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a b s t r a c t
The oceanic basaltic crust is the largest aquifer on Earth and has the potential to harbor substantial
subsurface microbial ecosystems, which hitherto remains largely uncharacterized and is analogous to
extraterrestrial subsurface habitats. Within the sediment-buried 3.5 Myr old basaltic crust of the eastern
Juan de Fuca Ridge ﬂank, the circulating basement ﬂuids have moderate temperature (∼65 ◦ C) and low
to undetectable dissolved oxygen and nitrate concentrations. Sulfate, present in high concentrations, is
therefore expected to serve as the major electron acceptor in this subsurface environment. This study
focused on the availability and potential sources of two important electron donors, methane (CH4 ) and
hydrogen (H2 ), for the subseaﬂoor biosphere. High integrity basement ﬂuids were collected via ﬂuid
delivery lines associated with Integrated Ocean Drilling Program (IODP) Circulation Obviation Retroﬁt
Kits (CORKs) that extend from basement depths to outlet ports at the seaﬂoor. Two new CORKs installed
during IODP 327 in 2010, 1362A and 1362B, were sampled in 2011 and 2013. The two CORKs are superior
than earlier style CORKs in that they are equipped with coated casing and polytetraﬂuoroethylene
ﬂuid delivery lines, reducing the interaction between casing materials with the environment. Additional
samples were collected from an earlier style CORK at Borehole 1301A.
The basement ﬂuids are enriched in H2 (0.05–1.8 μmol/kg), suggesting that the ocean basaltic aquifer
can support H2 -driven metabolism. The basement ﬂuids also contain signiﬁcant amount of CH4
(5–32 μmol/kg), revealing CH4 as an available substrate for subseaﬂoor basaltic habitats. The δ 13 C values
of CH4 from the three boreholes ranged from −22.5 to −58h, while the δ 2 H values ranged from −316
to 57h. The isotopic compositions of CH4 and the molecular compositions of hydrocarbons suggest that
CH4 in the basement ﬂuids is of both biogenic and abiotic origins, varying among sites and sampling
times. The δ 2 H values of CH4 in CORK 1301A ﬂuid samples are much more positive than found in all
other marine environments investigated to date and are best explained by the partial microbial oxidation
of biogenic CH4 . In conclusion, our study shows that CH4 and H2 are persistently available to fuel the
deep biosphere and that CH4 is both produced and potentially consumed by microorganisms in the
oceanic basement.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The upper (40–500 m) oceanic basaltic crustal aquifer holds
an amount of seawater-derived hydrothermal ﬂuids equal to approximately 2% of the global ocean volume, and thus represents
Abbreviations: JFR, Juan de Fuca Ridge; IODP, Integrated Ocean Drilling Program; ODP, Ocean Drilling Program; CORK, Circulation Obviation Retroﬁt Kit; FDL,
ﬂuid delivery line; MPS, mobile pump system; MVBS, medium volume bag sampler;
LVBS, large volume bag sampler; PTFE, polytetraﬂuoroethylene; mbsf, meters below
seaﬂoor; msb, meters sub-basement; Ti-major, titanium major sampler.
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the largest aquifer on earth (Johnson and Pruis, 2003). Heat ﬂow
data indicate that thermally driven circulation of seawater persists
within the upper basaltic crust (basement) to a global average age
of at least 65 million-year (Myr) old (Parsons and Sclater, 1977).
Basement ﬂuids are primarily recharged by bottom seawater that
penetrates highly permeable basement at mid-ocean ridges and
through thinly sedimented young ridge ﬂanks and unsedimented
rocky seamounts. Most of the ﬂow occurs through ridge ﬂanks at
relatively low temperature (Expedition 327 Scientists, 2010). This
immense low temperature subseaﬂoor basalt-aquifer provides an
analogy to extraterrestrial subsurface microbial ecosystems (Sleep
et al., 2004; Nealson et al., 2005; Sherwood Lollar et al., 2007).
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Evidence from the alteration of basaltic glass and rocks, including their texture (Fisk et al., 1998; Furnes and Staudigel, 1999;
Furnes et al., 2001b), chemical (Alt and Mata, 2000; Furnes et
al., 2001a; Bach and Edwards, 2003; Thorseth et al., 2003) and
isotopic compositions (Thorseth et al., 1995; Torsvik et al., 1998;
Alford et al., 2011; Alt and Shanks, 2011), suggest a subseaﬂoor
biosphere within the ridge ﬂank basement. Microbial analyses of
ridge ﬂank basement ﬂuids indicate the presence of diverse and
dynamic bacterial and archaeal communities (Cowen et al., 2003;
Huber et al., 2006; Orcutt et al., 2011; Smith et al., 2011; Jungbluth
et al., 2013). Thermodynamic modeling based on geochemical analysis (Lin et al., 2012) also indicates that the conditions in the
ridge ﬂank basement, though quite low in the energy-yields, are
still conducive for diverse microbial metabolisms (Boettger et al.,
2013). Microbial activity in the basement may in turn play an important role in regulating global biogeochemical cycles, such as the
removal of phosphate (Wheat et al., 1996) and refractory dissolved
organic carbon (Lang et al., 2006; Lin et al., 2012) from the deep
ocean.
Basement ﬂuids circulating in sedimented ridge-ﬂanks have
been shown to contain signiﬁcant amount of electron acceptors,
including sulfate (eastern ﬂank of Juan de Fuca, Elderﬁeld et al.,
1999; Wheat et al., 2004, 2010; Lin et al., 2012), nitrate (South Paciﬁc Gyre, D’Hondt et al., 2013) and oxygen (South Paciﬁc Gyre,
D’Hondt et al., 2013; North Pond, Orcutt et al., 2013). Yet, it
is still unclear whether there are sustainable sources of common electron donors such as hydrogen (H2 ) and methane (CH4 )
in the basement environment. H2 -driven lithoautotrophic microbial ecosystems have been suggested to be present in continental basaltic aquifers and fractures (Stevens and McKinley, 1995;
Chapelle et al., 2002; Lin et al., 2006) and in serpentine-hosted
aquifers (Charlou et al., 2002; Kelley et al., 2005; Proskurowski
et al., 2008b), encouraging the search for similar microbial communities in the ridge-ﬂank oceanic basaltic environment, where
temperature is moderate and suitable for life (Cowen et al., 2003;
Cowen, 2004).
Many diverse chemolithoautotrophic microorganisms living in
hydrothermal systems can use H2 as an electron donor (Jannasch,
1995), coupled with electron acceptors such as sulfate (Fichtel et
al., 2012), sulfur (Takuro et al., 2008), carbon dioxide (Kurr et al.,
1991; Takai et al., 2002), or iron (e.g. Kasheﬁ et al., 2002) to produce organic matter. H2 has also been shown to limit the growth,
abundance and distribution of hyperthermophilic methanogens
at deep-sea hydrothermal vents (Ver Eecke et al., 2012). Few
studies have addressed the presence of H2 in the sedimentedridge ﬂank subseaﬂoor aquifer. However, these samples were collected from sediment inﬂuenced vent ﬂuids (Mottl et al., 1998;
Lang et al., 2006), or through rusty iron casing or stainless steel
tubing (Lin et al., 2012). In this study, we have improved sampling
methods over these previous studies, and present H2 concentrations from multiple high integrity basement ﬂuid samples.
Methane is another important electron donor and carbon
source for a wide variety of methanotrophs (e.g. Balch et al., 1979;
Hinrichs et al., 1999; Boetius et al., 2000; Biddle et al., 2006;
Inagaki et al., 2006; Knittel and Boetius, 2009; Merkel et al., 2013).
The importance of CH4 in the global carbon cycle has been widely
recognized in various settings such as coastal ocean, marine sediment, and deep-ocean and hydrothermal systems (Claypool and
Kvenvolden, 1983; Crill and Martens, 1986; Valentine et al., 2001;
Cowen et al., 2002; Biddle et al., 2006). Signiﬁcant accumulation of CH4 produced via anaerobic organic matter degradation
occurs in zones where sulfate is exhausted (<1 mM, versus seawater concentration of ∼28 mM), likely due to removal of CH4
by sulfate reducers (Reeburgh and Heggie, 1977; Claypool and
Kvenvolden, 1983; Boetius et al., 2000; Shipboard Scientiﬁc Party,
2004) and is widely observed in organic-rich coastal and conti-
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nental margin marine sediments (e.g. Barnes and Goldberg, 1976;
Claypool and Kvenvolden, 1983; Crill and Martens, 1986; Hoehler
et al., 1994, 1998; D’Hondt et al., 2002). In contrast to organicrich marine sediments, the 3.5 Myr old basaltic basement along
the Juan de Fuca Ridge ﬂank is a relatively organic carbon-poor
(12 μM) but sulfate-rich (18 mM) environment (Lin et al., 2012).
Despite low organic carbon and abundant sulfate, small amounts
of CH4 (1.5 μmol/kg) have been observed in this environment (Lin
et al., 2012). However, the source of such CH4 remains unclear. In
this study, we present CH4 concentrations, its isotopic composition, and the molecular compositions of hydrocarbons in order to
shed light on potential sustainable sources of CH4 in the basement
environment.
2. Materials and methods
2.1. Sampling sites
Most of the eastern ﬂank of the Juan de Fuca Ridge is covered by hemipelagic mud and turbidite sediment transported from
the nearby continental margin during the Pleistocene, resulting in
rapid burial of basement rocks at a relatively young age (Davis et
al., 1992; Underwood et al., 2005). Sediment is ∼250 m thick overlying ∼3.5 Myr old basement at our study sites (Fig. 1). The thick
sediment layer acts as a hydraulic seal, preventing direct exchange
between bottom seawater and the basement (Davis et al., 1992;
Wheat and Mottl, 1994; Shipboard Scientiﬁc Party, 1997; Becker
and Fisher, 2008). Direct exchange with bottom seawater is limited
to seamounts and smaller basement outcrops protruding through
the sediments to the north (Mama Bare) and south (Baby Bare and
Grizzly Bare) of the study site (Fig. 1).
Despite the immense volume of the ocean crustal aquifer, access to ocean basement ﬂuids for sampling and study is limited. Unprecedented opportunities to collect basement ﬂuids from
sediment-covered ridge ﬂanks are provided by Circulation Obviation Retroﬁt Kit (CORK) observatories (Becker and Davis, 2005;
Wheat et al., 2011). A cluster of CORKs have been installed in selected Ocean Drilling Program (ODP) and Integrated Ocean Drilling
Program (IODP) boreholes on the eastern ﬂank of the Juan de
Fuca Ridge. CORKs penetrate through sediment and into basement
(Fig. 1) and thus allow the monitoring and testing of hydrogeological parameters and the collection of basement ﬂuids for geochemical and biological studies.
This study mainly utilizes two new sites, 1362A and 1362B
(Fig. 1a and b), drilled and new-style advanced CORKs (Wheat et
al., 2011) installed during IODP Expedition 327 in 2010 (Expedition
327 Scientists, 2010). Fluid samples for CH4 isotopic analysis were
also collected from borehole 1301A, drilled and equipped with
an older-style advanced CORK during IODP Expedition 301 in
2004 (Shipboard Scientiﬁc Party, 2004). These advanced CORKs are
equipped with ﬂuid delivery lines (FDLs, Fig. 2a–c) that run exterior to the CORK’s casing from basement depths to the outlet
port at the seaﬂoor. CORKs 1362A and 1362B are equipped with
coated casing and polytetraﬂuoroethylene (PTFE) FDLs, reducing
the interaction between casing materials with the environment
whereas CORKs 1301A is equipped with stainless steel FDL. The
three boreholes were positioned along a hypothesized basement
ﬂuid ﬂow path, from the recharge seamount Grizzly Bare in the
southwest toward the discharge outcrop Baby Bare in the northeast. The CORKs penetrate to different depths within the basaltic
basement, permitting ﬂuid circulation to be monitored at multiple
depths (Fig. 1).
2.2. Sampling methods
A mobile pump system (MPS, Fig. 2c; Cowen et al., 2012;
Lin et al., 2012) equipped with a mating connector for CORKs
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Fig. 1. Site maps. (a) Regional bathymetric map showing locations of borehole Circulation Obviation Retroﬁt Kit (CORK) observatories and outcrop seamounts. Grizzly Bare
Seamount (shown in insert) is 52 km south–south-west of Baby Bare shown at the bottom of Fig. 1a. Modiﬁed from Becker and Fisher (2008). (b) A schematic drawing
showing relative distances and ﬂuid intake depths of CORKs 1362A, 1362B and 1301A (not drawn to scale).

Fig. 2. Sampling methods. (a) Schematic drawing of Circulation Observatory Retroﬁt Kits (CORKs) at sites 1362A and 1362B. Modiﬁed from IODP initial report (Expedition 327
Scientists, 2010). (b) Polytetraﬂuoroethylene (PTFE) ﬂuid delivery line, which transport basement ﬂuids from the basement to the seaﬂoor outlet port, runs exterior to the
CORK’s coated and perforated casing. (c) A stainless steel FDL. (d) A mobile pump system (MPS) was connected to a CORK’s seaﬂoor ﬂuid sampling port, pulling basement
ﬂuids up through a FDL and transporting ﬂuid samples into a large volume bag sampler (LVBS; Cowen et al., 2012). (e) A photo of the sampling system in the front basket of
remotely-operated-vehicle (ROV) JASON: a MPS, a hydrothermal-ﬂuid-trap designed to reduce bottom seawater intrusion during sampling, and a matching connector to the
one on CORK’s ﬂuid sampling port. (f) Medium volume bag sampler (MVBS) on the back basket of ROV. (g) A gastight sampler is inserted through the septum on top of a
hydrothermal-ﬂuid-trap. (h) A titanium major sampler (Ti-major) is being inserted into the hydrothermal-ﬂuid-trap. (i) Subsampling of basement ﬂuids in a Ti-major sampler
into a glass ﬂask. (j) Subsampling of basement ﬂuids from a MVBS or a LVBS into a 160 mL serum bottle (k) into a 12 mL Exetainer. (l) A ﬂow chart showing the sampling
processes. Samples in gastights or glass ﬂasks were extracted in a shore-based lab and analyzed for dissolved hydrogen and methane concentrations by gas chromatography
(GC). Samples in serum bottles or exetainers were analyzed for isotopic compositions of methane by gas chromatography mass spectrometry (GC-MS).

(Wheat et al., 2011) was used to pump basement ﬂuids up through
the FDLs (Fig. 2d). The MPS directed ﬂuids into a 60 L polyvinyl
ﬂuoride (Tedlar) large volume bag sampler (LVBS, Fig. 2d) or into
a 15 L foil-lined, gamma irradiated medium volume bag sampler

(MVBS, Fig. 2f) for analysis of CH4 isotopic and other biogeochemical compositions (Cowen et al., 2012; Lin et al., 2012). The
MPS also directed ﬂuids into a hydrothermal-ﬂuid-trap (Fig. 2g) —
an intermediate ﬂuid reservoir — for a gastight sampler (Fig. 2g,
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Edmond et al., 1992) or a titanium major sampler (Ti-major,
Fig. 2h; Von Damm et al., 1985) to sample from. Snorkels of a
gastight sampler or a Ti-major punctured through a self-seal septum on the hydrothermal-ﬂuid-trap to prevent bottom seawater
entrainment during sampling. Once shipboard, sample ﬂuids collected by a Ti-major, MVBS and LVBS were quickly transferred into
pre-evacuated glass ﬂasks (Fig. 2i). Samples in gastight sampler
and glass ﬂasks were poisoned by preloaded mercuric chloride
and then stored in cold (∼4 ◦ C) and dark until the extraction of
dissolved gases (e.g. Proskurowski et al., 2004) for concentration
analysis. Mercuric chloride has long proved successful at preserving CH4 concentrations during sample storage (e.g. Valentine et
al., 2001). Although mercuric chloride is less well tested for H2
preservation, the H2 concentrations should be considered minimal.
Aliquots of ﬂuid samples in MVBS or LVBS were also gravity-fed
into 160 mL serum bottles or a 12 mL Exetainers® (Labco, UK),
ﬂushed with at least twice the bottle volumes, preserved with saturated mercuric chloride (1 mL per 100 mL sample) or hydrochloric acid (to pH 2), and kept in dark until the analysis for isotopic
compositions of dissolved CH4 .
2.3. Analytical methods
2.3.1. Gas concentrations
All of the gas concentration analyses were done in our shorebased laboratory at the University of Washington. A specially prepared gas inlet manifold was used for injecting extracted gas
aliquots — from glass ﬂasks and gastight samplers — on two
different gas chromatographs. Non-hydrocarbons gases, including
CH4 and H2 were analyzed using an Agilent 6890 gas chromatograph with a HayeSep® A column (HayeSeparation Inc., Texas)
that incorporated a temperature gradient which began at −50 ◦ C
and ramped up to 125 ◦ C and a thermal conductivity detector
or a pulsed discharged detector (Valco Instrument Co., Inc., Huston). Gases for hydrocarbon analyses were injected into a Varian
3400 chromatograph equipped with combined HayeSep® N and
S column (HayeSeparation Inc., Texas) programmed from 35 ◦ C to
125 ◦ C and detected on a ﬂame ionization detector. Quantitative
injections of various commercially prepared mixed gas standards
were used to calibrate detector responses. Analytical accuracy was
∼5% for CH4 and H2 .
2.3.2. Isotopic compositions of CH4
The isotopic compositions of CH4 are reported as δ values (e.g.
δ 13 C, δ 2 H) expressed in permil (h):



δ=

R sample
R standard



− 1 × 1000

(1)

where R is the 13 C/12 C or 2 H/1 H ratios. The standards for carbon
and hydrogen isotopic composition are VPDB and VSMOW, respectively (Coplen, 1994). The carbon and hydrogen isotopic compositions of CH4 in samples were analyzed at the Stable Isotope
Facility at the University of California Davis. The CH4 was separated by Rt-Q-BOND GC column (30 m × 0.32 mm) at 30 ◦ C. After
CH4 elutes from the separation column, CH4 was oxidized to CO2
by reaction with nickel oxide at 1000 ◦ C or was pyrolyzed to H2
in an empty alumina tube heated to 1350 ◦ C. The resulting CO2
or H2 is transferred to a Thermo Scientiﬁc GasBench-PreCon trace
gas system interfaced to a Delta V Plus isotope ratio mass spectrometer for isotopic analysis. A pure CO2 or H2 reference gas was
used to calculate provisional δ value of the sample peak. Laboratory standards, commercially prepared CH4 gas diluted in helium
or air calibrated against standards provided by National Institute
of Standards and Technology (NIST 8559, 8560 and 8561), are
used to correct for changes in linearity of calibration curves and
instrumental drift. The long-term standard analytical precision is
0.2h for δ 13 C–CH4 and 2h for δ 2 H–CH4 . In addition, since no
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aliquots of CORK 1301A-2011, 2013 and CORK-1362B 2013-diveJ2-715 were collected for our routine concentration measurements,
dissolved CH4 concentration in samples stored in a serum bottle or
an Exetainer® was also estimated from the average peak areas during isotopic analysis.
2.4. End member correction
Seawater entrainment into sampler or CORKs need to be corrected to reveal the end-member (true) concentrations. Since Mg
can be signiﬁcantly removed from solution during low temperature
(< 70 ◦ C) basalt–seawater alteration over a long time (Seyfried and
Bischoff, 1979), Mg concentrations in samples are used to quantify the amount of entrained seawater. A common way is to ﬁt
concentrations of a constituent against Mg through a least square
line and force the line through zero Mg (e.g. Michard et al., 1984;
Von Damm et al., 1985), the intercept is the consituent’s endmember concentration. However, basalt–seawater alteration rates
at low temperatures are signiﬁcantly lower than rates at high
temperatures (>150 ◦ C) (Mottl and Holland, 1978; Seyfried and
Bischoff, 1979; Mottl, 1983) and Mg may not necessarily be zero
in the end-member ﬂuid at low temperature basalt–seawater reaction zone (Mottl, personal communication). Therefore, the lowest Mg concentration measured (2.5, 1.6 and 1.9 mM) were used
as the end-member Mg concentration for CORK 1362A, 1362B
and 1301A, respectively (Table 1 and Table 2). Since there were
limited sampling opportunities, no background seawater samples
were collected for this study. We use the CH4 and H2 concentrations in bottom seawater near Gorda Ridge (0.0002 μmol/kg and
0.0004 μmol/kg, respectively; Kelley et al., 1998) as seawater endmember values. Nevertheless, the CH4 and H2 concentrations in
bottom seawater are extremely low such that the difference between the directly measured and the Mg-corrected concentrations
is subtle.
2.5. Thermodynamic calculation
The amount of energy released or required from a chemical reaction can be expressed as Gibbs free energy of reaction (G r ),
calculated as:

G r = G r0 + R T ln Q

(2)

where G r0 is the standard state Gibbs energy of reaction at the
temperature and pressure of interest, R is the gas constant, and T
is the temperature in Kelvin. Q is the reaction quotient and can be
calculated as:



v i ,r 

Q = Π ai

(3)

where ai denotes the activity of chemical species i, and v i ,r is its
stoichiometric coeﬃcient in reaction r, which is negative for reactants and positive for products. The concentrations of the species
(Table S1) and their individual ion activity coeﬃcients are used to
calculate the activity (Table S2) and reaction quotient Q (Table S3).
Values of G r0 at various temperatures (2–200 ◦ C) and near in situ
pressure (270 bar, Davis, personal communication) were computed
using the SUPCRT 92 software package (Johnson et al., 1992) and
summarized in Table S4.
3. Results
3.1. Magnesium concentration
Magnesium concentrations of basement ﬂuid samples for this
study ranged from 1.8 to 6.8 mM (Fig. 3, Tables 1 and 2) whereas
it was about 53.7 mM in the background seawater (Lin et al.,
2012). One standard deviation of the Mg concentrations of replicates collected from the same sampling port at the same sampling
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Table 1
Concentrations of magnesium, calcium, dissolve hydrogen and methane in basement ﬂuid samples. Calculated end-member values are also shown. GF: glass ﬂask. GT: gastight
sampler.
Sampling site
(Dive #)

Sampler type

1362A-2011

Ti-major (Red) to
GF rep. 1
Ti-major (Red) to
GF rep. 2
Ti-major (Red) to
GF rep. 3
Ti-major (White)
to GF rep. 1
Ti-major (White)
to GF rep. 2
Ti-major (White)
to GF rep. 3

Storage time
(days)

Mg
(mM)

Ca
(mM)

H2
(μmol/kg)

CH4
(μmol/kg)

5.5

99

0.06

5.5

0.05

5.8

99

0.05

5.8

55.0

0.04

6.6

99

0.04

6.6

2.5

56.0

0.03

6.1

100

0.03

6.1

6

2.6

55.1

0.07

6.6

100

0.07

6.6

Avg.
SD.

2.8
0.2

55.3
0.4

0.05
0.02

6.1
0.4

99
0.5

0.05
0.02

6.1
0.4

MVBS bag 1 to GF
rep. 1
MVBS bag 1 to GF
rep. 2
MVBS bag 2 to GF
rep. 1
MVBS bag 2 to GF
rep. 2
Gastight (GT9)
Gastight (GT11)
Gastight (GT12)

23

2.8

54.0

1.8

36

99

1.8

36

24

2.6

54.2

1.8

34

100

1.8

34

23

2.6

54.0

1.8

34

100

1.8

34

23

2.8

54.0

1.6

35

99

1.6

35

30
30
35
Avg.
SD.

5.2
5.1
4.5
3.6
1.2

52.9
53.5
54.0
53.8
0.4

1.8
1.3
2.0
1.7
0.2

27
30
25
32
4

95
95
96
98
2

1.9
1.4
2.1
1.8
0.2

29
32
26
32
4

Ti-major (White)
to GF rep. 1
Ti-major (White)
to GF rep. 2
Ti-major (White)
to GF rep. 3
Gastight (GT18)

19

2.3

56.0

0.07

12

99

0.07

12

19

2.5

55.7

N.A.

11

98

N.A.

12

19

2.7

55.5

0.11

13

98

0.11

14

10
Avg.
SD.

1.8
2.3
0.3

55.3
55.6
0.3

0.06
0.08
0.03

14
13
1.1

100
99
1

0.06
0.08
0.03

14
13
1.3

1362B-2013
(J2-710)

MVBS to GF rep. 1
MVBS to GF rep. 2
Gastight (GT17)
Gastight (GT16)

CTD water bottle

3.2
2.9
4.5
3.4
3.5
0.7
52.4

54.3
54.1
54.6
54.1
54.3
0.3
10.4

0.10
0.04
0.06
0.05
0.07
0.03
0.0004

97
98
94
96
96
1

Gorda Ridge
Seawater, Kelly
et al. (1998)

24
25
32
32
Avg.
SD.
N.A.

0.11
0.04
0.06
0.07
0.07
0.03
N.A.

5.8
5.7
4.7
4.6
5.2
0.7
N.A.

1362B-2011
(J2-569)

0.05

6.0

6

2.9

55.2

0.05

6

2.8

55.4

6

2.8

6

5.6
5.6
4.5
4.4
5.0
0.7
0.0002

2.5

Mgcorr. CH4
(μmol/kg)

6.1

(J2-711)

55.0

Mgcorr. H2
(μmol/kg)

0.05

1362A-2013

3.2

Basement ﬂuid
end-member
in sample
(%)
99

(J2-573)

6

End-member
Mg
(mM)

2.5

1.6

1.6

N.A.

Table 2
Isotopic compositions of methane in basement ﬂuid samples.
Sampling port

Dive #

Sampling depth
(msb* )

Sampler
type

Mg
(mM)

Ca
(mM)

Basement ﬂuid
end-member
in sample
(%)

CH4
(μmol/kg)

δ 13 C-CH4
hVPDB

δ 2 H-CH4
hVSMOW

C1/(C2+C3)

1362A-2011
1362A-2013
1362B-2011
1362B-2013
1362B-2013
1301A-2011
1301A-2013

J2-573
J2-711
J2-571
J2-710
J2-715
J2-566
J2-716

200
200
40
40
40
30
30

MVBS
MVBS
MVBS
MVBS
MVBS
MVBS
LVBS

2.8 ± 0.4
2.6 ± 0.2
2.4 ± 1.1
2.5 ± 0.1
2.5 ± 0.1
2 .2 ± 0.2
6.8 ± 0.5

54 ± 0.3
54 ± 0.4
55 ± 1.1
54 ± 0.3
54 ± 0.3
55 ± 0.2
50 ± 1.0

99
100
98
98
98
99
90

6.1 ± 0.4
32 ± 4
13 ± 1
5.2 ± 0.7
∼10
∼0.6
∼1.3

−58.3 ± 0.3
−49.0 ± 0.1
−56.5 ± 0.6
−25.6 ± 0.0
−22.5 ± 0.0
−42.8 ± 1.2
−40.2 ± 0.0

−262 ± 2.0
−316 ± 0.7
−209 ± 2.0
−226 ± 2.2
−288 ± 1.2
57 ± 5.0
16 ± 13.0

130 ± 41
1049 ± 163
1937 ± 343
392 ± 118
n.a.
n.a.
n.a.

*

msb: meters sub-basement.

time was between 0.2 and 1.2 mM, close to the analytical uncer-

3.2. Dissolved H2 and CH4

tainty of about 0.5 mM. Mg concentrations were higher in CORK

The Mg-corrected (i.e. end-member) H2 concentration for basement ﬂuids from CORK 1362A-2013 is 1.8 ± 0.2 μmol/kg while
those from CORK 1362A-2011 and CORK 1362B-2011 and -2013

1362A-2013 gastight samples and CORK 1301A-2013 LVBS sample
than in MVBS samples.
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to the incomplete seal of this CORK, causing some ﬂow of cold bottom seawater into the upper permeable basement (Fisher, 2010).
The justiﬁcation for collecting most of our samples through
PTFE FDL is that although PTFE is more permeable to gases than
stainless steel (Marchi and Somerday, 2012), H2 may be produced
from anaerobic corrosion of the steel (e.g. Smart et al., 2002a;
Smart et al., 2002b). However, dissolved gases transporting through
FDL should not be treated the same as gas molecules. If diffusion
of dissolved H2 or CH4 occurred during the ascent of basement
ﬂuid through PTFE FDL, H2 and CH4 concentrations in MVBS samples should be ﬁve times lower (diffuse outward from FDL) or
higher (diffuse inward to FDL) than in gastight or Ti-major samples
due to the ﬁve times longer exposure time of the MVBS samples
in the FDL. Pumping rate is 1 L/min during MVBS sampling versus 5 L/min during ﬁlling up the hydrothermal-ﬂuid-trap. No such
trend was observed (Table 1) and thus diffusion of dissolved gases
through PTFE FDL is not signiﬁcant under our sampling conditions.
4.2. Potential sources of H2 and CH4

Fig. 3. Concentration plots for calcium versus magnesium in basement ﬂuids collected for this study.

ranged from 0.05 μmol/kg to 0.08 μmol/kg (Table 1), all much
higher than sampler blank of 0.006 μmol/kg or better. Overall
reproducibility as determined by repeated analysis of samples collected with different methods and storage times was 13% for
CORK 1362A-2013 samples. Overall variation of hydrogen concentrations was signiﬁcantly larger, with deviations between 32
and 40% for samples with average H2 concentrations between
0.05–0.08 μmol/kg (Table 1).
Among all basement ﬂuid samples collected for this study, the
CH4 concentrations varied spatially and temporally between 0.6
and 32 μmol/kg (Table 1 and Table 2). Due to high amounts of
CH4 in the samples, the overall variability for CH4 concentration
measurement was 7–13%. The carbon isotopic compositions of CH4
in basement ﬂuids ranged from −22.5 to −58h whereas the hydrogen isotopic compositions of CH4 ranged from −316 to 57h
(Table 2). The overall reproducibility of the basement ﬂuid samples
was 1h or better for δ 13 C-CH4 and 13h or better for δ 2 H-CH4 .
4. Discussion
4.1. Integrity of basement ﬂuid samples
In order to fully interpret the ﬁndings from Juan de Fuca Ridge
basement ﬂuids, we ﬁrst conduct an assessment of the sample integrity. The low Mg concentrations of the ﬂuid samples collected
with MVBS and Ti-major samples from all sites and all times
indicate that these samples contain 97–100% end-member basement ﬂuid (Tables 1 and 2). Gastight samples collected in 2013
contain between 94–96% end-member basement ﬂuid (Table 1),
likely due to insuﬃcient time for basement ﬂuids to recharge the
hydrothermal-ﬂuid-trap between each gastight sample collection.
The actual sample integrity is even better due to a small amount
of Mg (∼0.7 mM) from priming seawater that retained in Ti-major
and gastight sampler’s snorkel. Nevertheless, the hydrothermalﬂuid-trap has signiﬁcantly improved the sample quality, the best
gastight sample collected from a CORK’s FDL without a ﬂuid trap
contained only 40% end-member ﬂuid (Lin et al., 2012). The only
LVBS sample collected at CORK 1301A-2013 contain 90% endmember basement ﬂuid, likely due to the incomplete coupling of
connector used for this older style CORK (Wheat et al., 2011) and

4.2.1. Potential H2 sources
Nanomolar to micromolar H2 is persistently present in the
basaltic ﬂuids collected from all study sites. Although these values
are substantially lower than values of H2 found in ﬂuids discharged
from high temperature (280–382 ◦ C) basalt-hosted hydrothermal
vents (0.04–1.7 mM; Welhan and Craig, 1983; Charlou et al., 1998;
Seewald et al., 2003; Seyfried et al., 2003; Gallant and Von Damm,
2006; summarized by Amend et al., 2011), these basement ﬂuid
concentrations are signiﬁcantly greater than typical background
seawater concentrations (0.0004 μmol/kg; Kelley et al., 1998). The
measured H2 concentrations, therefore, suggest a hydrogen source
within the oceanic basaltic aquifer. High contents of ferrous iron
minerals, such as olivine and pyroxene, and low silica activity
are responsible for generating high concentrations of H2 in maﬁc
rocks. Generalized Fe oxidation by the dissociation of water to produce molecular hydrogen can be expressed as (McCollom and Bach,
2009):

2(FeO)rock + H2 O → (Fe2 O3 )rock + H2

(4)

Laboratory experiments also demonstrate that common ferrous silicate minerals, such as olivine, pyroxene and magnetite, promote
H2 production through anaerobic water–mineral reaction even at
temperatures between 55 to 100 ◦ C (Stevens and McKinley, 2000;
Mayhew et al., 2013). Although basalts contain much lower contents of olivine and pyroxene than do peridotites, nanomolar to
micromolar levels of H2 were observed in the Columbia River
Basalt group (Stevens and McKinley, 1995, 2000), which are similar
to or higher than the concentrations observed in the subseaﬂoor
basaltic basement ﬂuids. Lab experiments also show abiotic production of H2 from basalt reacted in neutral pH and warm (60 ◦ C)
aqueous solutions (Stevens and McKinley 1995, 2000). In addition,
an iron oxidation product, amorphous iron-hydroxide, is one of the
most abundant secondary minerals in the 3.5 Myr old basalt at
the eastern ﬂank of Juan de Fuca Ridge while mineral compositions indicate that the environment is under reducing alteration
(i.e. basalt not oxidized by oxygen, Marescotti et al., 2000). Anaerobic basalt–water reaction is likely a key mechanism of sustainable
H2 production in the basement ﬂuids collected in this study.
Fermentation, an organic carbon disproportionation reaction,
is another important mechanism of H2 production in terrestrial
groundwater settings and in marine sediments (e.g. Lovley and
Goodwin, 1988; Boone et al., 1989; Lovley et al., 1994). However,
the basement ﬂuids contain very little organic carbon (∼12 μM, Lin
et al., 2012) and even if fermentation does take place in the basement environment, the concentrations of H2 generated are likely
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in the range of 0.05 to ∼10 nM (Stevens and McKinley, 1995), one
to two orders of magnitude lower than what were observed for
the subseaﬂoor basement ﬂuids at the three CORKs. Fermentation
is likely not the sole process to account for the H2 produced in the
basement.
4.2.2. Potential CH4 sources
CH4 production is apparent within deep sea sediments at IODP
U1301 (Fig. S1, Shipboard Scientiﬁc Party, 2004) as a result of
anaerobic degradation of organic matter buried in the sediment
(Martens and Val Klump, 1980; Claypool and Kvenvolden, 1983).
However, the concentration of CH4 in sediment porewater decreased drastically from 1.03–5.37 mM at 73 to 111 m below
seaﬂoor (mbsf) to <3 μmol/kg below 142 mbsf (Fig. S1, Shipboard
Scientiﬁc Party, 2004), indicating that a net diffusion of CH4 from
the overlying sediment into basement may be occurring near CORK
1301A, but not for the much higher CH4 concentrations found
in CORKs 1362A and 1362B ﬂuids. CH4 present in oceanic basement ﬂuids are also four to ﬁve orders of magnitude higher than
that in recharging bottom seawater (Table 1). CH4 must have been
produced within the basaltic basement aquifer, which could then
diffuse upward into the overlying sediments.
Thermodynamic calculations were performed to test the feasibility of CH4 production from H2 since there is a signiﬁcant
amount of H2 in the subseaﬂoor basaltic basement. The reaction
for CH4 production using H2 is (e.g. Amend and Shock, 2001):
+
HCO−
3 + 4H2(aq) + H → CH4(aq) + 3H2 O

(5)

Although direct measurements of the basement temperatures are
not yet available, vigorous ﬂuid convection within permeable 3.5
Myr old basement (e.g. Fisher et al., 1997; Expedition 327 Scientists, 2010) homogenizes temperatures to be near 65 ◦ C at the
sediment-basement in the eastern ﬂank of Juan de Fuca (Thomson
et al., 1995; Davis and Becker, 2002; Becker and Fisher, 2008;
Wheat et al., 2010). Thus, basement ﬂuid temperature is likely to
be close to or higher than 65 ◦ C deep into the basement due to
geothermal heating. Thermodynamic calculations show that for the
H2 concentration in the CORK 1362A-2013 ﬂuids, CH4 production
from H2 is thermodynamically favorable (exergonic, negative Gibbs
free energy, Fig. 4) even when the environment temperature is as
high as ∼115 ◦ C. In contrast, at the much lower H2 concentrations
found in CORKs 1362B and 1362A-2011 samples, the reaction is
near equilibrium at an environmental temperature ∼65 ◦ C and becomes endergonic at a temperature higher than 65 ◦ C.
Based on ﬁeld and laboratory studies, the δ 13 C versus δ 2 H diagram (Fig. 5; Schoell, 1988; Whiticar, 1999; Sherwood Lollar et
al., 2006; Etiope and Sherwood Lollar, 2013) and Bernard diagram, which combines molecular and isotopic information (Fig. 6;
Bernard et al., 1978; Whiticar, 1999), have been conventionally
used to evaluate the origins of CH4 . Both the stable isotopic compositions of CH4 and the molecular composition of hydrocarbons
in CORK 1362A-2013 samples strongly suggest that the CH4 in the
ﬂuid is biogenic, likely via the CO2 reduction pathway, consistent
with the prediction by thermodynamic calculations. The oceanic
basement contains low dissolved organic carbon (<12 μM, Lin et
al., 2012) with undetectable acetate (<0.1 μM, Albert, personal
communication); therefore, production of biogenic methane via the
fermentation pathway may not be plausible (Chapelle et al., 2002).
Although the carbon and hydrogen isotopic compositions of
CH4 in CORK 1362A-2011 and 1362B-2011 ﬂuid samples fall
within the overlapping zone of biogenic and thermogenic CH4 production (Fig. 5), they fall in or near the biogenic zone on Bernard
diagram (Fig. 6), suggesting that the CH4 in these samples are most
likely biogenic. However, as predicted by thermodynamic calculation (Fig. 4), the CH4 and H2 concentrations are near equilibrium,

Fig. 4. Values of Gibbs free energy normalized to per electron transferred, G r /e−
(kJ/mol e− ), for (a) hydrogenotrophic methanogenesis, (b) hydrogenotrophic sulfate
reduction and (c) anaerobic methane oxidation coupled with sulfate reduction over
a wide range of temperatures.

the production of CH4 by methanogens is likely nonexistent at the
time of ﬂuid sampling.
The isotopic compositions of CH4 and the molecular composition of carbohydrates in CORK 1362B-2013 samples fall outside of
biogenic or thermogenic CH4 and are near the range of abiogenic
CH4 . Although the kinetics of abiogenic CH4 production are theoretically much slower at expected temperatures in 1362B basement
(∼65 ◦ C), a faster reaction may be facilitated with the presence
of metal catalysts available in basaltic rocks (Etiope and Sherwood Lollar, 2013). Substantially longer residence times of the
oceanic basaltic ﬂuids (>12,000 years; Walker et al., 2008) may
enhance the accumulation of abiogenic CH4 in closed fractures
without signiﬁcant removal mechanisms (McCollom and Seewald,
2007). Such abiogenic CH4 later becomes mobilized when fractures
open due to tectonic activity or due to recent drilling and sampling
disturbances (Sherwood Lollar et al., 2006, 2007). A valve on CORK
1362B was purposely left open from 2011 to 2013 to force warm
and buoyant basement ﬂuid ﬂowing out from the borehole at a
rate of few liters/second during a push-and-pull tracer experiment
(Fisher et al., 2011), enhancing basement ﬂuid to circulate much
faster than under pre-disturbed conditions (1–5 m/yr; Elderﬁeld et
al., 1999). Although mechanisms leading the change from biogenic
to abiogenic CH4 for CORK 1362B ﬂuids are still unclear, our data
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Fig. 5. Plot of δ 13 C versus δ 2 H values of methane in basement ﬂuids. The values
for CORK 1362A, 1362B and 1301A basement ﬂuids are compared to conventionally
classiﬁed microbial and thermogenic methane after Schoell (1988) and abiogenic
methane after Etiope and Sherwood Lollar (2013). A regression line, line equation and the r-squared value are shown for data points from CORK 1362A-2011,
1362B-2011 and 1301A-2011 and 2013. Plot modiﬁed from Sherwood Lollar et al.
(2006) and Etiope and Sherwood Lollar (2013).
Fig. 7. Closed-system Rayleigh isotope fractionation model results. The ratio of fractionation effects (ε ) for hydrogen and carbon isotopes are the slopes of the fractionation lines and are from Alperin et al. (1988) and Coleman et al. (1981). Parameters
used for the model is summarized in Table S5. Numbers next to CORK’s methane
data points are the fraction of reactant (CH4 ) remaining in the system.

system” Rayleigh fractionation model (e.g. Coleman et al., 1981;
Cowen et al., 2002; Grant and Whiticar, 2002; Keir et al., 2009).
This model describes that isotopically lighter CH4 is preferentially
removed in a closed system where the supply of reactant (i.e. CH4 )
is limited, leaving residual CH4 enriched in 13 C and 2 H (Rayleigh,
1902; Kendall and Caldwell, 1998). The equation is as follows:
Fig. 6. Natural gas interpretative “Bernard” diagram combining the isotopic compositions of methane and the molecular compositions of hydrocarbons, modiﬁed from
Whiticar (1999).

suggest that low temperature abiotic production of CH4 occurs under basaltic-hosted aquifer and can support methanotrophs in the
deep biosphere.
4.3. CH4 oxidation in the basement-Rayleigh fractionation model
The isotopic compositions of CH4 in 1301A basement ﬂuids
fall outside of the conventionally deﬁned ranges of source CH4
isotopic compositions (Fig. 6), suggesting that isotopic fractionation of CH4 has occurred to deviate the isotopic compositions
of CH4 from its source signal. CH4 oxidation has been shown to
cause a large fractionation in both carbon and hydrogen isotopes
of CH4 (e.g. Alperin et al., 1988; Martens et al., 1999; Cowen
et al., 2002; Kessler et al., 2006, 2008; Reeburgh et al., 2006;
Holler et al., 2009). Several lines of evidence suggest that partial oxidation of biogenic CH4 occurred in basement ﬂuids collected from CORK 1301A: (1) the δ 2 H value (16–57h) of CH4
in 1301A ﬂuids is much higher than that found in all other marine environments investigated to date (Welhan and Craig, 1983;
Martens et al., 1999; Kessler et al., 2006, 2008; Proskurowski et
al., 2006, 2008a); (2) the δ 2 H value is closer to the δ 2 H of CH4
(∼35h) remaining after an inoculation of CH4 oxidizers for several months at 26 ◦ C (Coleman et al., 1981); (3) the concentrations of CH4 is the lowest among all samples collected for this
study; (4) on the δ 13 C-versus δ 13 C-CH4 plot, 1301A, 1362A-2011
and 1362B-2011 show a linear least-square ﬁt (r 2 = 0.937, Fig. 5),
suggesting a constant fractionation effect governs the isotopic compositions of CH4 in these samples; (5) thermodynamic calculations
indicate that anaerobic oxidation of CH4 coupled with reduction of
sulfate, the most abundant electron acceptor in the basement, is
energy-yielding (Fig. 4). We evaluate whether CH4 oxidation may
explain the 13 C and 2 H-enriched CH4 in 1301A ﬂuid by a “closed-



δ 13 Creactant = δ 13 Cinitial − ε ln( f )

(6)

where f is the fraction of reactant CH4 remaining, δ 13 Cinitial is the
δ 13 C value of the initial reactant CH4 pool, and ε is the kinetic isotope effect of the transformation. As an example, we assume that
the initial CH4 at site 1301A has δ 13 C of 65h, identical to the
13
C-depleted CH4 produced by methanogens within the interior of
rock samples from IODP U1301A during a seven-year long incubation at 65 ◦ C in anoxic conditions (Lever et al., 2013). We also
assume that the initial δ 2 H of CH4 is −338h so that the methane
falls onto the regression line through 1362A-2011, 1362B-2011
and 1301A samples (Fig. 7). Kinetic isotope effects by anaerobic
CH4 oxidation are taken from the literature (Coleman et al., 1981;
Alperin et al., 1988) and summarized in Table S5. CH4 isotopic
compositions in 1301A ﬂuids fall near those predicted by using the
kinetic isotope effect obtained from sedimentary methane isotopes
(Alperin et al., 1988) and from cultured methane oxidizing bacteria growing at 26 ◦ C (Coleman et al., 1981) while the data deviate
greatly from the same culture growing at 11 ◦ C (Coleman et al.,
1981). This is not surprising as methanotrophs in the basement are
natural assemblages like those in the sediments and the basement
temperature is deﬁnitely closer to 26 ◦ C than to 11 ◦ C. In addition,
partial methane oxidation may also explain the heavier isotopic
compositions of biogenic methane — as indicated by Bernard diagram — found in CORK 1362A-2011 and CORK 1362B-2011.
4.4. Implications for deep subseaﬂoor biosphere
The presence of hydrogen in all of the basement ﬂuid samples
makes the sedimented oceanic basaltic aquifer an ideal place to
look for H2 -driven lithoautotrophy. As demonstrated earlier, the
amount of H2 in the basement ﬂuids makes the system conducive
to methanogenesis, and the occurrence of microbial methanogenesis is evidenced by the presence of biogenic methane found in the
samples. Not surprisingly, H2 oxidation coupled with sulfate, the
most abundant electron acceptor, is energy-yielding at all three
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sites when the system temperature is lower than 75◦ C (Fig. 4),
indicating the environment is also conducive to hydrogenotrophic
sulfate reduction. This is also consistent with the observation of
depleted 34 S in pyrite, likely produced biologically, from basaltic
rock collected from IODP site 1301 (Ono et al., 2012; Lever et
al., 2013). Although hydrogenotrophic sulfate-reducers can gain
much more energy from the basement ﬂuids than hydrogenotropic
methanogens (Fig. 4), methanogenesis has occurred. This indicates
that the H2 concentration in the oceanic ridge-ﬂank basement
is not under thermodynamic control (Lovley and Goodwin, 1988;
Hoehler et al., 1998) — the rate of H2 production from water–rock
reactions exceeds the rate of H2 consumption by sulfate reducers or methanogens. Otherwise, sulfate reducers would maintain
hydrogen concentrations below 1 nM, which is lower than the
threshold for methanogenesis as observed in continental ground
water aquifers and in marine sediments (Lovley and Goodwin,
1988; Hoehler et al., 1998).
The almost forty-fold increase in H2 concentration for CORK
1362A ﬂuids from 2011 to 2013 is somewhat surprising. However,
it can be readily explained by a fracture-controlled ﬂow pattern,
which has been used previously to describe the periodic release
of high H2 (up to 7.4 mM) in Precambrian Shield fracture waters (Sherwood Lollar et al., 2006, 2007). Brieﬂy, H2 produced
from water–rock reactions slowly builds up in closed fractures
where H2 utilization by microorganisms is restricted due to asyet-unidentiﬁed biolimiting factors (Lin et al., 2006) while slow
abiotic methanogenesis continues. When the fractures open and
the H2 -rich ﬂuid ﬂows through zones or is mixed with circulating ﬂuids, it may fuel hydrogenotrophic methanogenesis, resulting
in 13 C-depleted CH4 . Methanogens compete with the abiotic formation of methane by removing the energy source in reaction (5).
Interestingly, the δ 13 C-CH4 for CORK 1362A-2013 ﬂuid is not as
negative as that for CORK 1362A-2011, which can be explained by
the mixing of 13 C-depleted biogenic CH4 with 13 C-enriched abiogenic CH4 such as found in samples from CORK 1362B in 2013
(Fig. 5).
Hydrogen and methane produced in the basement may not only
support microbes residing in the basement, but also those in the
overlying deep sediment. Potential anaerobic CH4 oxidation rates
have been measured throughout the entire sediment column at
site 1301A (Engelen et al., 2008). Sulfate reducing bacteria isolated
from U1301A deep sediment can grow chemolithoautotrophically
with H2 as sole electron donor (Fichtel et al., 2012). Because lower
CH4 (2–3 μmol/kg; Shipboard Scientiﬁc Party, 2004) and H2 concentrations (1–2 nM, calculated based on thermodynamic control
by sulfate reducers; Lever et al., 2010) are much lower in the deep
sediment than in the basement, the upward diffusion of CH4 and
H2 produced in the basement to the deep sediment can support
these microorganisms.
There is no discernible systematic horizontal, vertical or temporal variation in the H2 or CH4 concentrations, or CH4 isotopic
compositions of the basement ﬂuids from the three sites investigated. However, a signiﬁcant increase in H2 is correlated with an
increase in biogenic CH4 concentrations at site 1362A from 2011
to 2013, likely due to intensiﬁed microbial CH4 production stimulated by higher H2 concentrations. Methanogens isolated from
hydrothermal vent ﬂuids from the Juan de Fuca Ridge show much
shorter doubling times and higher maximum cell abundance with
higher hydrogen concentrations (Ver Eecke et al., 2012).
A constant supply of abiogenic and biogenic CH4 may subsequently induce microbial metabolisms, as evidenced by CH4 oxidation observed in CORK 1301A ﬂuids (see Section 4.3). Interestingly, known methanotrophs, which are restricted to Euryarchaeota
ANME groups, Gammaproteobacteria lineages (Valentine, 2011),
and Verrucomicrobia (Dunﬁeld et al., 2007), appear to be rare in
CORK 1301A borehole ﬂuids (Jungbluth et al., 2013). Uncultivated

Gammaproteobacteria lineages closely related to Methylophaga and
Methylcoccales were each detected rarely in 1301A ﬂuids from
years 2008–2010 (Jungbluth et al., 2013). However, several uncultivated lineages of Gammaproteobacteria and Verrucomicrobia were
also found in 1301A ﬂuid samples, and so no deﬁnitive conclusions
regarding the presence or absence of methanotrophs can be made.
Despite high upper basement permeability (Expedition 327 Scientists, 2010), the concentrations and isotopic compositions of CH4
and H2 presented here do not support a well-mixed and homogeneous aquifer on the scale of the 300 to 800 m horizontal
and vertical separation among CORK 1362A, 1362B and 1301A.
Spatial heterogeneity in permeability has been inferred through
packer experiments (Becker and Fisher, 2008; Fisher et al., 2008;
Becker et al., 2013), and observations of recovered rock cores from
site U1362 show high vertical heterogeneity (Expedition 327 Scientists, 2010). This heterogeneity provides diverse niches for both
biological and abiological reactions, with highly variable ﬂow and
reaction histories which could contribute to the observed spatial
and temporal differences in ﬂuid CH4 and H2 concentrations.
5. Conclusion and direction for future research
Based on high integrity oceanic basement ﬂuid samples, we
conﬁrm that both H2 and CH4 are produced in sediment-buried
basaltic basement and can fuel basement and deep sediment
biosphere. Although the ridge-ﬂank basalt-hosted aquifer contains H2 concentrations lower than a serpentine-hosted aquifer,
it may still support H2 -driven subsurface microbial ecosystems.
δ 13 C- and δ 2 H-CH4 values implicate a biogenic source of CH4 of
ﬂuids collected from CORK 1362A-2011, CORK 1362A-2013 and
CORK 1362B-2011. Since thermodynamic calculations indicate hydrogenotrophic sulfate reduction with higher yield in energy than
hydrogenotrophic methanogenesis in the basement, the presence
of biogenic methane suggests the basement environment is not under thermodynamic control. δ 13 C- and δ 2 H-CH4 for CORK 1301A
ﬂuids suggest that CH4 oxidation has occurred in the basement,
which is supported by a closed-system Rayleigh fraction model
using kinetic isotope effects during anaerobic microbial methane
oxidation. Surprisingly, an abiogenic source of CH4 is observed in
ﬂuids collected from CORK 1362B in 2013 and is explained by a
fracture-controlled ﬂow pattern. Large temporal and spatial variations in H2 and CH4 concentrations and CH4 isotopic compositions
also suggest a dynamic circulation system with possibly compartmentalization and diverse microhabitats.
More studies, including high-throughput DNA sequencing technologies, culturing and characterization, and metabolic rate measurements, need to be carried out to determine whether methanotrophs and methanogens are present and active in the basement environment. Studies on rate limiting factors, which evaluate whether the basement is under thermodynamic control by
microorganisms, could help us better understand constraints of
life in the subsurface and thus its implications to extraterrestrial
life. Future studies are also required to understand conditions —
other than thermodynamics — that make the basement environment more conducive to abiotic over biotic CH4 (such as those
observed in 1362B-2013 samples) and to incorporate more geochemical data, including δ 13 C-dissolved organic carbon, δ 2 H-water
and dissolved helium isotopes to reveal possible production pathways of abiogenic CH4 in the oceanic basement.
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