” trends were found between the methane and 

ethane (δ13C1 > δ13C2) and also between the ethane and propane (δ13C2 > δ13C3) (Fig. 

2.4). The ethane with δ13C values lower than the coexisting methane was also extracted 

from the Kuroiwa carbonates, which did not yield propane (Table 2.1). In some extreme 

examples such as the hydrocarbons liberated from Nakanomata 1 and Matsunoyama, 

δ13C values decrease linearly with increasing carbon number, namely, δ13C1 > δ13C2 > 

δ13C3 (Fig. 2.4). The unusual “reverse” isotopic trends could be attributed either to 

abiotic generation of the hydrocarbons by polymerization reactions or to mixing of 

hydrocarbons with different origins and thus different isotopic and molecular 

compositions. 
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The isotopic trend showing depletion in 13C for ethane to butane with respect to 

methane have been reported in abiogenic hydrocarbons. They are known from, for 

examples, products of spark discharge experiments (Des Marais et al., 1981), the 

Murchison meteorite (Yuen et al., 1984), crystalline rock mine of the Canadian shield 

(Sherwood Lollar et al., 2002), H2-rich fumarolic gases from a shield basaltic volcano in 

the Eastern Pacific (Taran et al., 2010), natural gases derived from magma chambers in 

the Songliao Basin, China (Wang et al., 2009), and both on-land and seafloor 

serpentinite-hosted hydrothermal systems (Proskurowski et al., 2008; Charlou et al., 

2010; Suda et al., 2017). The monotonous decrease in the δ13C values of hydrocarbons 

with increasing carbon number, namely, δ13C1 > δ13C2 > δ13C3, has been regarded as a 

result of polymerization reactions, such as production of higher-molecular-weight 

hydrocarbons from methane. In kinetically controlled synthesis, a reactant containing 

12C (12CH4) reacts more rapidly than that containing 13C (13CH4), and thus 12C is more 

likely to be incorporated into the synthesized larger hydrocarbon chains (Des Marais et 

al., 1981; Yuen et al., 1984; Sherwood Lollar et al., 2002). Therefore, the 13C/12C ratio 

in hydrocarbons synthesized from methane is lower than that of the reactant. 

Considering the common occurrences of the abiogenic hydrocarbons in hydrothermal 

systems and other extreme environments mentioned above, the abiotic formation by 
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polymerization reactions is unlikely for the hydrocarbons within methane-seep 

carbonates. 

In addition to the possibility of the abiotic polymerization, the reverse isotopic 

trends of hydrocarbons can also be explained by input of the ethane and propane that 

were generated by secondary thermal cracking of the organic compounds within the 

carbonates. The positive correlations between the δ13C values of the liberated methane, 

ethane, and propane (Fig. 2.3B and C) suggest mixing between normal thermogenic or 

biogenic gases and the unusually 13C-depleted ethane and propane (Ijiri, 2003). 

“Isotopic reversals” caused by mixing of hydrocarbon gases of different origins have 

been reported by several studies. Jenden et al. (1993) reported isotopic reversals (δ13C1 

> δ13C2) in thermogenic gases in northern Appalachian Basin and interpreted them as a 

result of mixing between early-mature wet gas with higher amounts of C2+ 

hydrocarbons and post-mature dry gas with lower amounts of C2+ hydrocarbons. Des 

Marais et al. (1988) also showed that isotopic reversals between ethane and propane 

(δ13C2 > δ13C3) result from mixing of hydrocarbons with different relative amounts of 

C2+ generated at different temperatures in laboratory by dry pyrolysis of lignite. Partial 

or full isotopic reversals have been also reported from shale gases of high maturity (Ro > 

~1.5%) (Burruss and Laughrey, 2010; Tilley et al., 2011; Zumberge et al., 2012; Xia et 
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al., 2013). The isotopic reversals in shale gases have been explained by a similar 

mechanism; primary gas from thermal cracking of kerogen mixed with secondary gas 

from cracking of oil or wet gas components, which is wetter than the primary gas (Xia 

et al., 2013). These previous studies indicate that if the secondary thermogenic 

hydrocarbons had low C1/(C2 + C3) ratios (high relative amounts of ethane and propane) 

as well as the low δ13C values (<−40‰), they could cause the reverse isotopic trends 

when mixed with normal thermogenic or biogenic gases. 

The result of the mixing model between a normal thermogenic gas and a secondary 

thermogenic gas (Fig. 2.10A) predicts that the isotopic reversals between methane, 

ethane, and propane depend on the mixing ratio. Here, the C1/(C2 + C3) ratio of the 

normal gas is 14, while that of the secondary gas is 1. This model also indicates that the 

extreme trend, namely, δ13C1 > δ13C2 > δ13C3, can be generated when the ratio of the 

secondary thermogenic gas is low. It is thus supposed that even very low amounts of 

secondary thermogenic gas could produce the reverse isotopic trend. Another mixing 

model between a normal biogenic gas and the secondary thermogenic gas can also 

reproduce the reverse trends, but it cannot explain the observed δ13C values of the 

residual gases (Fig. 2.10B). 

To sum up, the reverse isotopic trends of the residual gases within the seep 
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carbonates are interpreted as a mixture of hydrocarbons with different origins; the 

normal thermogenic or biogenic hydrocarbons and the hydrocarbons generated by the 

secondary thermal cracking. Tilley et al. (2011) suggested that such isotopic reversals 

only occur in a closed system such as shales, where 12C-enriched ethane generated from 

oil cracking accumulates along with mature, 13C-enriched methane and little or no gas 

has been lost during its maturation history. Previous pyrolysis experiments of source 

rocks and coals showed that closed-system experiments generate a greater proportion of 

propane than do experiments by open-system at the same maturity (Andresen et al., 

1995; Takahashi et al., 2014; Takahashi and Suzuki, 2017). The isotopic reversals 

observed in this study might be a result of accumulation of secondary gases enriched in 

ethane and propane with respect to normal gases within closed to semi-closed carbonate 

cements. 

The isotopic trend of the residual gases within the seep carbonates seems to be 

related to thermal maturity of the organic matter within the carbonates. In the samples 

with Ro < 0.6% (Takinoue, Sorimachi, Nakanomata 1, and Matsunoyama), the residual 

gases showed mostly the reverse isotopic trends and the ethane had higher δ13C values 

than the coexisting propane (δ13C2 > δ13C3) (Fig. 2.4). In contrast, in samples with Ro > 

0.7% (Tanohama and Anazawa/Akanuda), the ethane has lower δ13C values than the 
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coexisting propane (δ13C2 < δ13C3) (Fig. 2.4). Berner et al. (1995)’s gas generation 

experiments by dry open-system pyrolysis of an algal-rich and a land-plant kerogen 

showed that at higher temperatures, the C1/(C2 + C3) ratio of the generated 

hydrocarbons increases, in other words, the relative amounts of ethane and propane 

decrease. Andresen et al. (1995) also showed increases in the C1/(C2 + C3) ratio with 

increasing temperature by hydrous closed-system pyrolysis of natural source rocks and 

coals. It is therefore suggested that the C1/(C2 + C3) ratios of the hydrocarbons 

generated by the secondary thermal cracking increase with increasing thermal maturity. 

The mixing model between the normal thermogenic gas and a secondary thermogenic 

gas generated at a higher maturity level (Ro = 1.5% and C1/(C2 + C3) = 6) indicates that 

the isotopic reversals are not significant when the secondary gas has a high C1/(C2 + C3) 

ratio (Fig. 2.10C). The mixing models in Fig. 2.10 also indicate that the isotopic 

reversal becomes insignificant when the mixing ratio of the secondary gas endmember 

is high. Secondary thermal cracking can proceed within seep carbonates with increasing 

thermal stress, resulting in an increased mixing ratio of the secondary gas. The increase 

of the secondary-generated gases with increasing maturity is also indicated by the 

increase of the methane content with increasing age and maturity (Fig. 2.2). 

In summary, the hydrocarbons liberated from the seep carbonates most likely 
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originated from the secondary entrapment of thermogenic or biogenic gases, which 

migrated through the host sediments during burial of the carbonates, and from the 

secondary thermal cracking of the 13C-depleted organic compounds within the 

carbonates. The extent of the 13C depletion in the hydrocarbons generated by the 

secondary thermal cracking could be controlled by the δ13C values of the source, which 

depend on the relative abundance of the strongly 13C-depleted compounds within the 

seep carbonates. The δ13C values of the secondary hydrocarbons may also depend on 

the maturity; the generated hydrocarbons have higher δ13C values with increasing 

maturity (Berner et al., 1995; Berner and Faber, 1996). The unusual “reverse” carbon 

isotope distribution among the residual gases can be attributed to mixing of the normal 

thermogenic or biogenic hydrocarbons with the hydrocarbons generated by the 

secondary thermal cracking. It is suggested that the mixing ratio and C1/(C2 + C3) ratio 

of the secondary-generated hydrocarbons depend on thermal maturity. Increase of 

maturity is probably associated either with the mixing ratio of the secondary-generated 

hydrocarbons to the normal gas or with the C1/(C2 + C3) ratio of them (Fig. 2.10). 

Several lines of evidence indicate that the original biogenic methane in the seep fluids 

was preserved within the carbonates at the Nakanomata 1 seep, whereas the ethane and 

propane there could have originated from the secondary processes. 
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2.6. Summary 

1) By acid digestion of the carbonates, methane and heavier hydrocarbons were 

successfully extracted from the Miocene to Pliocene methane-seep carbonate rocks 

collected along the Japan Sea coast. 

2) Methane and carbon dioxide were also liberated by heating and crushing of a 

Miocene seep carbonate at Nakanomata 1. The concentration of the methane 

liberated from this sample was highest in acid-digestion experiment, suggesting that 

the methane was mainly entrapped within micrometer-scaled crystals. 

3) The carbon isotopic compositions and molecular compositions of the liberated 

methane indicate both thermogenic and biogenic origins. There is a possibility that 

the methane of thermogenic origin was entrapped within the seep carbonates during 

their burial. 

4) A significant positive correlation was observed in the carbon isotopic compositions 

between carbonate and extracted methane at Nakanomata 1. Along with the isotopic 

composition of the methane and coexisting carbon dioxide, such correlation 

indicates that biogenic methane originally contained in the Miocene seep fluid was 

oxidized and preserved within the seep carbonate. 
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5) The ethane and propane extracted from the examined carbonates showed unusually 

13C-depleted isotopic compositions. These hydrocarbons are most likely generated 

by secondary thermal cracking of 13C-depleted organic compounds within the seep 

carbonates during their burial. 

6) Mixing between the normal thermogenic and/or biogenic gases and the secondary 

thermogenic gases could have produced the “reverse” carbon isotopic trends of the 

extracted hydrocarbons. The results of calculation based on a gas mixing model 

suggest that the isotopic trends of the hydrocarbons within the seep carbonates 

differ depending on the molecular composition or mixing ratio of the gas 

components, or thermal maturity of the carbonates. 
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Fig. 2.2. Concentrations of the methane extracted from the seep carbonates by the 

acid-digestion experiment. Note the logarithmic scale. Open circles indicate the mean 

values, and error bars indicate the range of the observed values. Ordered from the oldest 

(left) to youngest (right) site. Pleist., Pleistocene; Pli., Pliocene.
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Fig. 2.3. Stable carbon isotopic compositions and molecular ratios of the hydrocarbons 

extracted from the seep carbonates by the acid-digestion experiment. Data from the 

Anden and Umitaka Spur seeps are not included. (A) “Bernard diagram” (Bernard et al., 

1976) showing δ13C values of the methane and the methane to (ethane+propane) ratios. 

Shaded areas indicate typical ranges for biogenic and thermogenic gases after Whiticar 

(1999). (B, C) Cross plots of δ13C values of the methane and ethane (B) and the ethane 

and propane (C). Solid, dotted, and dashed lines indicate the δ13C values expected from 

thermal cracking of source kerogens with δ13C values of −30 ‰ , −50 ‰ , and −70 ‰ , 

respectively, as a function of the vitrinite reflectance (%Ro) (calculated after Berner and 

Faber, 1996).
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Fig. 2.4. Plots of stable carbon isotopic compositions against the inverse carbon number 

(1/n) for the methane (C1) to n-butane (C4) extracted from the seep carbonates by the 

acid-digestion experiment ( “Natural gas plots” : Chung et al., 1988). Only data from 

representative sites are shown. Dashed lines indicate the linear regression lines for the 

data showing the isotopic trend of thermogenic gas, δ13C1 < δ13C2 < δ13C3, the 

extrapolated intercepts of which indicate the δ13C values of the source organic matter. 

For comparison, the δ13C values of total organic carbon (TOC) within the carbonates 

are indicated by filled squares. Thermal maturity increases in the order of Nakanomata 

1 and 2, Takinoue, Sorimachi, Anazawa/Akanuda, Tanohama.
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Fig. 2.5. Relationships between stable carbon isotopic compositions of the methane and 

the carbonate from which the methane was extracted by the acid-digestion experiment. r 

value indicates the correlation coefficient.
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Fig. 2.6. Temporal changes of the pressure of gases desorbed from the Nakanomata 1 

carbonates during the heating experiments (90°C, 2 h).
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Fig. 2.7. Concentrations of the methane (left panel) and the carbon dioxide (right panel) 

extracted from the Nakanomata 1 carbonates by heating, crushing, and acid digestion of 

the crushed carbonates. Note the logarithmic scale for the methane content.
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Fig. 2.8. Stable carbon isotopic compositions of the methane and carbon dioxide 

extracted from the Nakanomata 1 carbonates. (A) Cross plot of δ13C values of the 

methane extracted by crushing and acid digestion of the crushed carbonates. Dashed 

line indicates a 1:1 relationship. (B) Cross plot of δ13C values of the carbon dioxide 

extracted by the heating and crushing experiments. Dashed line indicates a 1:1 

relationship. (C) Relationship between δ13C values of the methane and carbon dioxide 

extracted by the crushing experiments. Diagonal lines indicate the carbon isotope 

separation factors (εC ≈ δ13CCO2
 – δ13CCH4

). Shaded areas indicate typical ranges of the ε

C values for methane and carbon dioxide resulting from methanogenesis and methane 

oxidation after Whiticar (1999).
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Fig. 2.9. Maturity-related biomarker parameters measured for the lipid extracts from the 

seep carbonates. OEP1, odd-to-even predominance of n-alkanes. 20S/(20S + 20R), 

isomerization between S and R configurations at C-20 in the C29 5α(H),14α(H),17α

(H)-steranes. 22S/(22S + 22R), isomerization between S and R configurations at C-22 in 

the C31 and C32 17α(H)-hopanes. Dashed lines indicate equilibrium values for mature 

samples with vitrinite reflectance Ro > 0.5%. Ordered from the oldest (left) to youngest 

(right) site. Pleist., Pleistocene; Pli., Pliocene.
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Fig. 2.10. Plots of stable carbon isotopic compositions against the inverse carbon 

number (1/n) for methane (C1) to propane (C3), calculated from mixing models between 

hydrocarbons of different origins. (A) Mixing between a normal thermogenic gas and a 

secondary thermogenic gas, generated from a source with δ13C value of −80 ‰ at Ro of 

0.5%. (B) Mixing between a biogenic gas and the secondary thermogenic gas assumed 

in (A). (C) Mixing between the normal thermogenic gas and a secondary thermogenic 

gas, generated from a source with δ13C value of −80 ‰ at Ro of 1.5%. Dashed lines and 

open circles indicate the end-member values for the thermogenic or biogenic gas. The 

solid lines and filled circles become darker with increasing fraction (mixing ratio) of the 

secondary thermogenic gases, which is indicated with numbers 0.0 to 1.0 in (A). For 

isotopic compositions and concentrations of hydrocarbons in the endmember gases, see 

sections 2.3.6 and 2.4.6 in the text.
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Site Sample Phase Carbonate
content (wt%)

δ13CTOC

(‰ vs. VPDB)
Fukusaki fsis rm 94.0 −42.3
Tanohama tn04 sp 98.3 −49.1
Kanoura ku rm 89.2 −35.6
Takinoue yy0102 m 88.2 −27.4
Anazawa/Akanuda an00 m + sp 93.1 −38.8
Sorimachi smgd3084 m 91.0 −26.6
Kuroiwa k0132 m 87.8 −29.0
Nakanomata 1 nk13 m 84.5 −32.6
Nakanomata 2 nk14p m 85.9 −24.5
Matsunoyama ed0412 m 74.8 −24.3
Anden mh0413 m 78.9 −33.4
Umitaka Spur nt0720_759-5 m 82.3 −25.9

Table 2.3. Stable carbon isotopic compositions of total organic carbon (TOC)
within the seep carbonates. Carbonate contents are also shown.

Abbreviations for phase are the same as those in Table 2.1.
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Site Sample OEP 1

20S /(20S  +
20R ) C29

steranes

22S /(22S  +
22R ) C31

hopanes

22S /(22S  +
22R ) C32

hopanes
R o (%)

Fukusaki fsis 0.87 n.d. n.d. n.d. >0.7
Tanohama tn01_50 1.07 n.d. n.d. n.d. >0.7
Tanohama tn02 1.06 n.d. n.d. n.d. >0.7
Tanohama tn03 1.06 n.d. n.d. n.d. >0.7
Tanohama tn04 1.08 n.d. n.d. n.d. >0.7
Tanohama tn05 1.13 n.d. n.d. n.d. >0.7
Kanoura ku 0.82 n.d. n.d. n.d. >0.7
Takinoue yy0102 1.07 0.23 0.50 0.45 0.5–0.6
Takinoue yy0103_20 0.98 0.27 0.48 0.41 0.5–0.6
Anazawa/Aka
nuda an00 0.94 0.60 0.56 0.58 >0.7

Anazawa/Aka
nuda ak0103 0.93 0.55 0.59 0.62 >0.7

Anazawa/Aka
nuda ak02 0.91 0.49 0.57 0.60 >0.7

Sorimachi smgd3084 1.05 0.29 0.56 0.53 0.5–0.6
Sorimachi smgd5130 1.04 0.26 0.57 0.52 0.5–0.6
Kuroiwa k0132 0.73 0.18 0.26 0.18 0.5
Kuroiwa kim33 1.03 0.18 0.40 0.31 0.5
Nakanomata 1 nk13 3.13 0.18 n.d. n.d. <0.5
Nakanomata 1 nkm13-35 1.71 0.18 n.d. n.d. <0.5
Nakanomata 2 nk14c 1.49 0.22 n.d. n.d. <0.5
Nakanomata 2 nk14p 1.63 0.23 n.d. n.d. <0.5
Matsunoyama ed0412 1.95 0.23 n.d. n.d. <0.5
Anden mh0411 2.30 0.36 0.33 n.d. <0.5
Anden mh0413 3.87 0.34 0.42 0.55 <0.5

Umitaka Spur nt0720_75
9-5 1.65 0.25 n.d. n.d. <0.5

Correlation to the vitrinite reflectance (%R o) is based on Peters et al. (2005). OEP 1,
odd-to-even predominance of n -alkanes; n.d., not detected.

Table 2.4. Maturity-related biomarker parameters measured for the lipid
extracts from the seep carbonates and the corresponding vitrinite-reflectance
values (%R o).
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Concluding remarks 

The origin of methane cannot be identified unambiguously by stable carbon 

isotopic compositions of seep carbonates, because the compositions reflect mixing 

between bicarbonate ions from different sources as well as from AOM and show wide 

ranges of δ13C values (Fig. 1.5). This study successfully constrained the carbon isotopic 

compositions of methane at ancient seeps using the isotopic compositions of the ANME 

biomarkers, on the assumption that they are determined by those of the source methane 

and isotopic fractionations during biosynthesis. It is unclear whether the carbon isotope 

offset between methane and the biomarker calculated for the modern seep of the Japan 

sea (Umitaka Spur) can be applied to other settings of the world. The isotope offset 

compiled from literature shows wide range (~60‰) and can result in ambiguous 

estimation of the origin of methane. In contrast, the regression formulae between the 

δ13Cmethane and δ13Clipid values could be widely applicable to better constrain the origin 

of methane at ancient seeps. 

Since biogenic methane is produced in shallow subsurface, the biogenic origins for 

the methane at the examined seeps indicate that seepage of thermogenic gases through 

subsurface conduits such as deep-rooted faults were minor in the study area until 

Pleistocene. Identification of the origins of seep fluids helps to reveal the subsurface 
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migration pathways and mechanisms for the biogenic methane at the studied seeps. 

This study revealed that all the three methods, i.e., acid digestion, heating, and 

crushing, can be used to extract and to analyze residual gases from ancient seep 

carbonates. These different methods help to reveal whether the residual gases are 

entrapped within intercrystalline pore spaces or crystal inclusions of the carbonates. 

Another possibility is that the residual gases were adsorbed to surfaces of the carbonate 

crystals, other minerals, or organic particles. Residual gases within ancient seep 

carbonates were possibly influenced seriously by thermal maturation of the host 

sediments (noted below) and probably by experimental procedures. Even if they all 

came from the seep fluids, their isotopic compositions could have been altered by the 

methane oxidation. Therefore, in assessing the origin of methane at ancient seeps, 

analytical results for residual gases should be carefully interpreted and be 

complemented by other signatures such as biomarkers. The δ13C value of methane at the 

Nakanomata 1 seep estimated using the regression line for the biomarker PMI was 

~−65‰ (Table 1.3). However, the methane liberated from the Nakanomata 1 carbonate 

showed a δ13C value of −52.2‰ in average (Table 2.1). It is suspected that the methane 

entrapped within the carbonates is 13C-enriched with respect to the original biogenic 

methane in the seep fluid due to the isotopic fractionation during AOM, as well as the 
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mixing with thermogenic methane (sections 2.5.3 and 2.5.4). Finding and analyzing 

intracrystalline inclusions would be helpful to strictly extract original isotopic 

signatures of methane. 

Based on the data presented in parts 1 and 2, it is possible to systematically depict 

diagenetic history of methane-seep carbonates which has rarely been documented. The 

methane-seep carbonates examined in this study are from different ages in the late 

Cenozoic and have been subjected to different levels of diagenetic alteration and 

thermal maturity (Table 2.4). These are imprinted in the petrographic texture, stable 

oxygen isotopic composition, and biomarker composition of the carbonates. The early-

diagenetic carbonate phases are preserved in the carbonates of low thermal maturity (Ro 

< 0.6%), while such phases are recrystallized in the highly mature samples (Ro > 0.7%). 

The δ18O values of the carbonates are mostly positive or around 0‰ in average in the 

low maturity samples, and decrease to negative values as low as −14‰ with increasing 

maturity (Fig. 1.5). Fukusaki, Tanohama, and Kanoura carbonates lack isoprenoid 

hydrocarbons including biomarkers for methane-oxidizing archaea and cyclic 

hydrocarbons such as steranes and hopanes (Fig. 2.6). The chromatograms dominated 

by n-alkanes and the 13C-depleted TOC from these carbonates indicate that the 13C-

depleted biomarkers have been broken down into n-alkanes during thermal maturity. 
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Therefore, the following processes are inferred to proceed with increasing burial and 

thermal maturity of seep carbonates: void-filling cements and subsequently 

microcrystalline matrix are recrystallized, the isotopic composition becomes depleted in 

18O, and isoprenoid and cyclic hydrocarbons are lost whereas n-alkanes become 

predominant. It should be noted that the depletion in 18O could be ascribed to meteoric 

water input and the isotopic composition of the original seep fluid as well as to 

temperature increase during burial. The biomarker composition can also reflect the 

original organic compounds contained in the host sediments. Despite the diagenetic 

alterations mentioned above, the carbon isotopic compositions of the biomarkers for 

methane-oxidizing archaea (ANME) appear to be less affected by thermal maturity, 

assuming that the carbon isotopic compositions of the source methane were similar 

among the study sites (Fig. 1.7). This assumption is supported by the similar carbon 

isotopic compositions of the examined ancient carbonates, which are less affected by 

diagenetic alterations with respect to oxygen isotopes. However, if the ANME 

biomarkers are small in quantity, their isotopic compositions would be seriously masked 

by increased amounts of background compounds due to maturity. 

In addition, the data presented in Part 2 indicate possible influence of thermal 

maturity on residual gases within seep carbonates. Thermal maturity could induce 
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secondary cracking of the 13C-depleted organic matter within the seep carbonates, 

producing hydrocarbons with unusual isotopic compositions (Fig. 2.3). Nevertheless, 

the isotopic compositions of the liberated methane possibly represent the original 

signatures in immature samples such as the Nakanomata 1 carbonates. This 

interpretation is indicated by a positive correlation of the carbon isotopic compositions 

between methane and its host carbonate (Figs. 2.5 and 2.8). The isotopic trend of the 

residual hydrocarbons may be useful to assess the relative contribution (mixing ratio) of 

the secondary gases to the normal thermogenic or biogenic gases. It can also provide 

useful information on the molecular composition of the secondary gases, which depends 

on thermal maturity (Figs. 2.4 and 2.10). Pyrolysis experiments of immature organic 

compounds within seep carbonates would be helpful to simulate the generation of the 

secondary gases and changes in their amount and molecular composition with maturity. 

This study is the first attempt to constrain the isotopic composition of “paleo 

methane” contained in ancient seep fluids, and took the first step to know subsurface 

environment in the geologic past using methane-seep carbonates. Such an attempt will 

be further advanced by reexamining seep carbonates of various ages in the world from 

the viewpoint of organic geochemistry and trace-element geochemistry in the future. 
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Appendix. Site descriptions 

A.1. Burdigalian methane seeps in Tsushima Island 

A.1.1. Geological setting 

Tsushima Island is located between Kyushu Island and the Korean Peninsula in the 

southern Japan Sea. This island is composed entirely of Cenozoic marine sedimentary 

rocks of >5400 m in thickness, called the Taishu Group (Fig. A.1; The Ministry of 

International Trade and Industry, 1972, 1973, 1974; Yamada et al., 1990). The Taishu 

Group represents sediments accumulated in the Tsushima deep basin that formed during 

pull-apart processes in the right-lateral strike-slip system of the southwestern Japan Sea 

(Lallemand and Jolivet, 1985; Jolivet and Tamaki, 1992; Golozubov et al., 2017). The 

Taishu Group is subdivided into the Lower, Middle, and Upper formations, and they are 

composed mainly of mudstone, sandstone, and alternating beds of sandstone and 

mudstone. These sediments are regarded as materials supplied by landslide blocks from 

the shallow shelf to the base of the continental slope at a high sedimentation rate of 

~2700 m/Ma (Golozubov et al., 2017). They are intruded by volcanic rocks including 

middle Miocene (~15 Ma) granite in the southern part of the island. The geological 

structure of the Taishu Group is characterized by multiple NE–SW-trending anticlines 

and synclines. These folded structures are related to postsedimentation NW-directed 



175 

 

shortening (Golozubov et al., 2017). Age of the Taishu Group had been regarded as 

early Eocene to early Miocene based on planktonic foraminifers, radiolarians, and K-Ar 

ages of a tuff bed (Ibaraki, 1994; Nakajo and Funakawa, 1996; Sakai and Yuasa, 1998). 

On the contrary, Ninomiya et al. (2014) reported U-Pb ages of 17.86 ± 0.07 Ma and 

15.93 ± 0.20 Ma from tuff beds intercalated in the basal and uppermost parts of the 

Taishu Group, respectively. This study follows Ninomiya et al. (2014), which concluded 

that the Taishu Group was deposited in the Burdigalian to Langhian (17.9–15.9 Ma). 

 

A.1.2. Carbonate occurrence 

Several carbonate rocks have been reported from the Taishu Group, some of which 

are possibly methane-seep carbonates (The Ministry of International Trade and Industry, 

1972; Ninomiya, 2011, 2012). This study focuses on three seep-related carbonate rocks 

at Kanoura (34°28′17″N, 129°23′38″E), Fukusaki (34°18′21″N, 129°15′12″E), and 

Tanohama (34°34′34″N, 129°17′49″E) (Fig. A.1). 

 

A.1.2.1. Kanoura 

At Kanoura, siltstone-rich alternation of the Middle Formation of the Taishu Group 

crops out along a bay coast (Fig. A.2A). A large carbonate body with densely-packed 
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bivalve fossils is intercalated in the dark-gray siltstone (Fig. A.2B–D). Although 

vegetation and weathered nature of the outcrop make it difficult to entirely observe the 

main carbonate body, it seems to be more than 4 m in length and about 1.5 m in 

thickness. According to Ninomiya (2012), the contact between the carbonate body and 

the surrounding mudstone is gradual, and the lower contact contains decimeter-sized 

nodular limestones. Samples for paleontological, petrographical and geochemical 

analyses were collected from boulders derived from the carbonate body. When cracked, 

these carbonate rocks emit strong sulfide odor. 

 

A.1.2.2. Fukusaki 

At Fukusaki, sandstone-rich alternation of the Lower Formation of the Taishu 

Group is well exposed along a coastline. Trace fossils and slumps are commonly 

observed (Fig. A.3A). At a gravel beach facing an outcrop composed entirely of dark-

gray siltstone, well-rounded carbonate cobbles and boulders are found abundantly, 

which were most likely abraded by waves. The carbonates have whitish veins and 

contain bivalve fossils (Fig. A.3B). A large, ~5.6 m-long and ~0.3 m-thick carbonate 

lens is exposed in situ in the siltstone, and is almost barren of fossils (Fig. A.3C). 

Several-centimeter-sized concretions are scattered throughout the siltstone just below 
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this carbonate lens (Fig. A.3D). The concretion-bearing siltstone continues laterally 

about 50 m from the carbonate lens. 

 

A.1.2.3. Tanohama 

At Tanohama, siltstone-rich alternation of the Lower Formation of the Taishu 

Group is well exposed along a coastline (Fig. A.4A). A ~3.7 m-long and ~1 m-thick 

carbonate body is exposed in situ in the dark-gray siltstone with several-centimeter-

sized concretions (Fig. A.4B and C). A pipe-shaped concretion is also found below the 

carbonate body. Based on the macroscopic texture, this carbonate body can be divided 

into three facies (Fig. A.4C). Facies A consists of dark-gray siltstone of less than 1 m 

thick that contains the centimeter-sized concretions (Fig. A.4D). The siltstone of Faces 

A also contains bivalve fossils. Facies B consists of carbonate with densely-packed 

bivalve fossils, and composes the lower part of the carbonate body (Fig. A.4E). Facies B 

also contains laminated, stromatolite-like texture, which is less common than Facies C. 

Facies C consists of carbonate with stromatolite-like laminae and composes the upper 

part of the carbonate body (Fig. A.4F). Facies C contains no bivalve fossils. The 

siltstone several meters below the carbonate body is intercalated with thick sandstones 

and associated with slumps. 
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A.1.3. Carbonate petrography 

A.1.3.1. Kanoura 

The dark-gray matrix of the carbonate body at Kanoura is recrystallized and 

composed of mosaics of sparry or microsparitic calcite (Fig. A.5A–C). The matrix 

commonly contains foraminifer tests, whereas it rarely contains detrital grains such as 

quartz (Fig. A.5D). Ninomiya (2012) reported pellets of about 0.3 mm in diameter 

contained in the matrix of the Kanoura carbonate. Gold-colored patches that have 

irregular contact with the recrystallized matrix are composed of dolomicrite (Fig. A.5E). 

Bivalve shells are replaced completely by sparry calcite, which also crosscuts the matrix 

as veins (Fig. A.5D). Aggregates of polygonal pyrite crystals line the bivalve shells (Fig. 

A.5F). 

 

A.1.3.2. Fukusaki 

The dark-gray matrix of the carbonates at Fukusaki is heavily recrystallized and 

composed almost entirely of sparry calcite mosaic (Fig. A.6A–C). Small round patches 

of clotted dolomicrite or irregular aggregates of ~100 μm dolomite crystals are 

contained in the matrix (Fig. A.6D and E). Pyrite crystals and detrital grains are rare in 
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the matrix. Euhedral quartz crystals are contained within veins of sparry calcite that 

crosscuts the matrix (Fig. A.6F). The small concretion collected below the carbonate 

lens is composed of dolomicrite and microsparite. The dolomicrite of the small 

concretion contains framboidal pyrite and peloids. 

 

A.1.3.3. Tanohama 

At Tanohama, the small concretion from Facies A is composed of dolomicrite, 

which contains ~40% low-Mg calcite (Fig. A.7A). The dolomicrite shows clotted fabric 

and contains bioclasts and pyrite, and no detrital grains (Fig. A.7B). Void spaces are 

lined with radial cements and filled with sparry calcite mosaic and globular chalcedony 

(Fig. A.7C and D). The carbonate of Facies B is mainly composed of micritic low-Mg 

calcite, which contains ~7% dolomite (Fig. A.8A). The micrite is partly recrystallized to 

microsparite to sparitic mosaic, and shows clotted fabric (Fig. A.8B). Detrital grains are 

rare, whereas foraminifer and echinoderm tests are contained in the micrite. Pyrite 

aggregates are contained in the micrite or line rims of void spaces. The void spaces in 

the micrite are filled with mosaic of sparry calcite and equant quartz crystals (Fig. 

A.8C). Some voids are rimmed with acicular or radial calcite cements, which are 

enclosed in sparite mosaic (Fig. A.8D and E). Bivalve shells are completely replaced by 
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sparry mosaic with their margins rimmed with pyrite aggregates. The stromatolite-like 

fabric of Facies C consists of dark-gray recrystallized matrix and grayish void-filling 

sparitic cements (Fig. A.9A). The recrystallized matrix consists of sparry calcite mosaic 

that shows brownish color under plane-polarized light (Fig. A.9B and C). The void-

filling sparry calcite shows ghosts of acicular or radial crystal aggregates that line the 

recrystallized matrix (Fig. A.9C–E). The recrystallized matrix and the void-filling 

cements both contain no detrital grain and pyrite. Globular chalcedony and 

microcrystalline silica also fill the void spaces (Fig. A.9D and E). 

 

A.1.4. Stable carbon and oxygen isotopes 

The stable carbon isotopic composition of the carbonates from Kanoura, Fukusaki, 

and Tanohama is variable, with δ13C values ranging from −52.8‰ to −4.7‰, while their 

δ18O values vary between −14.5‰ to −2.2‰. Samples taken from the same carbonate 

phase generally show similar isotopic compositions (Fig. A.10; Table 1.2). 

At Kanoura, the δ13C values of the recrystallized matrix and the sparry calcite 

range between −30.7‰ and −19.9‰ (n = 3) and −41.8‰ and −41.0‰ (n = 3), 

respectively. Their δ18O values range from −14.4‰ to −10.5‰, with those of the 

recrystallized matrix lower. In contrast to Kanoura, the recrystallized matrix from 
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Fukusaki has δ13C values of −40.2‰ and −37.2‰ (n = 2), which are much lower than 

the sparry calcite (−12.9‰ and −12.6‰, n = 2). The δ18O values of the carbonates from 

Fukusaki are less variable (−14.4‰ to −12.2‰) compared to the other two sites. 

Carbon and oxygen isotopic compositions of the carbonates from Tanohama are 

much variable, and show a characteristic trend, in which higher δ13C values are 

accompanied with lower δ18O values (Fig. A.10). The sparry calcite of Facies A is most 

13C-enriched and 18O-depleted among the carbonates from Tanohama, with δ13C values 

of −13.6‰ and −8.2‰ (n = 2) and corresponding δ18O values of −13.4‰ and −13.8‰, 

respectively. The micrite and the sparry calcite of Facies B show moderate 13C-

depletion, with δ13C values of −26.5‰ to −15.3‰ (n = 5), although their δ18O values 

are similar to or slightly higher than those of Facies A (−13.4‰ to −12.6‰). Two 

samples collected from the sparry and radial calcite of Facies B have extremely low 

δ13C values (−48.4‰ and −50.5‰, respectively) and high δ18O values (−2.2‰ and 

−2.5‰, respectively). The bivalve shell replaced by sparry calcite has an intermediate 

isotopic composition (δ13C and δ18O values of −32.4‰ and −8.5‰, respectively) or 

shows a strong 13C-enrichment (δ13C and δ18O values of −4.7‰ and −4.6‰, 

respectively). The carbonate phases of Facies C are strongly 13C-depleted and generally 

more 18O-enriched than those of Facies A and B. The recrystallized matrix and the 
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sparry and radial calcite of Facies C have δ13C values of −52.8‰ to −32.3‰ (n = 7), 

with the sparry and radial cements lower than the matrix. The δ18O values of these 

phases range between −5.9‰ and −2.4‰, with an exception from the recrystallized 

matrix (−12.9‰). 

 

A.1.5. Interpretation 

The strong 13C-depletion of the carbonate phases, with δ13C values as low as 

−52.8‰, indicates that the carbonate rocks at Kanoura, Fukusaki, and Tanohama were 

formed via the anaerobic oxidation of methane (AOM, e.g., Peckmann and Thiel, 2004). 

It is supposed that terrigenous organic matter supplied rapidly by landslide blocks was a 

sufficient source of biogenic methane production in the sediments. The recrystallized 

matrix is interpreted as former cemented sediments that were recrystallized to sparry 

calcite mosaic. The presence of the 13C-depleted veins of sparry calcite at Kanoura and 

the void-filling sparry and radial calcite at Tanohama suggest a high flux rate of 

methane-containing fluids (Peckmann et al., 2009; Kiel et al., 2014). The variation of 

the carbon and oxygen isotopic compositions of the carbonate phases might partly be 

explained by the mixing between a 13C-depleted and 18O-enriched seep-fluid 

endmember and a 13C-enriched and 18O-depleted diagenetic fluid endmember. The 
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mixing of the two endmembers could have created the characteristic isotopic trend in 

the Tanohama carbonates (Fig. A.10; Tong et al., 2016). In spite of no detection of lipid 

biomarkers of the anaerobic methane-oxidizing archaea, the significantly low δ13CTOC 

values of the carbonates as low as −49.1‰ also support the incorporation of methane-

derived carbon into the bulk organic matter (parts 1 and 2). Facies A of the Tanohama 

seep contains small concretions that are scattered in the siltstone with sparse bivalve 

fossils, and is interpreted to have been formed by diffusive seepage of methane (Nesbitt 

et al., 2013). However, their δ13C values are not low enough to exclude other possibility 

such as organoclastic sulfate reduction. Facies B with dense bivalve fossils could have 

been formed in a bivalve community or a thanatocoenosis. The stromatolite-like fabric 

that constitutes the upper part of the carbonate body at Tanohama (Facies C) suggest the 

microbially mediated cement formation in the cavities, which could have been caused 

by AOM-performing microbial mats (Greinert et al., 2002; Reitner et al., 2005). 

Therefore, Facies C could be interpreted as fossilized microbial mats. 

 

A.2. A Langhian methane seep at Takinoue, western Hokkaido 

A.2.1. Geological setting 

In central Hokkaido, several NS trending Neogene sedimentary basins are widely 
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distributed, which are foreland basins formed by the collision of the Chishima and 

Honshu arcs during the middle Miocene (Hoyanagi et al., 1986). One of them, the 

Ishikari-Hidaka basin, comprises the western part of Yubari City. In this area, the 

Neogene sediments unconformably overlie the Cretaceous Yezo Group and the 

Paleogene Poronai and Momijiyama formations (Fig. A.11; Ishida et al., 1980; 

Nakagawa et al., 1996). The Neogene sediments become younger to the west, and they 

are subdivided into the Takinoue, Kawabata, Umaoiyama, and Yuni formations in 

ascending order (Matsuno and Hata, 1960; Takahashi et al., 2002). Several NW–SE-

trending folds and faults affect these sediments. The methane-seep carbonates examined 

in this study are contained in the Takinoue Formation. The Takinoue Formation consists 

of sandstone-rich facies in the lower part and mudstone-rich facies in the upper part. 

The seep carbonates are contained in the latter mudstone-rich facies. Although the 

depositional environment of the Takinoue Formation remains unclear, Kanno and 

Ogawa (1964) has reported shallow-water molluscan fossils such as Ostrea and 

Clinocardium from the lower part and rather deeper-water-dwelling species such as 

Akebiconcha (later reidentified as Adulomya by Amano and Kiel, 2011) and Portlandia 

from the upper part of the formation. Kawakami et al. (2002) and Kubota et al. (2010) 

tentatively located the boundary between the Takinoue and Kawabata formations in the 
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Yubari area at around 15 Ma, based on the age of the Kawabata Formation determined 

by K-Ar dating of a tuff bed and diatom and radiolarian fossils within this formation. 

 

A.2.2. Carbonate occurrence 

Irregular-shaped carbonate concretions of a few to 300 mm in diameter are 

scattered within a 3.5 m-thick dark-gray siltstone of the Takinoue Formation on a 

stepped riverbed of Yamayosawa Creek, a branch of the Yubari River (Figs. A.12 and 

A.13, coordinates: 42°54ʹ34ʺN, 142°01ʹ49ʺE). A large concretion of ~1 m in diameter is 

also contained in the uppermost part of this concretion-bearing horizon. This horizon is 

probably located close to the boundary between the Takinoue and Kawabata formations, 

although many faults affecting the formations around this site make its stratigraphic 

position difficult to determine (Takahashi et al., 2002). 

 

A.2.3. Associated molluscan fossils 

Abundant shells of a small, elongated vesicomyid Adulomya sp. (up to >65 mm in 

shell length) are concentrated in the carbonate concretions or in the siltstone just above 

them (Figs. A.12D and A.13). Kanno and Ogawa (1964) has previously reported float 

blocks containing fossils of Akebiconcha chitanii around this site, which were later 
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reidentified as Adulomya uchimuraensis by Amano and Kiel (2011). The vesicomyid 

fossils collected in this study are, however, significantly smaller than A. uchimuraensis. 

The vesicomyid shells are articulated or disarticulated, and densely packed (Fig. 

A.12D). Although vesicomyid shells are chalky, some specimens are composed of 

aragonite with cross lamellar microstructure. In addition to the vesicomyid, only one 

specimen of articulated valves of Lucinoma sp. was found in one of the concretions. 

 

A.2.4. Carbonate petrography 

The matrix of the carbonate concretions is dark-gray micrite and crosscut by mm- 

to cm-scale cracks, which are filled with pinkish-colored cement (Fig. A.14A). The 

matrix micrite and pinkish cement are both composed of high-Mg calcite. The matrix 

micrite commonly contains glauconite, as well as pyrite and detrital grains. The pinkish 

cement is composed of detritus-poor pure micrite, microsparite, and spherical crystal 

aggregates (Fig. A.14B). The spherical crystals are about 50 μm in diameter, some of 

which consist of radially arranged aggregates of small calcite crystals (Fig. A.14C). The 

pinkish cements show laminated and mottled fabrics. The lamination encrusts the inner 

walls of the crack independently of the normal depositional process governed by gravity 

(Fig. A.14D). The mottled fabric is composed of various-sized peloids or clasts (up to 1 
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mm in diameter) of the pure micrite floated within a matrix of the microsparite (Fig. 

A.14E). In addition, the pinkish cement shows a “non-gravitational fabric” (Martire et 

al., 2010), characterized by incongruent geopetal infillings by the pure micrite within a 

single cavity (Fig. A.14F and G). The dark-gray matrix and pinkish cements are crosscut 

by fractures filled with brownish micrite, which contains angular clasts of the pinkish 

cement. The largest concretion contained in the uppermost part of the concretion-

bearing horizon is composed of clotted micrite with recrystallized vesicomyid shells in 

the upper a few-cm part, and dolomicrite in the lower part. 

 

A.2.5. Stable carbon and oxygen isotopes 

The matrix micrite has δ13C and δ18O values ranging from −43.0‰ to −26.9‰ and 

from −2.9‰ to +0.3‰, respectively (n = 8, Fig. A.15 and Table 1.2). The pure micrite 

of the pinkish cement shows the strongest 13C depletion and 18O enrichment, with δ13C 

values of −48.3‰ to −37.3‰ and δ18O values of −1.9‰ to +2.1‰ (n = 7). Two samples 

collected from the microsparite of the cement yielded δ13C values of −45.7‰ and 

−39.5‰, with δ18O values of +1.1‰ and −4.0‰, respectively. A sample from the 

spherical crystal aggregates yielded a δ13C value of −40.3‰ and a δ18O value of −3.3‰. 

The Adulomya shells show higher δ13C values of −21.2‰ to −12.5‰, although their 
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δ18O values are similar to the carbonate phases mentioned above (−0.7‰ to 0.0‰). A 

recrystallized shell has a distinct isotopic composition, with δ13C and δ18O values of 

−16.3‰ and −9.2‰, respectively. The brownish micrite has the highest δ13C value of 

−4.0‰ with a δ18O value of −0.3‰. Except for the vesicomyid shells and the brownish 

micrite, the δ13C and δ18O values of the carbonate phases show a negative correlation, in 

which higher δ13C values accompany lower δ18O values (Fig. A.15). 

 

A.2.6. Interpretation 

The strongly 13C-depleted isotopic compositions of the matrix micrite and the 

pinkish cement indicate that they originated from the anaerobic oxidation of methane. 

The cracks filled with the pinkish cement were formed probably by the displacement of 

the semi-consolidated sediment by focused fluid flows or the contraction of the 

cemented sediment. The morphology and size of the spherical crystals of the pinkish 

cement (Fig. A.14C) resemble those of Baccanella, a genus of enigmatic microfossils 

microproblematica (Flügel, 2010). Baccanella has been interpreted as a bacterially 

induced precipitate or a diagenetic product caused by recrystallization of micritic high-

Mg calcite and aragonite on the seafloor. The laminated fabric lining inner walls of the 

cracks suggests the former presence of microbial mats in the cracks (Cavagna et al., 
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1999; Campbell et al., 2002; Greinert et al., 2002; Martire et al., 2010). The mottled 

fabric of the pinkish cement, with peloids and clasts floating in the microsparite, could 

have originated from a microbial activity (e.g., Peckmann et al., 1999), or the erosion of 

the pure micrite by a fluid flow. Martire et al. (2010) interpreted the “non-gravitational 

fabric” in Miocene methane-seep carbonates from Marmorito, NW Italy, to have been 

formed through the following process: gas hydrates that initially filled the cavities were 

partially dissociated and authigenic carbonates or injected sediments subsequently filled 

the new spaces. However, the paleotemperature estimated from the δ18O values of the 

aragonitic Adulomya shells is around 19°C (Lécuyer et al., 2012) and is too high for the 

common bottom-water temperature in which gas hydrates are stable (Kvenvolden, 

1988). The δ13C values of the vesicomyid shells are low with respect to seawater. A 

negative correlation between the δ13C and δ18O values of the carbonate phases (Fig. 

A.15) is commonly observed in methane-seep carbonates and is known as a diagenetic 

trend (e.g., Tong et al., 2016). These facts suggest that the oxygen isotopic composition 

of the Adulomya shells have been somewhat altered by diagenetic processes such as a 

temperature increase during burial and a meteoric input. It is therefore difficult to prove 

the presence of gas hydrates at the Takinoue seep. 
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A.3. Miocene to Pliocene methane seeps in the Shin’etsu area 

In the Shin’etsu area, Miocene methane seeps were previously reported in detail by 

Amano et al. (2010) (Kuroiwa seep), Nobuhara (2010) (Anazawa/Akanuda seep), and 

Miyajima et al. (2016) (Nakanomata 1 seep). The Neogene seep sites in this area 

including these previously-reported sites are briefly described below. 

 

A.3.1. Anazawa/Akanuda (Serravallian) 

Large-sized carbonate bodies of up to ~20 m in diameter are intercalated within the 

middle Miocene Bessho Formation near the Anazawa and Akanuda villages, Nagano 

Prefecture (coordinates of the largest body called the “Anazawa Limestone”: 

36°19ʹ25ʺN, 138°00ʹ34ʺE). From the Anazawa Limestone, Kato et al. (2011) reported 

calcareous nannofossil assemblage of the CN5a zone of Okada and Burkry (1980), 

which corresponds to an absolute age of 13.6 to 13.1 Ma (Saito, 1999). Abundant and 

diverse fossils of vesicomyid, bathymodiolin, and other mollusks are contained in the 

carbonates (Tanaka, 1959; Nobuhara, 2010; Miyajima et al., 2017). The carbonates are 

composed of muddy micrite with sparitic veins and veinlets, both showing low δ13C and 

δ18O values ranging from −42.2‰ to −27.3‰ and from −8.9‰ to −4.1‰, respectively 

(measured in this study, see Table 1.2). The veins and veinlets consist of mosaics of 
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sparry calcite with ghosts of acicular crystals. 

 

A.3.2. Sorimachi (Serravallian) 

Small carbonate nodules of 10 to 170 mm in diameter are abundantly contained 

with vesicomyid fossils in the siltstone of the middle Miocene Bessho Formation at a 

riverside cliff of the Hofukuji River, Nagano Prefecture (coordinates: 36°19′37″N, 

137°59′40″E). This locality is located about 1.3 to 1.5 km west of, and probably 

stratigraphically above the Anazawa/Akanuda seep (Seki, 1983). The nodules are 

composed entirely of micrite, which is strongly depleted in 13C (δ13C values as low as 

−34.6‰). 

 

A.3.3. Kuroiwa (Tortonian) 

Two large carbonate bodies are contained within the uppermost middle Miocene 

Ogaya Formation at a quarry of Kita-Kuroiwa, Niigata Prefecture (coordinates: 

37°14ʹ51ʺN, 138°30ʹ04ʺ). The carbonate bodies are in contact with a Pliocene andesite 

dyke (Takeuchi et al., 1996), and underlain by a tuff bed dated as latest Serravallian to 

earliest Tortonian (11.64 ± 0.65 Ma) using fission track method (Muramatsu, 1988). 

According to Amano et al. (2010), one of the carbonate bodies (southern body) was 10 
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m long, 4 m high with unknown width, but the original outcrop has been destroyed 

during recent quarrying and only float blocks of the carbonate could be collected for this 

study. As described in Amano et al. (2010), the collected carbonates contain abundant 

vesicomyid and provannid fossils and are composed mainly of micrite with several 

spots or veins of void-filling sparry calcite. The voids are also lined with acicular 

aragonite or calcite, which is enclosed in sparry calcite. Some of the collected 

carbonates are composed of mosaics of sparry calcite instead of micrite. All of these 

carbonate phases show low δ13C and δ18O values ranging from −36.6‰ to −26.1‰ and 

from −8.5‰ to −2.8‰, respectively (measured in this study, see Table 1.2). Another 

carbonate body (northern body), which was not examined in this study, is heavily 

recrystallized and contains fossils of bathymodiolins as well as vesicomyids. 

 

A.3.4. Nakanomata 1 (Tortonian or Messinian) 

Several float blocks of seep carbonates were found on a riverbed of the 

Nakanomata River, Niigata Prefecture. One of them, a ~30-cm block called the 

“Nakanomata Seep Deposit” (found at 37°05ʹ50ʺN, 138°09ʹ22ʺE), contains diatom 

fossils of the Rouxia californica zone (NPD7A) of Yanagisawa and Akiba (1998), which 

corresponds to the Tortonian to Messinian (7.5–6.5 Ma), and is most likely derived from 
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the upper Miocene Nodani Formation (Miyajima et al., 2016). This carbonate block 

contains vesicomyid, bathymodiolin, and provannid fossils, and consists of 

microcrystalline aragonite that is crosscut by vein-like networks of voids and cavities. 

The void spaces are rimmed with crystal aggregates of acicular aragonite. The 

microcrystalline and acicular aragonites are both strongly depleted in 13C, with δ13C 

values as low as −41.1‰. 

 

A.3.5. Nakanomata 2 (Tortonian) 

Several cm-sized carbonate nodules and fossils of a vesicomyid Calyptogena 

pacifica are contained in the siltstone of the upper Miocene Nodani Formation at a 

riverside cliff of the Nakanomata River (coordinates: 37°05ʹ49ʺN, 138°09ʹ26ʺE). The 

nodule-bearing horizon is about 200 m below a tuff bed dated as latest Tortonian to 

earliest Messinian (7.13 ± 0.42 Ma) using fission track method (Muramatsu, 1989). The 

nodules are spherical or pipe-shaped with a central void, and entirely composed of 

micrite. Millimeter- to centimeter-scale voids around the central cavity of the pipe-

shaped nodules are rimmed with bladed or fibrous calcite. The micrite and bladed or 

fibrous calcite are moderately depleted in 13C, with δ13C values higher than −25‰ 

(−24.8‰ to −13.2‰, see Table 1.2). The δ18O values of these phases are positive 
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(+1.4‰ to +2.1‰). 

 

A.3.6. Matsunoyama (Zanclean) 

Small carbonate nodules of 10 to 130 mm in diameter are abundantly contained in 

the siltstone of the Pliocene Tamugigawa Formation at a riverside cliff of the Koedo 

River, Niigata Prefecture (coordinates: 37°05′44″N, 138°37′42″E). This locality is 

stratigraphically located about 160 m above a tuff bed dated as Zanclean (5.06 Ma) 

using fission track method (Amano et al., 1991). The nodules are associated with 

vesicomyid and other diverse molluscan fossils and composed of strongly 13C-depleted 

micrite (δ13C values as low as −46.0‰). 

 

A.4. A Middle Pleistocene methane seep at Anden, the Oga Peninsula 

A.4.1. Geological setting 

The Cenozoic sediments in the Oga Peninsula are unconformably underlain by the 

Cretaceous granitic basement and Cretaceous to Neogene volcanic rocks (Kano et al., 

2011; Fig. A.16). The Miocene to Pleistocene sediments are exposed in the eastern part 

of the peninsula, which become younger to the east and generally show a shallowing-

upward change of sedimentary environment (Kitazato, 1975; Shirai and Tada, 2000). 
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The Pleistocene sediments are affected by N–S and NNW–SSE trending reverse faults 

and folds in the easternmost part (Kano et al., 2011). At the Anden Coast located in the 

central part of the northern coast of the peninsula, the Pleistocene sediments subdivided 

into the Kitaura, Wakimoto, Shibikawa, and Katanishi formations in ascending order are 

well exposed along a seaside cliff. The methane-seep carbonates examined in this study 

are contained in the Wakimoto Formation, which consists of dark-gray sandy siltstone 

deposited on shelf (Shirai and Tada, 2000). The age of the Kitaura Formation is 

estimated as 1.8 to 0.6 Ma based on microfossils and tuff beds (reviewed in Kano et al., 

2011). A fission track age of 0.39 ± 0.04 Ma was obtained for a tuff bed called “Oga” 

and intercalated within the lowermost part of the Shibikawa Formation (Kano et al., 

2002). The age of the Wakimoto Formation is thus estimated as the Middle Pleistocene 

(0.6 to 0.4 Ma). 

 

A.4.2. Carbonate occurrence 

Carbonate concretions of up to ~240 mm in diameter and smaller, irregular or 

burrow-shaped nodules are scattered within a ~2.2 m-thick horizon of the sandy 

siltstone of the Wakimoto Formation at the Anden Coast (Figs. A.17 and A.18, 

coordinates: 39°58ʹ12ʺN, 139°50ʹ38ʺE). This horizon is located about 6.5 m below the 
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boundary between the Wakimoto and Shibikawa formations, and about 23 m below the 

“Oga” tuff bed. The sandy siltstone surrounding the carbonates contains abundant trace 

fossils. 

 

A.4.3. Associated molluscan fossils 

The carbonate concretions and surrounding sandy siltstone contain fossils of a 

large thyasirid bivalve, Conchocele bisecta (up to 96.1 mm in shell length, Fig. A.17C). 

Fossils of C. bisecta occur exclusively as articulated valves (n = 7), directing their 

umbones upward as in their life position (Hickman, 1984). The original aragonite 

mineralogy and cross lamellar microstructure of the shell is preserved. A protobranch 

bivalve Neilonella sp. is also contained within a ~240 mm-diameter concretion. The 

sandy siltstones surrounding the carbonates sparsely contain fragments or disarticulated 

valves of shallow-water bivalves, such as Cyclocardia ferruginea and Clinocardium? 

sp., and gastropods such as Margarites laudatus, Turritella (Neohaustator) fortilirata, 

Lacuna (Epheria) turrita, and Euspira sp. 

 

A.4.4. Carbonate petrography 

The carbonate concretions and nodules from the Anden locality consist of an 
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irregular mixture of cream-colored, gray, and dark-gray parts, showing burrow-like 

appearances (Fig. A.19A). The gray and dark-gray parts are tightly cemented by micritic 

low-Mg and high-Mg calcite, respectively, whereas the cream-colored parts are loosely 

cemented. The dark-gray micrite shows clotted fabric (Fig. A.19B). 

 

A.4.5. Stable carbon and oxygen isotopes 

The dark-gray micrite is strongly depleted in 13C, with δ13C values ranging 

between −64.7‰ and −54.8‰ (n = 6). In contrast, the gray micrite shows higher δ13C 

values of −20.4‰ to −4.7‰ (n = 7). The δ18O values of these phases overlap between 

+0.2‰ and +1.8‰, with those of the gray micrite ranging wider (Fig. A.20 and Table 

1.2). A sample taken from an aragonitic shell of Conchocele bisecta has an isotopic 

composition similar to that of the gray micrite, with a δ13C value of −4.2‰ and a δ18O 

value of +0.7‰. 

 

A.4.6. Interpretation 

Thyasirid bivalves including Conchocele bisecta are typical inhabitants in sulfide-

rich reducing environments such as methane seeps (Dufour, 2005; Taylor and Glover, 

2010). The strongly 13C-depleted isotopic composition of the dark-gray micrite, with 
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δ13C values as low as −65‰, obviously indicates that this phase originated from the 

anaerobic oxidation of methane (AOM). The matrix of the carbonate concretions and 

surrounding sediments are bioturbated, and the burrow-like appearance of the 

concretions suggests that the methane-charged fluids diffused into the burrows and other 

pore spaces in the sandy silt. However, the δ13C values not lower than −20‰ of the gray 

micrite that encloses the dark-gray micrite could have resulted from the sulfate 

reduction of the sedimentary organic matter, rather than the AOM (Irwin et al., 1977). 

The lower Mg content of the gray micrite compared with the dark-gray micrite might 

have resulted from a decrease in seawater-derived Mg in the pore water due to an 

increase in burial depth of the micrite. Based on the δ18O values, the Conchocele shell 

and gray and dark-gray micrites could have been precipitated nearly in equilibrium with 

the ambient bottom water (~0‰), therefore close to the seafloor (Tarutani et al., 1969; 

Friedman and O’Neil, 1977; Lécuyer et al., 2012). 

 

A.5. Umitaka Spur central seep site, offshore Joetsu 

A.5.1. Geological setting 

The Umitaka Spur is located about 40 km offshore from Joetsu City, Niigata 

Prefecture (Fig. A.21). The spur is one of the anticlinal axes extending NNE to SSW, 
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which are related to the compressional tectonics since the late Neogene in the Japan Sea 

(Matsumoto et al., 2009; also see Preface V). The spur is characterized by large 

pockmarks and mounds of ~500 m in diameter, which are arranged NNE to SSW on the 

summit of the spur at ~900 m water depth (Matsumoto et al., 2009). At the central part 

of the Umitaka Spur, methane plumes and emanating gas bubbles have been observed 

around two mounds, where abundant carbonate nodules and bacterial mats are 

distributed on the seafloor (Machiyama et al., 2009). The sulfate-methane interface is 

located shallower than 2.0 m below seafloor around the methane plume sites, indicating 

a very high methane flux (Hiruta et al., 2009). Gas hydrates are exposed on the seafloor 

and have been recovered from the subseafloor by piston coring at the mounds. The 

hydrate-bound methane at the mounds has δ13C values ranging between −37.3‰ and 

−34.6‰ (−36.0‰ in average, n = 6) and is thermogenic in origin (Hachikubo et al., 

2015). The seeping methane has similar isotopic composition to the hydrate-bound 

methane (R. Matsumoto pers. comm.). The thermogenic methane possibly originated 

from the Miocene Nanatani and Lower Teradomari formations deeper than 1 km below 

seafloor and migrated through subseafloor faults and carrier beds (Monzawa et al., 

2006; Matsumoto et al., 2009; Freire et al., 2011). 
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A.5.2. Occurrence and age of carbonates 

At the southern flat area of one of the two mounds in the Umitaka Spur central, 

several cm-sized and platy carbonate nodules are scattered on the seafloor, which is 

covered with bacterial mats. The carbonate samples examined in this study were 

recovered in this flat area at ~900 m water depth from two sites, which are Site 2 

(coordinates: 37°25.981ʹN, 138°00.210ʹE) and Site 5 (coordinates: 37°25.991ʹN, 

138°00.259ʹE) of the HPD_00759 dive survey by ROV Hyper-dolphin of the R/V 

Natsushima (Japan Agency for Marine-Earth Science and Technology, JAMSTEC) 

during the NT07-20 cruise (October 2007). These sites are located at less than ~100 m 

from the methane seep sites where gas bubbles were observed (Machiyama et al., 2009). 

Although the formation ages of the examined nodules are unknown, U-Th and 14C 

dating of carbonate nodules collected from the seafloor and piston core sediments at 

another mound of the Umitaka Spur central site indicated formation ages ranging 

between ~40 and 10 ka (Watanabe et al., 2008; Hiruta et al., 2014). Watanabe et al. 

(2008) suggested that methane seepage was most intensive at ~20 ka, which accords 

with the lowest-stand sea level during the last glacial age. Therefore, the examined 

carbonates in this study could also have been formed at some time during the Late 

Pleistocene. 
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A.5.3. Carbonate petrography 

The platy carbonate nodule collected at Site 2 shows an obscure lamination, while 

that collected at Site 5 shows a porous texture (Fig. A.22). The nodules are entirely 

composed of light-gray micritic high-Mg calcite (Fig. A.22). The micrite commonly 

contains foraminifera tests and shows clotted or peloidal fabrics (Fig. A.22C). 

 

A.5.4. Stable carbon and oxygen isotopes 

The micrite of the carbonate nodules at the Umitaka Spur central seep site is 

relatively less depleted in 13C and most enriched in 18O, compared with the other seep 

carbonates examined in this study (Table 1.2). Two samples from the micrite at Site 2 

shows δ13C values of −13.4‰ and −12.0‰, with δ18O values of +3.0‰ and +4.0‰, 

respectively. The micrite from Site 5 has δ13C values of −19.3‰ to −18.0‰ and δ18O 

values of +5.2‰ to +5.4‰ (n = 3). 
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Fig. A.1. Geological map of Tsushima Island (modified from The Ministry of 

International Trade and Industry, 1972, 1973, 1974 and Ninomiya et al., 2014).
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Fig. A.2. Field photographs at the Kanoura seep site. (A) Siltstone-rich alternation of 

sandstone and siltstone of the Middle Formation of the Taishu Group. Hammer is 33 cm 

long. (B–D) Carbonate boulders packed densely with bivalve fossils, derived from the 

seep carbonate body in the siltstone.
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Fig. A.3. Field photographs at the Fukusaki seep site. (A) Slumping structure of the 

sandstone-rich alternation of sandstone and siltstone of the Lower Formation of the 

Taishu Group. (B) Carbonate boulder containing a bivalve fossil (Bathymodiolus, white 

arrow) and whitish veins. (C) Carbonate lens (white arrow) exposed in the siltstone. (D) 

Small carbonate concretions scattered throughout the siltstone below the carbonate lens 

shown in (C).
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Fig. A.4. Field photographs and columnar section at the Tanohama seep site. (A) 

Siltstone-rich alternating beds of sandstone and siltstone of the Lower Formation of the 

Taishu Group. White arrow indicates the seep carbonate body. (B) Seep carbonate 

body. (C) Columnar section of the seep carbonate body and surrounding siltstone. 

Facies division of the carbonate body (see text for detail) is indicated on the left side of 

the columnar sect ion.  Bars  on the r ight  s ide indicate  dis tr ibut ion of  the 

micrite/recrystallized matrix and the sparry calcite cement. Width of the bars indicates 

relative abundance of the carbonate phases. (D) Stromatolite-like laminae of Facies C. 

Camera cap is 5 cm diameter. (E) Bivalve-rich carbonate of Facies B. (F) Siltstone of 

Facies A with small carbonate concretions scattered.
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Fig. A.5. Petrography of the Kanoura seep carbonate. (A) Polished slab of a carbonate 

boulder showing dark-gray recrystallized matrix (rm), gold patches of dolomicrite (dm), 

and veins of sparry calcite (sp). (B) Recrystallized matrix (rm) crosscut by sparry 

calcite (sp). Plane-polarized light. (C) Same view as (B) under cross-polarized light. (D) 

Bivalve shell (s) and a foraminifer test (white arrow). Plane-polarized light. (E) 

Dolomicrite patch (dm) having irregular contact with the recrystallized matrix (rm). 

Plane-polarized light. (F) Pyrite crystals (white arrow) at the rim of a bivalve shell (s). 

Plane-polarized light. Scale bar for (A) = 10 mm, for (B)–(F) = 500 μm.
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Fig. A.6. Petrography of the Fukusaki seep carbonate. (A) Polished slab of the 

carbonate lens showing dark-gray recrystallized matrix (rm) and veins of sparry calcite 

(sp). (B) Recrystallized matrix (rm) containing a bivalve shell (s). Plane-polarized light. 

(C) Same view as (B) under cross-polarized light. (D) Micrite patch (m) surrounded by 

the recrystallized matrix (rm). Plane-polarized light. (E) Aggregate of dolomite crystals. 

Plane-polarized light. (F) Euhedral quartz crystals (white arrows) in sparry calcite (sp). 

Cross-polarized light. Scale bar for (A) = 10 mm, for (B)–(F) = 500 μm.
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Fig. A.7. Petrography of the carbonate of Facies A of the Tanohama seep. (A) Polished 

slab of a carbonate concretion showing dark-gray dolomicrite (dm) containing sparry 

calcite cement (white arrow). (B) Dolomicrite (dm) showing clotted fabric and sparry 

calcite cement (sp). Plane-polarized light. (C) Void space rimmed with radial calcite 

(rc) and filled with sparry calcite (sp) and globular chalcedony (white arrow). 

Plane-polarized light. (D) Same view as (C) under cross-polarized light. Scale bar for 

(A) = 10 mm, for (B)–(D) = 500 μm.
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Fig. A.8. Petrography of the carbonate of Facies B of the Tanohama seep. (A) Polished 

slab of the carbonate body showing dark-gray micrite (m) containing sparry calcite 

cements (white arrows). (B) Micrite showing clotted fabric. Plane-polarized light. (C) 

Void space filled with sparry calcite (sp) and quartz crystals (white arrows). 

Cross-polarized light. (D) Void space rimmed with radial calcite (rc) and filled with 

sparry calcite (sp). Plane-polarized light. (E) Same view as (D) under cross-polarized 

light. Scale bar for (A) = 10 mm, for (B)–(E) = 500 μm.
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Fig. A.9. Petrography of the carbonate of Facies C of the Tanohama seep. (A) Polished 

slab of the carbonate body showing the stromatolite-like fabric composed of dark-gray 

recrystallized matrix (rm) and grayish sparry calcite cements (sp). (B) Alternation of the 

recrystallized matrix (rm) and the sparry calcite cement (sp). Plane-polarized light. (C) 

Acicular ghosts (ac) of the sparry cements lining the recrystallized matrix (rm). 

Plane-polarized light. (D) Void space rimmed with acicular crystals (ac) and filled with 

quartz (q). Plane-polarized light. (E) Same view as (D) under cross-polarized light. 

Scale bar for (A) = 10 mm, for (B)–(E) = 500 μm.
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Fig. A.10. Stable carbon and oxygen isotopic compositions of selected carbonate phases 

from the Kanoura and Fukusaki seeps (left) and the Tanohama seep (right).
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Fig. A.11. Geological map of the Yubari area (modified from Matsuno and Hata, 1960; 

Matsuno et al., 1964; Sasa et al., 1964; Ishida et al., 1980; Nakagawa et al., 1996; Taka-

hashi et al., 2002). l., lower; Olig., Oligocene; Pleist., Pleistocene; Plio., Pliocene.
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Fig. A.12. Field photographs at the Takinoue seep. (A) Photograph of the whole 

outcrop (~7.5 m across) that contains carbonate concretions. (B) Carbonate concretions 

(white arrows) within the siltstone. (C) Pinkish cement filling cracks of a concretion. 

(D) Densely-packed vesicomyid shells in the siltstone (Photo by R.G. Jenkins, 

Kanazawa University, Japan). Scale bar = 5 cm.
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Fig. A.13. Sketch of the Takinoue outcrop shown in Fig. A.12A.
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Fig. A.14. Petrography of the Takinoue seep carbonate. (A) Polished slab of a 

concretion, showing abundant cracks filled with pinkish cement (pk) in the dark-gray 

matrix micrite (mm). (B) Pinkish cement consisting of pure micrite (pm), microsparite 

(msp), and spherical crystal aggregates (spc). Plane-polarized light. (C) Enlarged view 

of spherical crystal aggregates. Plane-polarized light. (D) Laminated fabric consisting 

of alternating pure micrite (pm) and microsparite (msp). Plane-polarized light. (E) 

Peloids and clasts of pure micrite (pm), surrounded by microsparite (msp). 

Plane-polarized light. (F, G) Non-gravitational fabric, characterized by incongruent 

geopetal infillings by pure micrite (pm) within single cavities. Also note the clasts of 

pure micrite floating within microsparite (msp). s, bivalve shell. Plane-polarized light. 

Scale bars for (A) = 10 mm, for (B) and (D)–(G) = 1 mm, for (C) = 100 μm.
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Fig. A.15. Stable carbon and oxygen isotopic compositions of selected carbonate phases 

from the Takinoue seep.
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Fig. A.16. Geological map of the Oga Peninsula (modified from Kano et al., 2011). 

Holo., Holocene; l., lower; Pg., Paleogene; Plio., Pliocene.
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Fig. A.17. Field photographs and molluscan fossil at the Anden seep. (A) Whole 

outcrop including carbonate-concretion-bearing zone of the Wakimoto Formation 

(marked by square), the boundary between the Wakimoto and Shibikawa formations 

(dashed arrow), and the “Oga” tuff bed (solid arrow). Scale bar = 5 m. (B) Carbonate 

concretion of ~240 mm in diameter within the sandy siltstone of the Wakimoto 

Formation. (C) Conchocele bisecta collected from the sandy siltstone surrounding the 

concretions. Scale bar = 10 mm.
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Fig. A.18. Sketch of concretion-bearing zone at the Anden seep, marked by square in 

Fig. A.17A.
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Fig. A.19. Petrography of the Anden seep carbonate. (A) Polished slab of a concretion 

(Fig. A.17B) that consists of gray micrite (gm) and patches of dark-gray micrite (dgm), 

surrounded by cream-colored and loosely cemented matrix. White arrows indicate trace 

fossils. Scale bar = 10 mm. (B) Dark-gray micrite (dgm) showing clotted fabric. 

Plane-polarized light. Scale bar = 1 mm.
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Fig. A.20. Stable carbon and oxygen isotopic compositions of selected carbonate phases 

from the Anden seep.
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Fig. A.21. Bathymetric map showing the location of the Umitaka Spur central seep site 

(map provided by R.G. Jenkins, Kanazawa University, Japan). Inset shows locations of 

the bathymetric map (marked by square) and another study sites on land (circles).
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Fig. A.22. Petrography of carbonate nodule from the Umitaka Spur central seep. (A) 

Plane view of a platy nodule, collected at Site 5 of the HPD_00759 dive survey during 

NT07-20 cruise. Scale bar = 10 mm. (B) Polished slab of the same sample shown in 

(A), showing porous texture. Scale bar = 10 mm. (C) Micrite containing foraminifer 

tests (arrows). Black parts are pore spaces. Cross-polarized light. Scale bar = 500 μm.
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