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Abstract

Natural fluids with a pH (25 �C) up to 12.3 were collected from a sub-seafloor borehole observatory (Ocean Drilling
Program (ODP) Hole 1200C) on South Chamorro Seamount, a serpentinite mud volcano in the Mariana forearc. We used
systematic differences in the chemical compositions of pore waters from drilling operations during ODP Leg 195 and borehole
fluids collected subsequently from Hole 1200C to define two endmember solutions, one of which was a sulfate-rich fluid with a
methane concentration of 50 mM that ascends from the subduction channel and the other was a low-sulfate fluid. The
sequence of sample collection and fluid compositions constrain subsurface hydrologic conditions. Deep-sourced,
sulfate- and methane-rich, sterile fluids from the subduction channel can reach the seafloor unchanged within the central
conduit, whereas other fluid pathways likely intersect the pelagic sediment that underlies the serpentinite mud volcano,
providing potentially suitable conditions and inoculum for microbial anaerobic oxidation of methane (AOM). These
AOM-affected, low-sulfate fluids also make it to the seafloor where they discharge. The source of the sulfate- and
methane-rich fluid in the subduction channel is attributed to abiotic methane production fueled by hydrogen production from
serpentinization and carbonate dissolution. This methane production includes a mechanism to raise the pH above values from
serpentinization alone. Results from South Chamorro Seamount represent an end member along a transect defined by the
distance from the trench. Results from this site are applied to other serpentinite mud volcanoes along this transect to speculate
on likely chemical conditions within shallower and cooler portions of the subduction channel.
� 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

The Mariana forearc is the home of tens of active
serpentinite mud volcanoes, which are the largest mud
volcanoes on Earth, some spanning 50 km in diameter
and kilometers high (Fryer and Fryer, 1987). Currently
https://doi.org/10.1016/j.gca.2019.10.037
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serpentinite mud volcanoes are known to form only in the
Mariana forearc; however, the geologic record indicates
that serpentinite volcanism occurred throughout Earth’s
history as far back as 3.8 billion years ago (Pons et al.,
2011). These serpentinite mud volcanoes form at the inter-
section of faults in a non-accretionary forearc prism. Such
faults form from backarc crustal extension resulting in
along strike extension in the forearc (Latouche et al.,
1981), plate roll-back resulting in across–strike extension
(Fryer and Fryer, 1987), and subduction of seamounts that
cause vertical extension (Fryer et al., 2018). This faulting
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permits fluids, muds, clasts, and rocks to be transported
from the subduction channel to the seafloor, forming ser-
pentinite mud volcanoes. Because these active serpentinite
mud volcanoes are located at different distances to the
trench that correspond to different depths, temperatures,
and pressures within the subduction channel, they offer an
opportunity to study physical, thermal, chemical, and
microbial processes within a subduction channel without
the expense of deep drilling. Thermal conditions of subduc-
tion, for example, are critical to elucidating stresses, strain,
and plate movement within a subduction system (e.g., Saffer
and Tobin, 2011).

Characterizing conditions and processes during the early
stages of subduction has been addressed using a variety of
methodologies. In the Mariana forearc such characteriza-
tions include seismic (Oakley et al., 2007, 2008) and bathy-
metric surveys (Fryer, 1992), seafloor drilling and coring
(Fryer et al., 1990; Salisbury et al., 2002; Fryer et al.,
2018; Fryer et al., 1999, Mottl et al., 2004; Hulme et al.,
2010), and dredging studies (Bloomer and Hawkins,
1987). Each of these approaches presents a ‘‘snap-shot”
of current conditions. While such studies provide significant
results, they lack a temporal component necessary to eluci-
date dynamic processes associated with serpentinite mud
volcanism and plate subduction.

In 2001, the Ocean Drilling Program (ODP) drilled and
cased Hole 1200C in the summit knoll of South Chamorro
Seamount, an active serpentinite mud volcano in the Mar-
iana forearc (Salisbury et al., 2002). This borehole tapped a
hydrologic zone that discharged fluids that were highly
altered relative to seawater composition (Wheat et al.,
2008). These fluids were alkaline with a pH (25 �C) up to
12.5 and contained dissolved methane and sulfate (Mottl
et al., 2003). In addition to providing a platform from
which to characterize temporal processes and conduct
in situ experiments, Hole 1200C also provided a means to
collect pristine crustal fluids directly using gas-tight sam-
plers as they discharged. This aspect of the borehole design
was critical for obtaining reliable dissolved gas data, which
can be used to constrain chemical conditions and the extent
of serpentinization within the subduction channel, subsur-
face microbial metabolic potential, and mass balances of
water and materials.

We present chemical data from fluids that discharged
from Hole 1200C in 2009 to provide an assessment of dis-
solved gas concentrations within a serpentinite mud vol-
cano, sub-crustal fluid pathways, and reactions within the
subduction channel and to constrain microbial provinces
within and below this serpentinite mud volcano. We also
discuss processes within the subduction channel closer to
the trench where conditions are cooler and shallower, sug-
gesting a continuum of processes during the initial stage of
plate subduction.

2. GEOLOGIC SETTING AND SAMPLE

COLLECTION

South Chamorro Seamount is a 20 km-wide serpentine
mud volcano with a summit region that is �4 km in diam-
eter at �3150 m water depth (Fig. 1). A 200 m-wide knoll
that is 200 m high with a 2 km wide base exists at the sum-
mit. It is located at the edge of a headwall scar which, based
on bathymetric data, revealed a 70 km-long debris flow
originating from the summit (Fryer et al., 2000). The knoll
is also part of the current conduit for deep-sourced fluids
from the underlying and subducting Pacific plate. These flu-
ids have a pH (25 �C) as high as 12.5 and are sulfate- and
methane-rich (Mottl et al., 2003, 2004; Hulme et al.,
2010), with sulfate originating from the subducting Pacific
Plate, based analysis of pore waters from Conical Sea-
mount with a similar fluid composition (Alt and Shanks,
2006; Komar and Mottl, 2005). Such fluids support subsur-
face chemosynthetic microbial communities of archaea and
bacteria (Takai et al., 2005: Curtis et al., 2013; Kawagucci
et al., 2018) whose primary production support mega-
faunal communities that include mussels, gastropods, tube-
worms, and galatheid crabs (Fryer and Mottl, 1997; Kyuno
et al., 2009; Chen et al., 2016).

Six boreholes were drilled into the summit knoll of
South Chamorro Seamount during ODP Leg 195 to study
the subsurface transport of serpentinite material in an
active serpentinite mud volcano (Salisbury et al., 2002).
Hole 1200C was drilled to 266 meters below the seafloor
(mbsf) prior to the deployment of a screened/cased bore-
hole and an oceanic borehole observatory, commonly
called a CORK (Circulation Obviation Retrofit Kit,
Davis et al., 1992; Salisbury et al., 2002). The final configu-
ration placed the base of the CORK at 202.8 mbsf with a
screened section from 148.8 mbsf to 202.3 mbsf (Salisbury
et al., 2002) (Fig. 2A). The screened section provides a path-
way for pore waters to enter the borehole where they can be
sampled, avoiding sampling artifacts associated with the
recovery of serpentinite muds and the extraction of pore
waters and dissolved gases.

In 2003 the seal to Hole 1200C was removed. Thirty-
seven days later fluids were collected that discharged
through the borehole from a positively pressured formation
(�170 kPa; Vinas, 2013) that was bisected by the screened
portion of the casing (Wheat et al., 2008). Prior to collec-
tion, fluids were diluted with bottom seawater (�60% sea-
water) that entered the borehole through latch holes
within the near-seafloor borehole structure. This mixture
of seawater and formation fluid ascended the remaining
69 cm of the borehole structure at a rate of 2 cm sec�1, dur-
ing which brucite and carbonate minerals precipitated, pre-
cluding the sampling of pristine fluids (Wheat et al., 2008).
The borehole was subsequently sealed.

In January 2009 we returned to Hole 1200C with the
remotely operated vehicle HyperDolphin (HPD Dives
941–947) during a JAMSTEC-funded cruise (NT09-01) to
sample pristine fluids (Kawagucci et al., 2018). During the
first dive (HPD941) borehole fluids that were trapped
within the casing prior to our arrival (herein termed stag-
nant fluids) were collected from the fluid sampling port
on the side of the original-styled CORK (Davis et al.,
1992). Fluids were collected using a sampling reservoir
designed to minimize inadvertent entrainment of ambient
bottom seawater. One end of a tube was attached to the
CORK sampling port with an aeroquip quick disconnect
while the other end was attached to a clear polycarbonate



Fig. 1. South Chamorro Seamount (SCS) is located east of the northern portion of Guam and west of the Mariana Trench. This serpentinite
mud volcano rises from a water depth of �4250 m to 2930 m. Faults are indicated by dashed lines on the bathymetric map (contour lines every
50 m) consistent with the more recent slope failures to the southeast. The headwall has been overprinted by ‘‘more recent” serpentinite
eruptions that formed a knoll on the summit. This knoll has a generally flat top that is �200 m wide and �200 m shallower than much of the
summit region. This knoll was drilled during ODP Leg 195 during which the casing and CORK in Hole 1200C were deployed (Salisbury et al.,
2002).
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reservoir fitted with a rubber flap, which served as a check
valve. After flushing the polycarbonate reservoir with bore-
hole fluid several sampling devices were inserted through
the rubber flap to collect pristine borehole fluids
(Kawagucci et al., 2018). Sampling devices included iso-
baric gas-tight samplers (Seewald et al., 2002), WHATS II
(Saegusa et al., 2006; Miyazaki et al., 2017) and a large vol-
ume bag sampler.

The CORK seal was subsequently removed, allowing
the formation to discharge freely. Two days latter during
dive HPD945, two days after the seal was removed, we
inserted a standard 3-in. schedule 120 polyvinyl chloride
(PVC) tube with o-ring seals, which was designed to seal
the latch holes at the seal sleeve (International Ocean Dis-
covery Program (IODP) part number OJ6038-2), resulting
in the delivery of pristine formation fluids to the top of
the borehole where they could be sampled. Assuming the
borehole discharged at �1 cm sec�1 (40% of the estimated
rate from 2003 that included 60% dilution by seawater;
Wheat et al., 2008) almost two borehole volumes of fluid
were expelled before we sampled discharging fluids by plac-
ing the intakes of the various samplers at least 10 cm into
the open borehole. Discharging fluids were sampled again
during Dive HPD947. Fluids from both dives (HPD945
and HPD947) had identical compositions (Kawagucci
et al., 2018). The borehole remained open and was revisited
in May–June 2009 during which discharging fluids were
sampled with the WHATS and large bag sampler during
dives HPD1007, 1009, and 1010 (JAMSTEC cruise
NT09-07) that occurred 126, 128, and 129 days after the
seal was removed, respectively, (Kawagucci et al., 2018).
The borehole was left open and observations of venting
formation fluids were documented in 2012 during
additional HyperDolphin dives (Kawagucci et al., 2018).

3. ANALYTICAL METHODS

Three types of samples are discussed; pore waters that
were extracted during drilling operations (Salisbury et al.,
2002; Mottl et al., 2003), borehole fluids recovered in
2003 (Wheat et al., 2008), and better quality borehole fluids
that were recovered during a series of HyperDolphin dives
in 2009 (Kawagucci et al., 2018). For completeness we
describe methods that were used to analyze fluids from
2009 in Supplemental Materials.

4. RESULTS

Two distinct fluid compositions were identified during
the drilling of ODP Site 1200 in 2001 (Salisbury et al.,
2002; Mottl et al., 2003). The deeper fluid had seawater-
like sulfate concentrations (28 mmol/kg), an alkalinity of



Fig. 2. Diagram of relevant chemical compositions of pore waters and fluids in the context of the cased borehole and geologic setting at ODP
Hole 1200C on South Chamorro Seamount (Salisbury et al., 2002). (A) Details of the CORK installation and pore water results are shown as
a function of depth. The blue region represents the low-sulfate, AOM-affected, pore waters and the red region represents the deep-sourced,
sulfate-rich pore waters. The black region represents the borehole casing and the green region represents the screened portion of the casing.
(Red lines denote faults and brown lines represent foraminiferal sands. (B) Fluids that discharged in 2003 were low in sulfate and entered the
borehole through the screened portion (Wheat et al., 2008). (C) From 2003 to 2009 the borehole was sealed. Initial sampling in 2009 revealed a
borehole fluid that was intermediate in composition between the low-sulfate and sulfate-rich fluids (Kawagucci et al., 2018). (D) Fluids that
discharged in 2009 were low in sulfate (Kawagucci et al., 2018). (Modified from Wheat et al., 2008).
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62 mmol/kg, no measurable sulfide, and a pH (25 �C) of
12.5 (Table 1). In contrast a shallow fluid, which was
observed only in the upper 17 m of Hole 1200E, had a
nearly depleted sulfate concentration (<1 mmol/kg), an
alkalinity of 127 mmol/kg, a sulfide concentration
of � 19.5 mmol/kg, and a pH (25 �C) of 12.2.

Two distinct fluids were collected from the borehole at
Hole 1200C in 2009 (Table 1). The ‘‘stagnant” fluid that
was collected (HPD941) prior to removing the seal was
characterized by a sulfate concentration of 12.1 mmol/kg,
an alkalinity of 93.0 mmol/kg, a sulfide concentration of
7.5 mmol/kg, and a pH (25 �C) of 12.28. The methane con-
centration of this fluid was 33.4 mmol/L. Dissolved H2 con-
centrations were stable at 56 lmol/L. In contrast, the
second fluid collected from the top of the borehole after it
was flushed was a ‘‘low-sulfate discharging fluid” with a
methane concentration of 23 mmol/L, based on data from
the isobaric gas-tight samplers. Discharging fluids had a
maximum dissolved H2 concentration of 142 lmol/L
(HPD945 and HPD 947). The measured dissolved H2 con-
centrations systematically decreased over the 1- to 2-h it
took to process samples. Stable values were attained when
the concentrations reached �8 lmol/L. Because the fluids
remained on HyperDolphin for several hours following col-
lection and resided in the shipboard laboratory for a few
hours prior to processing, the measured concentration of
H2 likely underestimates the in situ abundance. Similar
decreases in the measured concentrations of dissolved H2

during sample processing were observed in samples from
low temperature diffuse fluids from 9�500N on the East
Pacific Rise and were attributed to microbial consumption
(McNichol et al., 2016).

Within error, both the stagnant and discharging fluids
collected in 2009 are characterized by chloride concentra-
tions of 507 mmol/kg, a value that is lower than the bottom
seawater concentration of 538 mmol/kg (Table 1). Mea-
sured Na and K concentrations were also similar in the
stagnant and discharging fluids (614 and 15.8 mmol/kg,
respectively), but were substantially enriched relative to
bottom seawater. Dissolved Mg and Ca concentrations
were � 0.2 mmol/kg, reflecting the low solubility of
Mg- and Ca-bearing hydroxide and carbonate minerals in
highly alkaline, carbonate-rich fluids (e.g., Mottl et al.,
2004). Note there are differences in the composition of pore



Table 1
Fluid composition of samples from ODP Site 1200, South Chamorro Seamount. Pore water data were compiled from Salisbury et al. (2002),
Mottl et al. (2003), and Komar and Mottl (2005) where the sulfate-rich pore water is based on an average of asymptotic values. The 2003 data
are from Wheat et al. (2008) and were subjected to dilution with bottom seawater and precipitation of brucite and carbonate minerals before
collection. The 2009 fluids are an average from Kawagucci et al. (2018). The sulfate-rich, deep-sourced fluid is an average of or calculated (in
parenthesis) values from this work and data from the ODP Site 1200.

Name in Bottom Low- Sulfate- 2003 Stagnant Low-Sulfate Sulfate-
Paper Water Sulfate rich Fluid Discharging rich

Pore Pore Fluid Deep
Water Water Fluid
1200E ODP Site HPD941 Compiled

2009 4H-1 1200 2003 2009 2009 (Calculated)

pH (25 �C) 7.9 12.21 12.5 12.2 12.28 12.1 12.5
Sulfate1 28.1 0.64 28 2.3 12.1 0.8 28
Sulfide1 0 19.5 <0.25 19 7.5 24.8 <0.25
Alkalinity1 2.64 127 62 104 93 120 62
d13CCO2 (PDB) – – �15 – 1.7 2.6 –
Methane (mM) <0.001 – 2 – 33.4 23 (50)

d13CCH4 (PDB) – – �14.5 – �26.4 �37.4 (�18.4)

dDCH4 – – – – �113.3 �104.8 –
Hydrogen (mM) <0.002 – – – 0.056 <0.1 (200)

Formate (uM) – – – – 9.80 5.9 –
Acetate (uM) – – – – 33.6 38 –
d34S SO4 (CDT) 20.5 – about 20 – – – about 20
Cl1 538 512 510 509 504 507 510
Na1 463 620 610 614 611 614 613
Na/Cl (molar) 0.86 1.21 1.2 1.21 1.21 1.21 1.21
K1 10.2 19.0 19 17.6 15.5 15.8 15.6
Mg1 52.5 0 <0.01 0 0.13 0.2 0.1
Ca1 10.3 0 0.3 0 0.2 0.1 0.2
Li2 26.2 1.3 0.4 5.4 3.7 3.7 3.7
Rb2 1.31 9.7 11 7 7.6 7.7 7.7
Cs3 2.3 62 130 102 102 102
Sr2 88.3 3.6 10 0 9 10 10
Ba2 0.18 0.6 0.4? – 0.8 13 –
B2 428 3400 3200 – 3120 3200 3200
Si2 170 68.5 70 – 36 33 35
Mn2 <0.1 0.03 0.01 – 0.03 0.01 0.01
Fe2 <0.2 2.26 2 – 1.5 0.9 2
NH3

2 <0.1 332 220 – 240 270 220
87Sr/86Sr 0.7091 – 0.70535 – – – 0.70535
d18O (‰) 0 – 2.5 – – – 2.5
dD (‰) 0 – 12 – – – 12
U3 14.2 – – – 0.8 0.5 0.7
Mo3 115 – – – – 1.1 –

1mmol/kg; 2lmol/kg; 3nmol/kg.
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waters and discharge fluids as previously shown by Wheat
et al. (2008). For example, distinct differences in the alkali
metals exist (Table 1), likely attributed to sampling artifacts
induced during the extraction of pore waters (e.g., De
Lange et al., 1992). Similarly, extraction artifacts may influ-
ence the concentrations of dissolved silicon in pore waters,
which are about twice the concentration of discharging flu-
ids. The lower K, Rb, and Si and higher Li and Cs in the
discharging fluids relative to pore waters affect previously
described element/element ratios, which were used to con-
strain thermal conditions within the subduction channel
(Hulme et al., 2010), and in the case of dissolved silicon also
will impact models of silicate mineral stability.

Both stagnant and discharging fluids contained measur-
able amounts of formate and acetate with concentrations in
the range of 6–40 lmol/kg. There were no systematic differ-
ences between the concentrations of these two organic acids
between the two fluids types collected in 2009.

5. DISCUSSION

5.1. Chemical composition of two endmember fluids

Chemical characterization of pore waters, the stagnant
fluid, and discharging fluids has revealed a range of sulfate
concentrations; one that is sulfate rich, one that is low in
sulfate and one with an intermediate sulfate concentration
(Table 1). Mottl et al. (2003) suggested that the fluids char-
acterized by a seawater sulfate concentration and the low
sulfate solutions share a common origin at depth, but are
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variably affected by microbial processes during transport
towards the seafloor. In particular, as the deep-sourced,
sulfate-rich fluid ascended from the subduction channel it
experienced anaerobic oxidation of methane (AOM; e.g.,
Soetaert et al. 2007) by microbes at high pH to produce
the shallow, low-sulfate fluid observed in the upper 17 mbsf
at Hole 1200E (Mottl et al., 2003; Aoyama et al., 2018)
according to the reaction:

CH4 + SO4
2� + OH– => CO3

2– + HS� + 2H2O ð1Þ
This reaction consumes methane and sulfate, lowers the pH
through the consumption of hydroxide and increases alka-
linity. The stoichiometry of reaction (1) indicates that for
every mole of sulfate and methane consumed, a mole of sul-
fide is produced and the alkalinity increases by two molar
equivalents due to the loss of a hydroxyl ion and the pro-
duction of carbonate and hydrogen bisulfide. A similar
reaction can be written with organic matter as the source
of carbon;

2CH2O + SO4
2� + 3OH– = 2CO3

2– + HS� + 3H2O

ð2Þ
where CH2O represents complex organic matter containing
nitrogen. Reaction (2) would have the same effect on sul-
fate, sulfide, and measured alkalinity as reaction (1); how-
ever, the effect on methane concentrations and pH would
be different and would also result in elevated ammonia con-
centrations typically observed during degradation of com-
plex organic matter (Froelich et al., 1979). Reaction (2)
does not play a significant role at South Chamorro Sea-
mount based on the low concentrations of ammonia in pore
waters, which are too low for typical degradation of com-
plex organic matter, and the measured difference in pH
(25 �C) values between the sulfate-rich and low-sulfate pore
waters cannot be accounted for by reaction (2) (Mottl et al.,
2003). Furthermore, serpentinite material from below the
upper 3 mbsf in South Chamorro Seamount is depleted in
organic carbon (36 samples were <0.01 wt.% and the other
9 were >0.01 but <0.05 wt.%) (Mottl et al., 2003). Another
potential reaction is the reduction of sulfate by dissolved
hydrogen (Kawagucci et al., 2018); however, like reaction
(2) this potential reaction is not consistent with observed
changes in pH, alkalinity and methane concentrations.

As noted above, discharging fluids from Hole 1200C in
2003 and 2009 are similar in composition to the low-sulfate
AOM-affected pore waters sampled in 2001 (Table 1).
These fluids are assumed to be the same, with composi-
tional differences resulting from handling artifacts induced
during pore water extraction and mineral precipitation
from dilution of the 2003 fluids with seawater. Given the
almost identical composition of the discharging fluids from
HPD945, 947, and 1007–1010 that were collected four
months apart, we define the average of these fluids to rep-
resent the composition of the low sulfate fluid in the
discussion that follows (Table 1). Assuming that the com-
position of this fluid is affected by reaction (1) and the com-
position of a deep-sourced fluid prior to AOM is
represented by the sulfate-rich, pore water reported by
Mottl et al. (2003), then the consumption of sulfate
(�27.2 mmol/kg) should raise the measured alkalinity
by �54.4 mmol/kg to 116 mmol/kg, almost identical to
the values measured in the low-sulfate discharging fluids
(120 mmol/kg; Table 1 and Fig. 3). Similarly, the sulfide
concentration would increase by �27.2 mmol/kg, which is
similar to the measured value of 24.8 mmol/kg in the low-
sulfate discharging fluids (Fig. 3). The slightly lower values
for the measured sulfide concentrations may reflect expo-
sure to steel casing and screening materials that could
potentially remove hydrogen sulfide as iron sulfide miner-
als. The stoichiometry of reaction (1) is consistent with
the measured pH (25 �C) of 12.1 in the discharging fluid
stemming from a deep-sourced, sulfate-rich fluid with a cal-
culated pH (25 �C) of 12.4 (based on a calculated activity
coefficient of 0.78 for H+). The calculated pH (25 �C) is
consistent with the value of 12.5 ± 0.1 measured in pore
waters from the deep-sourced, sulfate-rich fluid (Table 1;
Mottl et al., 2003). Given a methane concentration of
23 mmol/L in the low-sulfate, discharging fluid, the deep-
sourced, sulfate-rich fluid should have a methane concen-
tration of 50 mmol/L (Fig. 3). This value is substantially
higher than the 2 mmol/L reported for the sulfate-rich,
deep-sourced pore water (Mottl et al., 2003), likely reflect-
ing extensive degassing that occurs during shipboard sam-
ple processing of volatile-rich sedimentary pore waters.

Comparison of the stagnant fluid composition with the
low-sulfate, AOM-affected, discharging fluid and the
deep-sourced, sulfate-rich pore water suggests that the stag-
nant fluid is a mixture of these two endmembers. If conser-
vative mixing is assumed, the stagnant fluid with a sulfate
concentration of 12.1 mmol/kg is a mixture containing
58% of the AOM-affected, low-sulfate fluid and 42% of
the deep-sourced, sulfate-rich fluid (Fig. 3). Similar mix-
tures were calculated for the alkalinity data. The sulfide
concentration in the stagnant fluid was 7.5 mmol/kg, sub-
stantially lower than 14.4 mmol/kg predicted for a 58:42
mixture, suggesting removal of sulfide within the mild-
steel casing during the 6-year period that the stagnant fluid
resided in the borehole. Loss of hydrogen sulfide cannot be
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attributed to homogeneous precipitation of metal sulfides
from solution since no dissolved metals were present in suf-
ficient concentrations to account for the observed deple-
tions in hydrogen sulfide.

There are significant differences in the carbon isotopic
composition of methane in the low-sulfate, discharging
fluid (d13CCH4 of �37.4‰) and the stagnant fluid
(d13CCH4 of �26.4‰). Based on the 58:42 mixing ratio cal-
culated above, an isotopic mass balance yields a d13CCH4

value of �18.4‰ for dissolved methane in the deep-
sourced, sulfate-rich fluid. This value is approximately
4‰ lighter than the value of �14.5‰ reported for pore
water methane (Komor and Mottl, 2005), likely reflecting
the extensive degassing of the pore waters and enrichment
of 13C in the residual dissolved methane due to kinetic iso-
tope effects.

At first glance, depletion of 13C in methane from AOM-
affected, low-sulfate, discharging fluids may appear incon-
sistent with conventional isotopic systematics that predict
enrichment of the heavier isotope in residual methane dur-
ing degradation due to a kinetic isotope effect. However,
field and laboratory studies have revealed 13C depletions
in residual methane during AOM when sulfate concentra-
tions are low (Borowski et al., 1997; Hoehler et al., 2000,
Pohlman et al., 2008; Yoshinaga et al., 2014). These iso-
topic depletions have been attributed to a small microbially
induced backflux of methane under conditions of low sul-
fate activity that does not result in the net production of
methane, but does facilitate carbon isotopic equilibrium
and the production of 13C-depleted methane (Yoshinaga
et al., 2014). Accordingly, 13C-depleted methane in the
AOM-affected, low-sulfate, discharging fluids relative to
the deep-sourced, sulfate-rich fluid are consistent with an
active role for AOM in modifying the fluid’s chemical
composition.

5.2. Subsurface fluid flow and reservoirs

On the basis of the pore water data, Mottl et al., (2003)
accounted for the measured chemical profiles at ODP Site
1200 by the upward seepage of a deep-sourced, sulfate-
rich fluid that undergoes microbial AOM near the seafloor.
This explanation is consistent with existing data at the time
of publication. However, the data present some interesting
conundrums. First, the effects of microbial alteration on
pore water composition in sediments is minimized with fas-
ter pore water seepage (e.g., Wheat and McDuff, 1994;
Wheat and Mottl, 1994; Wheat and Fisher 2008), thus
why is the affect of AOM more prevalent in the faster
upwelling fluid? Also, why is AOM restricted to the upper
17 m of the sediment column when all of the chemical com-
ponents for possible AOM are present at deeper depths?

New data from 2009 allow us to develop an alternative
model to account for ascending fluid composition within
South Chamorro Seamount that considers the three dimen-
sionality of the seamount. Our model involves a deep-
sourced sulfate-rich fluid that ascends through multiple
pathways to the summit (Fig. 4). Some pathways bisect
environments that contain potential inoculum that ignites
AOM, consuming sulfate, and producing the low-sulfate
fluid that also vents at the seafloor. This model is con-
strained by the observation that (1) AOM must occur at
depths below the upper 17 mbsf, (2) complex intertwined
fluid pathways exist, and (3) a likely source of inoculum
is located within the pelagic sedimentary layer that exists
beneath serpentinite mud volcanoes (e.g., Fryer et al.,
2018).

The low-sulfate pore waters in the upper 17 mbsf are
similar to the discharging fluids. Such discharging fluids
must enter the screened section of the borehole, which is
�70 m deeper than the deepest depth that pore waters were
sampled at this site (Fig. 2A). Thus, discharging fluids,
which enter the borehole through the screened section
(148.8–202.3 mbsf), require a source that is at the depth
of or deeper than the screened casing, because there is no
reasonable mechanism to transport the low-sulfate fluid
from the upper 17 mbsf to deeper depths in a hydrologic
system that is positively pressure by �170 kPa (Vinas,
2013).

Complex intertwined fluid pathways are included in our
model given changes in the composition of borehole fluids.
In 2003, Hole 1200C was left open for 37 days before a low-
sulfate fluid was sampled (Wheat et al., 2008) (Fig. 2B).
When we returned in 2009 (HPD941) the stagnant fluid in
the borehole was a mixture of 58% low-sulfate, AOM-
affected fluid and 42% deep-sourced, sulfate-rich fluid
(Fig. 2C). When the borehole was allowed to discharge
freely in 2009, low-sulfate fluids discharged (Fig. 2D). The
existence of the stagnant fluid, which formed by conserva-
tive mixing of the two compositionally distinct fluids, point
to two active hydrologic systems within the serpentinite
mud volcano, one associated with the deep-sourced,
sulfate-rich fluid and the other associated with a low-
sulfate, AOM-affected fluid. This assertion of two active
reservoirs is established because diffusion alone is not cap-
able of producing the stagnant fluid, given that the nominal
scale of molecular diffusion is <1 m during a 6-year period.
Thus the composition of the stagnant fluid requires flow of
the deep-sourced, sulfate-rich fluid through the screened
section and thermally-driven convection and mixing within
the borehole. This model requires the flow of the deep-
sourced, sulfate-rich fluid through the screened section
when the borehole is sealed and flow of the low-sulfate,
AOM-affected fluid through the screened section when the
borehole is open (Fig. 2).

A complex network of fluid pathways is consistent with
the geologic structure of the seamount. The bathymetry of
the knoll points to a central recently active conduit and the
numerous arcuate, en echelon scarps on the summit region
near the edge of apparent headwall scar that penetrates the
southeastern side of the seamount summit are consistent
with fluid pathways that are supported by the opening of
fractures at depth that propagate toward the seafloor from
the slip plane (Fig. 1; Wheat et al., 2008). Such listric faults
may reach the pelagic sediment below the serpentinite mud
volcano (Oakley et al., 2007) (Fig. 4). The number of visual
scarps at the seafloor suggests that many potential fluid
pathways exists, allowing, both the deep-sourced, sulfate-
rich fluid (S351, Mottl et al., 2004) and the low-sulfate,
AOM-affected pore waters (Mottl et al., 2003) to discharge



Fig. 4. Idealized pathways and potential reaction sites of deep-sourced, sulfate-rich fluids that ascend from the subduction channel. Such
fluids may discharge at the seafloor unaltered via the central conduit, react during ascent with pelagic sediment before discharging as a low-
sulfate, AOM-affected fluid, or ascend and mix within the pelagic sediment layer and later discharge at the seafloor in response to a change in
the subsurface pressure regime. This diagram was modified from data for other serpentinite mud volcanoes to illustrate the potential reaction
zone for AOM (Oakley et al., 2007). The inset shows the seamount shown to scale in context to the depth to the subduction channel (�18 km,
Oakley et al., 2008).
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at the seafloor. The observed seepage, based on the pore
water and fluid chemical data, at both of these sites and
on the summit knoll in general, provide a snapshot of cur-
rent conditions. However, current fluid flow conditions can-
not the transport large boulders that are suspended within
the serpentinite mud matrix, requiring a temporal (e.g., seis-
mic) component to discharge (Fryer et al., 1990; Phipps and
Ballotti, 1992; Fryer, 2012).

Below the base of the serpentinite mud volcano we sug-
gest that both fluids originate from a single deep-sourced,
sulfate-rich fluid that ascends a central conduit prior to
reaching the pelagic sediment that underlies the serpentinite
mud volcano. Temperatures within the subduction channel
below South Chamorro Seamount are in excess of the ther-
mal limits of life (250–350 �C, Alt and Shanks, 2006; Debret
et al., 2019; Gharib, 2006, Hulme et al., 2010). As these ster-
ile sulfate-rich fluids ascend a likely depth horizon that
could provide inoculum is the pelagic sediment that under-
lies serpentine mud volcanoes. Seismic data reveal pelagic
sediment under each of the serpentinite mud volcano that
have been surveyed (South Chamorro Seamount was not
surveyed, Oakley et al., 2007) and pelagic sediment was
recovered from Fantangisña (Celestial) Seamount during
IODP Expedition 366 (Fryer et al., 2018). Because buried
pelagic sediment was once in contact with overlying seawa-
ter, it may harbor microbes capable of AOM that were sub-
sequently stimulated by upwelling fluids containing
abundant sulfate and methane at temperatures elevated
from bottom seawater temperatures (15–90 �C, assuming
the pelagic sediment is 1250 m below the summit,
Salisbury et al., 2002), but in the temperature range of
known microbial life. Furthermore these pelagic sediments
contain a significant portion of volcanic ash (e.g., Fryer
et al., 2018), which could supply nutrients (e.g., phosphate)
and/or bioavailable metals (e.g., Cu, Fe, Mo, Ni, Co, and
Zn) to aide in microbial AOM (e.g., Glass and Orphan,
2012).

Within the context of this model, the presence or
absence of AOM in upwelling fluids at the seafloor may
reflect the extent to which the deep-sourced fluids have
interacted with pelagic sediment (Fig. 4). For example, flow
through the central conduit may have flushed out pre-
existing pelagic sediments, allowing sterile, sulfate-rich flu-
ids to reach the seafloor without undergoing AOM. In con-
trast, other paths for fluid flow may intersect pelagic
sediment, during ascent of fluids from the subduction chan-
nel to the seafloor, resulting in the low-sulfate fluid.
Another possibility is that the deep-sourced, sulfate-rich
fluid percolates within the pelagic sediment beneath the
mud volcano. This fluid ‘‘stews” and is subsequently flushed
out in response to tectonic forces or changes in the structure
of the seamount. For example, if the borehole discharged
fluid at 0.1 L sec�1 for 1000 days, then �9 � 106 L dis-
charged during this period. This volume is �1% of the vol-
ume represented by a cylinder with a diameter of 50 m and
a length of 500 m, which is the minimal sediment thickness
in the Mariana forearc (Oakley et al., 2008). Such a small
decrease in the pore space volume at depth could be
induced from the additional overburden from material that
formed the new summit knoll, which is �200 m in height, or
from forces in response to gravitational deformation
(Oakley et al., 2007).

Our model is consistent with the pore water data if we
consider a three dimensional scenario. We suggest that
Hole 1200E bisected a non-vertical hydrologic zone in a
complex hydrologic setting that discharges low-sulfate fluid
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and the deep-sourced, sulfate-rich fluid, which discharges
throughout a larger area of the summit knoll than the
low-sulfate fluid. In terms of the pore water chemical profile
at Hole 1200E, the initial 17 mbsf represents the vertical
transport of the low-sulfate fluid from depth (e.g., the pela-
gic layer below the serpentinite mud volcano), the depth
zone from �17 to 30 mbsf represents a conservative mixing
zone between sulfate-rich and low-sulfate fluids and the
zone deeper than 30 mbsf represents the transport of the
deep-sourced, sulfate-rich fluid. In terms of other dissolved
ions such as Na, Cl, K, Mg, Ca, Li, Rb, Cs, Sr, Si, and B,
pore water profiles in one dimension would be consistent
with the uniform upwelling of a deep-sourced fluid, because
the deep-sourced and low-sulfate, discharging fluids have
identical concentrations for these ions (Table 1).

5.3. Origin of Deep-Sourced Fluid Composition

The formation of serpentinite materials that form the
Mariana forearc mud volcanoes results from the reaction
of water derived from the downgoing Pacific Plate with
ultramafic olivine-rich rocks composed mostly of harzbur-
gite in the overlying Philipine Plate. In general, serpen-
tinization of harzburgite involves the hydration of olivine
and orthopyroxene to produce magnetite, serpentine, bru-
cite, dissolved hydrogen, and alkaline fluids (e.g., Bach
et al., 2006). Temperature and rock composition influence
the pH value of the fluid, which is buffered by secondary
minerals (Palandri and Reed, 2004; Klein et al., 2013).
For example, equilibrium models of serpentinization of
Ca-free peridotite and pyroxenite produces in situ pH val-
ues that range from 9 to 4.5 at temperatures of 25–400 �
C, respectively (Palandri and Reed, 2004; Klein et al.,
2013). In contrast, in situ pH values estimated for serpen-
tinization of Ca-bearing ultramafic lithologies range from
12 to 6 at temperatures of 25–400 �C, respectively
(Palandri and Reed, 2004; Klein et al., 2013). This range
in pH values is consistent with natural waters from serpen-
tinite (pH (25 �C) of 10.7–11.8, Palandri and Reed, 2004)
and ultramafic-hosted hydrothermal system (pH (25 �C)
of 11, Kelley et al., 2005).

To facilitate comparison of the measured pH (25 �C) of
the deep-seated sulfate-rich fluids at South Chamorro Sea-
mount with in situ pH values estimated from thermody-
namic models for serpentinization of ultramafic rocks at
elevated temperatures, we calculated the in situ pH for the
deep-seated, sulfate-rich fluid from 25� to 350 �C, using
the fluid speciation and reaction path program EQ3NR/
EQ6 version 8.0 (Wolery, 1992). For these calculations,
only the aqueous phase was considered and mineral precip-
itation and redox reactions were suppressed. The support-
ing thermodynamic database for these calculations was
generated at 50 MPa using SUPCRT92 software (Johnson
et al., 1992) that included thermodynamic data for minerals
(Helgeson et al., 1978) and relevant aqueous inorganic spe-
cies (Shock and Helgeson, 1988; Shock et al., 1989, 1997;
Sverjensky et al., 1997). Fig. 5 reveals a decrease in the
in situ pH values for the deep-seated fluid from the mea-
sured pH value of 12.5 at 25 �C to values near 10 at temper-
atures greater than 200 �C. These pH values are
substantially greater than the maximum range of in situ

pH values estimated by Klein et al. (2013) for serpentiniza-
tion of clinopyroxene-bearing harzburgite Thus, although
serpentinization represents an effective means to generate
highly alkaline fluids at low temperatures, it cannot account
for the extraordinarily high pH levels observed in discharg-
ing fluids from South Chamorro Seamount.

As noted above serpentinization reactions also produce
dissolved H2. Hydrogen is produced through the oxidation
of ferrous iron in the fayalite components of olivine and
pyroxenes to the ferric iron components of magnetite and
serpentinite. In general, greater ferrous iron contents in
unaltered ultramafic rocks contribute to higher H2 produc-
tion (Klein et al., 2013). The production of H2 is also
dependent on water/rock ratios during fluid-rock interac-
tions and pressure and temperature conditions. Tempera-
tures of 250–350 �C are estimated for the �18 km depth
of the subduction channel below South Chamorro Sea-
mount (Oakley et al., 2008; Alt and Shanks, 2006; Debret
et al., 2019; Gharib, 2006; Hulme et al., 2010). Many labo-
ratory experiments have demonstrated the rapid generation
of H2 during serpentinization of olivine and ultramafic
rocks at 200–400 �C (Berndt et al., 1996; McCollom and
Seewald, 2006; Allen and Seyfried, 2003; Seyfried et al.,
2007; Klein and McCollom, 2013; Klein et al., 2015;
Grozeva et al., 2017; McCollom, 2016; McCollom et al.
2016). The amount of H2 produced reacting 0.5 M NaCl
solution with olivine at 300 �C and 500 bars with a water-
to-rock ratio of 2.25 was 158 mmol/kg after �1700 hours
(Berndt et al., 1996). During this experiment the trajectory
of H2 generation was increasing with experimental time,
suggesting even greater H2 concentrations could be gener-
ated (Berndt et al., 1996). Thermodynamic models predict
even higher H2 concentrations (Klein et al., 2009, 2013;
McCollom and Bach, 2009). Thus, the conspicuously low
concentrations of H2 in the discharging fluids require H2

consumption at depths below the screened portion of the
borehole.

In contrast to the lower than expected dissolved H2 con-
centrations, dissolved methane is abundant (50 mmol/L) in
the deep-sourced, sulfate-rich fluids beneath South Cha-
morro Seamount. Potential sources for this high methane
concentration include methane hydrates, organic-rich sedi-
ment, thermogenic production, and abiotic formation from
carbonate species during subduction and/or upwelling. Nei-
ther gas hydrates nor microbial activity within an organic-
rich sediment are consistent with the composition of the
organic-lean sediment on the incoming Pacific Plate
(Lancelot et al., 1990). Furthermore, the isotopic composi-
tion of methane calculated for the deep-sourced, sulfate-
rich fluid (d13C = �18.4‰, Table 1) is significantly enriched
in 13C relative to methane typically produced by sedimen-
tary microbial methanogenesis that typically has d13C val-
ues less than �45‰ (Schoell, 1980; Whiticar, 1999).
Thermogenic methane production is possible, given esti-
mated temperatures of 250–350 �C in the down-going slab
at South Chamorro Seamount; however, the carbon iso-
topic composition of methane in the deep-sourced fluid is
more 13C-enriched than methane generated by thermal
maturation of marine or terrestrial organic matter that is



Fig. 5. Temperature dependence of the in situ pH of aqueous fluids during serpentinization of peridotite as calculated by Klein et al. (2013)
(solid line), the in situ pH of the deep-sourced sulfate-rich fluid at South Chamorro Seamount, and the pKa for the dissociation of HCO3

– to
CO3

2–. The in situ pH of the South Chamorro Seamount fluids is greater than can be produced by serpentinization at all temperature shown
and places the fluids in the stability field for HCO3

– at temperatures greater than 175 �C. See text for details of the speciation calculations and
thermodynamic necessary to construct this diagram.
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characterized by d13C values of �45 to �20‰ (e.g., Schoell,
1980; Whiticar, 1999). In contrast, the d13C value of the
deep-sourced fluid is entirely consistent with d13C values
of �20 to �2‰ for methane attributed to abiotic synthesis
in a variety of geological environments (Etiope and
Sherwood Lollar, 2013).

We recognize that the subduction channel is a complex
mixture of minerals, alteration products and rocks, but
for simplicity we present idealized reactions that are consis-
tent with the fluid data. To account for the high measured
pH values, the lower than expected H2, and high methane
concentrations in the deep-sourced fluid from the subduc-
tion channel beneath South Chamorro Seamount, we sug-
gest that methane forms abiotically from HCO3

–,
according to the reaction:

4H2 + HCO3
– == CH4 + 2H2O + OH– ð3Þ

where H2 is generated by serpentinization and HCO3
– is

derived from dissolution of subducted carbonate (i.e.,
decarbonization; Fryer et al., 1999; Mottl et al., 2004;
Hulme et al., 2010). Reaction (3) conserves alkalinity; how-
ever, bicarbonate alkalinity is replaced with hydroxide alka-
linity, resulting in an increase in pH. Thus, reaction (3)
represents an effective mechanism to generate hydroxide
concentrations in the deep-sourced fluids beneath South
Chamorro Seamount that exceed values produced by ser-
pentinization reactions. In addition, because each mole of
methane produced consumes four moles of H2, production
of 50 mmol/L methane requires consumption of 200 mmol/
kg H2, implying that serpentinization reactions may have
contributed substantial amounts of H2 to the deep-
sourced fluids during their early history, consistent with
experimental and theoretical studies mentioned above.
Thus, given a temperature of �250–350 �C in the subduc-
tion channel below South Chamorro Seamount
(Maekawa et al., 1993; Alt and Shanks, 2006; Debret
et al., 2019; Gharib, 2006; Hulme et al., 2010), thermody-
namic calculations would predict water-rock mass
ratios < 2, based on the estimated H2 concentrations prior
to abiotic methane formation (Klein et al., 2009).

Methane formation from HCO3
– according to reaction

(3) is thermodynamically favorable at temperatures below
350 �C when the in situ pH is buffered to values below 12
and H2 concentrations are greater than 1 mM (Fig. 6).
Because serpentinization reactions buffer pH to values
below 12 (Klein et al., 2013) and result in the production
of H2 at concentrations substantially greater than 1 mM
(Berndt et al., 1996; McCollom and Seewald, 2006; Allen
and Seyfried, 2003; Seyfried et al., 2007; Klein and
McCollom, 2013; Klein et al., 2015; Grozeva et al., 2017;
McCollom, 2016; McCollom et al. 2016), reduction of
HCO3 will proceed until one of the reactants approaches
a near zero concentration, assuming there are no kinetic
barriers.

A process similar to reaction (3) involving CO3
2– instead

of HCO3
– and producing two moles of OH– for each mole of

methane formed was proposed by Mottl (2009) as a mech-
anism to increase the pH of fluids at South Chamorro Sea-
mount. However, at temperatures above 100 �C, HCO3

–

becomes a weaker acid and is increasingly stable at higher
pH values (Fig. 5). Thus, at in situ pH values regulated
by serpentinization above �175 �C, HCO3

– is the thermody-
namically stable aqueous carbonate species. A further indi-
cation that reaction (3) is responsible for methane
production is provided by the composition of the deeply
sourced upwelling fluids. Based on the stoichiometry of
reaction (3), production of 50 mmol/kg CH4 will produce
an equivalent concentration of OH–. This amount of OH–

exceeds the amount of hydroxide alkalinity that can be pro-
duced by serpentinization reactions at elevated tempera-
tures (Klein et al., 2013) by more than an order of
magnitude and results in a measured pH (25 �C) of 12.4



Fig. 6. Semi-log plot showing the activity ratio of dissolved methane and HCO3
– in equilibrium with dissolved H2 concentrations of 1 mmol/L

(solid lines) and 10 mmol/L (dashed lines) as a function of temperature and pH at 500 MPa. For H2 concentrations greater than 1 mmol/L
activity ratios are greater than unity, indicating formation of methane from HCO3

– is thermodynamically favorable. See text for details of the
speciation calculations and thermodynamic necessary to construct this diagram.
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after accounting for activity coefficients and aqueous com-
plexing. The latter value is almost identical to the measured
pH (25 �C) of the deep-sourced, sulfate-rich fluid from
South Chamorro Seamount (12.5, Table 1).

Decarbonization of the downgoing plate has been postu-
lated based on observations from a number of serpentinite
mud volcanoes that revealed systematic trends in measured
pH values and Ca and alkalinity concentrations as a func-
tion of distance from the trench (Fryer et al., 1999; Mottl
et al., 2004; Hulme et al., 2010) (Table 2). For example,
near the trench, where the subduction channel is shallower
and cooler, pore waters have high Ca and low alkalinity
concentrations with pH (25 �C) values <11. In contrast, ser-
pentinite mud volcanoes that are farther from the trench
(e.g., Asùt Tesoro (Big Blue), South Chamorro, and Coni-
cal Seamounts), where the subduction channel is deeper and
warmer, have pH (25 �C) values of 12.5 with depleted Ca
and enriched alkalinity concentrations. The source of
Table 2
Selected properties of serpentinite mud volcanoes in the Mariana forear
fluid. Data are from Oakley et al. (2008), Hulme et al. (2010), and Whea

Seamount Distance to Depth to
trench Slab
km km

Bottom seawater
Blue Moon 55 13
Cerulean Springs 60 14
E Quaker 61 14
Celestial 62 14
NE Quaker 63 15
Pacman Summit 70 17
Quaker 76 18
Baby Blue 72 18
Big Blue 72 18
S. Chamorro 78 18
Conical 86 19
carbonate likely stems from the increase in calcite solubility
with temperature at pressures greater than 0.3 GPa
(�10–12 km depth) (Caciagli and Manning, 2003).

Dissolution of calcite results in the release of one mole
of Ca for each mole of carbon. Because deep-sourced fluids
from South Chamorro Seamount have low (<0.2 mmol/kg)
concentrations of dissolved Ca, Ca removal is likely
buffered by Ca-bearing secondary minerals. Seyfried et al.
(2007) have shown that hydrothermal alteration of
peridotite during laboratory experiments removes Ca as
Ca-bearing alteration minerals. They attribute the decreas-
ing solubility of Ca phases during continued reaction to
increasing in situ pH that results from incongruent dissolu-
tion of the Na2O component of clinopyroxene, according to
the reaction:
Na2OðcpxÞ + H2O = 2Naþ +2OH– ð4Þ
c and fluid concentrations of selected analytes in the deep-sourced
t et al. (2018).

pH Ca Alkalinity Na/Cl
mmol/kg mmol/kg molar

ratio

8.1 10.2 2.3 0.86
10.7 58 1.4 0.78
10.8 49.5 2.3 0.72
10.7 74.8 3.1 0.72
�10.8 >82 <0.5 0.87
>8.3 >33 <1.3 <0.86
>8.9 <6.9 <1 0.89
9.2 18.1 0.8 1.08
>9 <6.9 <1 >0.93
12.5 0.1 73 1.19
12.5 0.3 62 1.20
12.5 1 52 1.50
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The increase in pH induces aqueous Ca removal from solu-
tion by shifting the equilibrium of Ca-bearing mineral
assemblages. For example, combining the pH dependent
equilibration of epidote and lawsonite, two stable minerals
at the temperatures and pressures encountered by the sub-
ducting slab (Maekawa et al., 1992; Maekawa et al.,
1995; Mottl, 2009), with reaction (4) yields the overall
reaction:
ð5Þ
The net effect of reaction (5) is the pH independent aque-
ous exchange of Ca for Na. A similar pH independent
exchange can be written for the precipitation of portlandite
as follows:

Ca2þ + Na2O(cpx) + H2O = Ca(OH)2 + 2Naþ ð6Þ

Reactions (5) and (6) increase the aqueous concentration
of Na. Assuming that the Na/Cl molar ratio is initially set
by pore water and formation fluids from the subducting
plate, Na increases in the deep-sourced fluids at South Cha-
morro Seamount are indicated by high measured Na/Cl
molar ratios (1.2) compared to seawater (0.86). The
observed Na/Cl ratio at South Chamorro Seamount
requires the addition of 177 mmol Na/kg after accounting
for the decrease from seawater chloride concentrations
(538 mmol/kg) to the measured chloride concentration of
510 mmol/kg in the deep-sourced fluid, and assuming the
fluids initially had a seawater Na/Cl molar ratio of 0.86
(Tables 1 and 2). Addition of 177 mmol/kg Na to solution
by reactions (5) or (6) would require the removal of
88.5 mmol/kg aqueous Ca. The latter value is remarkably
similar to the total carbon content of the deep-sourced fluid
consisting of 46 mmol/kg from carbonate alkalinity (Mott
et al., 2004) and 50 mmol/L methane, consistent with a car-
bon source from the dissolution of carbonate in the sub-
ducted slab.

The model presented above can account for the low
measured H2 concentration and the high pH values,
methane concentrations, and high Na/Cl molar ratios of
the deep-sourced, sulfate-rich fluid beneath South Cha-
morro Seamount. Other serpentinite mud volcanoes (Asùt
Tesoro (Big Blue) and Conical Seamounts) have similar
pH, Ca, and Na/Cl molar values in their deep-sourced
fluid (Table 2), implying that similar decarbonazation
and Ca removal reactions occur beneath them. In con-
trast, serpentinite mud volcanoes that are closer to the
trench, and by inference overlying a shallower and cooler
portion of the subduction channel, have high Ca and low
alkalinity concentrations and pH values in the range of
9–11 (Table 2). These lower pH fluids are derived from
serpentinization reactions, but are unaffected by abiotic
methane production. In the context of such a model,
the near-trench, deep-sourced fluids should have pH val-
ues of 9–11 (Table 2), be depleted in dissolved abiotic
methane, and enriched in dissolved H2, barring microbial
mediated consumption. Here microbial sulfate reduction
could occur with methane derived from biotic sources
and other pathways that include dissolved H2.
6. IMPLICATIONS

The model presented above has implications for the
extent of serpentinization and production of abiotic
methane in the subduction channel, microbial activity and
metabolic pathways, and mass balances of water and mate-
rials in an active serpentinite mud volcano. The model can
used to assess biogeochemical processes at three new bore-
holes that were installed during IODP Expedition 366, at
Yinazao (Blue Moon; Hole U1492D), Fantangisña (Celes-
tial; Hole U1497D), and Asùt Tesoro (Big Blue; Hole
U1496C) Seamounts (Fryer et al., 2018) (Table 2). Each
of these boreholes was sealed with cement at the bottom
and included a screened portion of casing, similar to the
configuration of Hole 1200C at South Chamorro Sea-
mount. A few days after deploying the cement, the expedi-
tion returned to Fantangisña (Celestial; Hole U1497D) and
Asùt Tesoro (Big Blue; Hole U1496C) Seamounts to assess
the status of the cement plug and collect a water sample
(Fryer et al., 2018). Both samples included a component
of the formation fluid, indicating that the hydrologic system
was rebounding and active flow of serpentinite-sourced flu-
ids discharged into the borehole; however, the fraction of
the deep-sourced fluid was difficult to quantify (Fryer
et al., 2018). Given that the samples were collected in
non-gas-tight samplers, the boreholes were rebounding
from drilling disturbances, and there is evidence for current
brucite and carbonate mineral precipitation within the
borehole, it is unlikely that the measured concentrations
of methane and H2 reflect values in the discharging fluid.
Because molar ratios of H2/CH4 are less affected by these
issues, they may be representative of discharging fluid.
The sample from Fantangisña (Celestial) Seamount (Hole
1497D), located closer to the trench than South Chamorro
Seamount, had a H2/CH4 of 50, suggesting the presence of
an H2-rich and CH4-poor fluid. This conclusion coupled
with a pH (25 �C) < 11 and high Ca concentration is consis-
tent with a fluid that is regulated by serpentinization reac-
tions without the effects of abiotic methane formation
(Table 2). In contrast, a H2/CH4 value of 3.6 was measured
in the sample from Asùt Tesoro (Big Blue) Seamount (Hole
U1496C), located further from the trench than Fantangisña
(Celestial) Seamount (Hole 1497D) but closer than South
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Chamorro Seamount, where upwelling pore waters have a
pH (25 �C) of 12.5 and low Ca concentration, similar to flu-
ids that discharge from South Chamorro Seamount and
consistent with abiotic methane formation within the sub-
duction channel beneath Asùt Tesoro (Big Blue) seamount.
Although these initial data are not definitive, they provide
evidence that methane formation by reaction (3) and decar-
bonazation play an increasing role in regulating the compo-
sition of fluids derived from the subduction channel as
temperatures and pressures rise during descent of the Paci-
fic Plate.

Our model suggests that the permeable conduits could
bring sterile fluids and materials from the subduction chan-
nel to the surface of South Chamorro Seamount. Because
flow paths are complex due to geologic heterogeneity, some
pathways may bisect the pelagic sediment underlying the
serpentinite structure. Here, deep-sourced, sulfate-rich flu-
ids may undergo AOM. Studies have shown microbes can
tolerate high pH fluids (Takai et al., 2001, 2005: Kelley
et al., 2005; Brazelton et al., 2006; Curtis et al., 2013;
Kawagucci et al., 2018) and assimilate methane, acetate,
and formate (Kawagucci et al., 2018). Kawagucci et al
(2018) determined methane assimilation rates under anaer-
obic conditions of 0.039 nmol day�1 L�1 with ‘‘pelagic”
microbes in fluids that discharged from the borehole at
South Chamorro Seamount. It is not surprising that the
fluid composition in the stagnant fluid was not modified
by microbial activity because only 83 nmol CH4/L would
have been consumed in 6 years. Furthermore, at this rate
it would take 2 million years to produce the low-sulfate,
AOM-affected fluid. A 2 million-year-old reservoir is not
out of the question for this geologic setting, given that ser-
pentinite mud volcanoes have been active in the Mariana
forearc for 50 million years (Fryer et al., 2000), but the
combination of the increase in temperature at depth and
the potential contribution from microbial communities that
live on mineral surfaces likely would decrease the time
required to consume sulfate in the deep-sourced fluid.
Although much of our discussion has focused on AOM,
it is not the only potential metabolic pathway; acetate
and formate also are present in these fluids. Experimental
assimilation rates of acetate (0.004 nmol day�1 l�1) and for-
mate (0.06 nmol day�1 l�1) are low (Kawagucci et al.,
2018). With such low rates only 0.13 lM formate or
0.001 lM acetate would be consumed in six years in the
stagnant fluid. Given the 58/42 mixture presented above
the deep-sourced, sulfate-rich fluid would have a larger for-
mate and lower acetate concentration than the low-sulfate,
AOM affected fluid, suggesting that microbial metabolic
pathways or abiotic reactions consume formate while pro-
ducing acetate. Systematic sampling from this and addi-
tional serpentinite mud volcanoes is needed to resolve
subsurface reactions for these constituents.

With our estimate for the dissolved H2 concentration in
the subducting slab coupled with experimental data, we can
begin to constrain water to rock ratios, leading to a better
understanding of mass balances of water and materials in
an active serpentinite mud volcano and in the subduction
channel. The minimum mass of serpentinite material cre-
ated is defined by bathymetric data and assuming a porosity
profile with depth. This overall mass is made from numer-
ous eruptive events. In addition to this mass flux, fluids dis-
charge at a rate that is in excess of the serpentinite matrix.
In general, pore waters in serpentinite mud volcanoes
ascend at rates that are several to tens of cm y�1 faster than
the surrounding mud matrix with the fastest seepage rate of
36 cm y�1 in this setting (Fryer et al., 1999; Mottl et al.,
2003, 2004; Hulme et al., 2010). However, such a slow seep-
age rate cannot maintain the presence of boulders within
the serpentinite mud matrix (Phipps and Ballotti, 1992),
requiring another transport mechanism that is likely trig-
gered by intermittent events with high discharge rates. Such
a high discharge that minimizes the residence time of mate-
rials at depth is further supported by observations of pro-
grade metamorphic effects on the metabasites, implying
the ascent of these materials must be fast to minimize alter-
ation in such a highly reactive fluid environment (e.g., Fryer
et al., 2006, 2018). Such eruptive events are currently poorly
constrained; however, knowledge of the water to rock ratio
in the subduction channel will place constraints on the
potential viscosity of such flows. Higher water to rock
ratios could mean more fluidized serpentinite material char-
acteristic of 18-km-long thin flows (Fryer and Mottl, 1992)
and other ‘‘braded” flows on serpentinite seamounts that
are more distal from the trench (Fryer et al., 2018), whereas
lower water to rock ratios may produce more viscous mud
flows typical of those observed on Fantangisña (Celestial)
Seamount, which is closer to the trench (Fryer et al., 2018).
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