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ABSTRACT

The most in depth examination to date of the biogeochemistry of oceanic basement fluids
is provided for the sediment-buried Juan de Fuca Ridge flank with a crustal age of 3.5 Ma.
The overall goals of this study are to understand the available nutrients, substrates and
geochemical energy for the sediment-buried ridge-flank basement biosphere and to
evaluate the impact that the ridge-flank hydrothermal system may have on the global
ocean organic carbon cycle. Tremendous efforts were made to obtain high quality ridge-
flank basement fluid samples by developing a novel clean sampling system to obtain
fluids via delivery lines associated with Circulation Obviation Retrofit Kit (CORK)
observatories installed in Integrated Ocean Drilling Program (IODP) boreholes 1301A,

1362A and 1362B.

The low phosphate concentrations (0.06-0.1 uM) in ridge-flank basement fluids, relative
to dissolved inorganic carbon (0.46-0.59 mM) and ammonium (99-102 uM) suggest that
phosphate could be a limiting major nutrient in the basement biosphere. Both methane
(1.5-13uM) and hydrogen (0.05-2 uM) are present at significantly higher concentrations
in ridge-flank basement fluids than in background seawater (0.0002 and 0.0004 pM,
respectively), providing energy for methanotrophs and hydrogenotrophic microorganisms.
The §"3C-CH, values for CORK 1301A fluids (-42+2 %, n=4) fall within the range of
isotopic values for thermogenic (-20%o to -62%o0) and near the **C enriched compositions
of biogenic (-110%o to -45%o0) methane. The low dissolved organic carbon (DOC)
concentrations in the ridge-flank basement fluids (11-16 uM) confirm that the basement
is a net sink for deep seawater DOC (~40 uM). However, the elevated dissolved amino

acids concentrations (53-89 nM) suggest that ridge-flank basement fluid is a net source



for deep seawater amino acids (~50 nM) and that amino acids may be utilized by
heterotrophic microorganisms in the basement environment. In addition, significant
differences in concentrations of dissolved methane, hydrogen and amino acids in
basement fluids collected from the three study sites indicate that the aquifer is
heterogeneous on at the scale of hundreds of meters, suggesting that variable microbial
community compositions and/or different microbial activities may be found at the three

sites.
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CHAPTER 1

An Introduction



1.1 Introduction

Ocean crust consists of ocean basement and the overlying sediment. Heat flow anomalies
(Lister, 1972; Anderson et al., 1977; Davis and Lister, 1977), alteration of basaltic
basement (Alt et al., 1986; Alt et al., 1996), high basement permeability (Anderson et al.,
1985; Becker et al., 1989; Becker and Fisher, 2000) and the discovery of hydrothermal
plumes (Weiss et al., 1977) have all indicated pervasive hydrothermal circulation within
the upper part of the basement. Based on a global seafloor heat flow data set, Stein et al.
(1995) suggest that most of the advective heat loss from the ocean crust occurs via
hydrothermal circulation on ridge flanks with crustal ages greater than 1 Ma; and
hydrothermal circulation continues past an average crustal age of about 65 Ma.
Permeability data suggest that hydrothermal circulation extends to a thickness of ~600m
in the upper basement (Anderson et al., 1985; Johnson and Pruis, 2003), consistent with
evidence for crustal alteration (Alt et al., 1996). The circulating hydrothermal fluids
within the basement are referred to as “basement fluids” (Elderfield et al., 1999)

throughout this dissertation.

Basement fluids originate from bottom seawater entering the basement at highly
permeable unsedimented mid-ocean ridges, young poorly-sedimented ridge flank areas
and unsedimented recharge seamounts (Davis et al., 1999; Fisher and Becker, 2000;
Fisher et al., 2003; Fisher, 2005b). The upper ocean basement (~600 m thick) comprises
the largest aquifer on earth, holding hydrothermal fluids equivalent to an estimated 2% of
the ocean volume (Johnson and Pruis, 2003), and may harbor a substantial biosphere
(Cowen, 2004). The total hydrothermal fluid flux from the basement into the ocean is

estimated to be 20% of global riverine input (Johnson and Pruis, 2003) and the
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hydrothermal fluid flux from ridge-flanks (crustal age >1Ma) alone is about 5-60% of the
total hydrothermal fluid flux (Mottl, 2003; Wheat et al., 2003). Despite the immense
volume of this aquifer and its potential to support a large biosphere, only a few studies of
this difficult-to-access environment have been completed (e.g. Mottl et al., 1998;
Elderfield et al., 1999; Wheat et al., 2000; Cowen et al., 2003; Cowen, 2004; Wheat et al.,
2004a; Huber et al., 2006; Lang et al., 2006; McCarthy et al., 2010; Wheat et al., 2010).

These are briefly summarized below.

On the eastern flank of Juan de Fuca Ridge (Fig. 1), access to basement fluids is provided
by natural spring waters discharging from unsedimented outcrops (Mottl et al., 1998;
Wheat and Mottl, 2000; Huber et al., 2006; Lang et al., 2006) and by the circulation
obviation retrofit kits (CORKSs) installed in Ocean Drilling Program (ODP) and
Integrated Ocean Drilling Program (IODP) boreholes (Elderfield et al., 1999; Cowen et
al., 2003; Cowen, 2004; Wheat et al., 2004a; Huber et al., 2006; Lang et al., 2006;
McCarthy et al., 2010; Wheat et al., 2010). These early studies document the alteration of
inorganic chemical compositions of the basement fluid, the high diversity of microbial
community and evidence for the removal and production of dissolved organic carbon

(DOC).

Mottl et al. (1998) and Wheat and Mottl (2000) reported that relative to bottom seawater,
basement fluids venting from the exposed rocky seamount called Baby Bare (Fig. 1) are
heavily depleted in magnesium, alkalinity, dissolved carbon dioxide, sulfate, potassium,
lithium, uranium, oxygen, nitrate and phosphate, and enriched in calcium, chlorinity,
ammonia, iron, manganese, hydrogen sulfide, hydrogen and methane. Based on deep
sediment porewater profiles and basement fluid samples (CORK 1026B), Elderfield et al.
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(1999) observed that seawater-basement rock interaction leads to gradual increases in
calcium and decreases in alkalinity, magnesium, sodium, potassium and sulfate in
basement fluids along a 80-km transect of boreholes drilled across the eastern flanks of
the Juan de Fuca Ridge during ODP expedition 168 (Shipboard Scientific Party, 1997a),
an observation consistent with that made by using spring waters from unsedimented
outcrops (Mottl et al., 1998; Wheat et al., 2000). Analyses of basement fluids venting
from ODP CORK 1025C and 1026B also verified the degree of geochemical alteration of
circulating basement fluids inferred from deep sediment porewater profiles (Wheat et al.,
2004a). The consistency in the inorganic geochemical compositions of basement fluids in

previous studies provides a foundation for sample quality control for this study.

The diversity of the microbial community residing within the subseafloor basement was
explored using ribosomal RNA gene sequencing of materials collected from basement
fluids discharged from CORK 1026B (Cowen et al., 2003) and Baby Bare spring (Huber
et al., 2006). Cowen et al. (2003) suggested that fluids from CORK 1026B nourish a
diverse assemblage of bacteria and archaea with phylogenetic groups that are closely
related to known nitrate reducers, thermophilic sulfate reducers and thermophilic
fermentative heterotrophs. Huber et al. (2006) found even more diverse groups of
bacteria and archaea in Baby Bare and CORK 1026B basement fluids and that the clones
of these groups are closely related to known cultured anaerobic thermophiles. While both
studies suggest the presence of a subseafloor biosphere within the basement environment,
little is known about the available inorganic nutrients, organic substrates and geochemical
energy potential for chemoautotrophs or heterotrophs that may thrive in this environment.

A goal of this dissertation was to fill these gaps in knowledge.



Dissolved organic carbon (DOC) is the product of vigorous biological activity and is an
important measure of the organic fuels available for subseafloor heterotrophic activities
(e.g. Williams, 1970; Azam et al., 1983; Ducklow and Carlson, 1992; Carlson, 2002).
Lang et al. (2006) reported that DOC concentrations in basement fluids from Baby Bare
and CORK 1026B are much lower than that in bottom seawater and suggested that the
biotic and abiotic reactions within this environment make the basement a net sink for
deep ocean DOC. In contrast, high-molecular-weight (HMW) DOC in basement fluids
from Baby Bare and CORK 1026B (8*3C=-26.1 to -34.5%o) is highly depleted in **C
relative to deep ocean DOC (5'*C=-21.1%o), which is consistent with a chemoautotrophic
origin (McCarthy et al., 2010). The radiocarbon ages of the HMW-DOC (11,800-14,400
years before present) are also similar to the radiocarbon ages of the dissolved inorganic
carbon in ridge-flank fluids, suggesting that the HMW-DOC of basement fluids was
synthesized by chemoautotrophic microbial communities in ridge-flank fluids (McCarthy
et al., 2010). McCarthy et al. (2010) further suggested that organisms residing within the
ridge-flank basement biosphere may synthesize organic carbon extensive enough to
export to the overlying ocean. Data presented by this dissertation will help to clarify these

issues further.

The research presented in this dissertation focuses on basement fluids collected via
IODP-CORKSs 1301A, 1362A and 1362B. The three sites were selected because the three
CORKSs are equipped with fluid delivery lines (FDLs) that extend from the basement to
seafloor sampling ports. The FDLs are made of stainless steel for CORK 1301A and
Tefzel (ethylene-tetrafluoroethylene fluoropolymer) for CORKs 1362A and 1362B. One

advantage of using FDLs is that sampled basement fluids do not flow in direct contact



with the CORKSs’ lengthy and reactive steel casings, a disadvantage of collecting samples
from old-style CORKs, as pointed out by Cowen et al. (2003). Another advantage of
using FDLs is that flushing of stagnant fluids residing within the FDL can be quickly
performed using a seafloor pumping system (Cowen et al. 2012). Flushing of venting
fluids via a stainless steel sampling device at Baby Bare outcrop significantly reduced the
sediment influence, as indicated by Huber et al.(2006) and Lang et al. (2006). The
locations and penetration depths of CORKs 1301A, 1362A and 1362B also permit the
examination of spatial variations in basement fluid compositions at a scale of 300-800 m
horizontally and ~150m vertically. CORK 1362B is located ~550 m north-northwest
(NNW) of CORK 1301A; CORK 1362A is ~311 m further NNW of 1362B. The fluid
intake is ~30 m below the sediment-basement interface (mbs) at CORK 1301A, 200 mbs

at CORK 1362A and ~50 mbs at CORK 1362B (Fig. 1).

In this dissertation we provide the most detailed examination of the biogeochemistry of
basement fluids to date. The data set includes major ions, nutrients, DOC, dissolved
methane and hydrogen, dissolved iron, and dissolved amino acids in basement fluids
from CORKSs 1301A, 1362A and 1362B (Appendix A). A four-year time series data set
for many key biogeochemical parameters in basement fluids collected from CORK
1301A is also discussed (Chapter 2). These biogeochemical data provide evidence for
available nutrients, substrates and geochemical energy within the subseafloor basement
biosphere and the dissolve organic carbon data allow us to evaluate the extent to which

the ridge-flank hydrothermal system impacts the global ocean organic carbon cycle.

This dissertation is comprised of six chapters. Chapter 1 is the introduction. Chapter 2

discusses inorganic nutrients, dissolved methane and hydrogen and DOC in basement
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fluids collected from CORK 1301A and the implications of these data. Concentrations of
inorganic major ions, nutrients, DOC and dissolved iron for fluids from CORKSs 1362A
and 1362B are similar to those from CORK 1301A (Table 3.1); thus the conclusions
drawn in Chapter 2 from the composition of fluids from CORK 1301A can also be made
for fluids from CORKSs 1362A and 1362B. In contrast, basement fluids from CORKSs
1301A, 1362A and 1362B show larger variations in their dissolved methane, hydrogen
and amino acid compositions and thus are discussed in greater detail in the following two
chapters. Chapter 3 presents the data on dissolved methane and hydrogen in basement
fluids collected from CORKSs 1301A, 1362A and 1362B. Chapter 4 discusses amino acids
in basement fluids from CORKs 1301A, 1362A and 1362B. Chapter 5 represents a
departure from the ridge flank environments of the previous chapters and instead
examines dissolved and particulate organic carbon data from back-arc spreading/eruption
vent fields, allowing a comparison with ridge-flank basement fluids. Chapter 6

summarizes the previous chapters and includes directions for future research.

Specific objectives, together with related hypothesis and approaches, which guided the

research presented in this dissertation, are as follows:

(1) To obtain high quality ridge-flank basement fluid samples.

Obtaining high quality basement fluid samples with little or no bottom seawater
contamination and minimum or no influence by CORK materials was a critical step for
the entire research program. Although CORK observatories provide unprecedented
opportunities for basement fluid collection, possible influences by CORK casing

materials have been pointed out (Cowen et al., 2003; Nakagawa et al., 2006);



contamination of ammonium and iron in basement fluids collected using samplers
installed inside a CORK’s casing are identified by this study and discussed in Chapter 2.
Thus, extreme efforts and improvements in instrumentation and methods were made
progressively through the four sampling cruises (every summer from 2008 to 2011) in
order to obtain high quality samples for this research. The details of the sampling

methods and the sample quality are described in Chapter 2.

(2) To assess the levels of essential bioelements within the ridge-flank.

Mottl et al. (1998) reported nitrate and phosphate concentrations in Baby Bare spring
water to be 0.8+£0.7 uM and 0.4+0.1 pM, respectively. Similarly, Wheat et al. (2000)
reported nitrate and phosphate concentrations in Baby Bare spring water to be 0.8+0.7
MM and 0.3£0.1 pM, respectively. The sub-micromolar concentrations of nitrate in Baby
Bare spring water indicates that nitrate (~40puM) in recharged seawater has been
consumed either by reactions within basement and/or by diffusional transport of nitrate
from basement into the sediments (Wheat et al., 2000). Depletion in nitrate also indicates
that the basement fluids discharged from Baby Bare are reducing (Wheat et al., 2000).
However, sampling of basement fluids discharged from Baby Bare without bottom
seawater entrainment has been challenging and the sub-micromolar concentrations of
nitrate reported were calculated from a regression of magnesium versus nitrate for all
samples collected (Wheat et al., 2000), resulting in a large uncertainty. The presence of
nitrate has significant impact on the basement biosphere not only because it is a major
nutrient but, more importantly, because it can provide a significant amount of energy to

microorganisms via nitrate reduction (e.g. Nealson, 1997; Amend and Shock, 2001).



Thus, it is important to understand whether nitrate is present in a sub-micromolar level or

is completely exhausted (zero nitrate) in the ridge-flank basement fluids.

The depletion in phosphate in Baby Bare spring fluids is likely related to phosphate
adsorption onto iron oxyhydroxide and to biological uptake (Wheat et al., 1996). Iron
oxyhydroxide is one of the most abundant secondary minerals present in 3.5 Myr-old
rock cores from this study site (Marescotti et al., 2000). Sorption of phosphate onto iron
oxyhydroxide surfaces lowers the dissolved inorganic phosphate concentrations in the
fluid and renders phosphate unavailable for biological uptake (Reynolds and Davies,
2001; Ruttenberg and Sulak, 2011). As noted above, collecting basement fluids from an
outcrop without contamination by bottom seawater has been challenging. Additional
analysis of phosphate concentrations in basement fluids collected using more advanced
sampling methods would help to constrain the level of phosphate that is available for

microorganisms residing in the basement environment.

Hypothesis 1: Phosphate is the limiting nutrient for basement biosphere.

Despite low nitrate, elevated ammonium concentrations are expected as a result of
downward diffusional transport from the overlying sediment porewater (Wheat et al.,
2000). In contrast, low phosphate concentrations are expected in basement fluids for
reasons stated above, making phosphate a potential candidate as a limiting nutrient in this
environment. As a partial test of this hypothesis, basement fluid samples from CORKSs at
boreholes 1301A, 1362A and 1362B were analyzed for major nutrients including

ammonium, nitrate, nitrite, phosphate and alkalinity. These results will guide future



nutrient-addition experiments (which are outside the scope of this dissertation), to test
whether the nutrient(s) with low dissolved concentrations actually limit life in the
basement environment. The results and detailed discussion regarding this objective are

presented in Chapter 2.

(3) To determine the hydrogen and methane levels in the ridge-flank basement fluids.

Hydrogen and methane are important sources of energy, and methane can also serve as a
source of carbon source for microorganisms (e.g. Lovley and Goodwin, 1988; Nealson,
1997; Hinrichs et al., 1999; Boetius et al., 2000; Amend and Shock, 2001; Orphan et al.,
2001; Chapelle et al., 2002). The concentrations of hydrogen have been proposed to be an
indicator of the predominant terminal electron-accepting reactions in anoxic groundwater
systems and in aquatic sediments, provided that hydrogen concentrations in these systems
are near thermodynamic equilibrium (Lovley and Goodwin, 1988; Lovley et al., 1994;
Hoehler et al.,, 1998). The highest H, concentrations (30-1000 nM) result from
acetogenesis, followed by methanogenesis (1-10nM), sulfate reduction (0.02-2nM), iron
reduction (0.2nM), manganese reduction (<0.05 nM) and nitrate reduction (<0.05).
Microbial metabolism controlled hydrogen concentrations are predicted and/or observed
in anoxic groundwater systems and in aquatic sediments (Lovley et al., 1994; Hoehler et
al., 1998; Lever et al., 2010). Thus, hydrogen levels in basement fluids could help to
predict the dominant microbial-mediated terminal electron-accepting reactions. These
data will also help to constrain whether the basement environment is a net source or a net
sink for hydrogen. Basalt-hosted high temperature hydrothermal vents contain 0.04-
1.7mM of H; (summarized in Amend et al., 2011). Abiotic production of H, from

seawater-basalt reactions in aqueous solutions at neutral pH and 60°C has been observed

10



in laboratory experiments (Stevens and McKinley, 2000) and in terrestrial subsurface

environments (Stevens and McKinley, 1995).

As previously stated, the presence of hydrogen may promote methanogenesis, as the
production of methane from hydrogen oxidation coupled with carbon-dioxide reduction
becomes thermodynamically favorable when hydrogen is present at high concentrations
(Lovley and Goodwin, 1988; Lovley et al., 1994; Hoehler et al., 1998; Lever et al., 2010).
A hydrogen-based terrestrial subsurface microbial community that is dominated by
methanogens has been observed (Chapelle et al., 2002). The presence of hydrogen may
not only promote microbial methanogenesis, but abiotic methane production may also be
plausible (Sherwood Lollar et al., 1993b; Sherwood Lollar et al., 2002; Sherwood Lollar
et al., 2006; Sherwood Lollar et al., 2008). The presence of methane would suggest that
the environment can provide substrates for methanotrophs to thrive, as depicted in a
Guaymas Basin hydrothermal system (Teske et al., 2003). Whether the ridge-flank
basement environment can support methanogens and anaerobic methanotrophs is of great

interest.

Hypothesis 2: The ocean basement is a source for hydrogen and methane.

To test the hypothesis, basement fluid samples from CORK 1301A, 1362A and 1362B
were analyzed for their methane and hydrogen concentrations and compared with similar
analyses of bottom seawater and overlying sediment porewater, especially those near the
sediment-basement interface. Methane isotope analyses were also performed to provide
information on the potential sources for methane observed in the basement fluids. The

results and their implications are discussed in Chapter 3.

11



Hypothesis 3: The presence of hydrogen and methane provide energy for various
thermodynamically favorable metabolic reactions including hydrogenotrophic
methanogenesis, hydrogenotrophic sulfate reduction, hydrogenotrophic iron

reduction and anaerobic methane oxidation coupled with sulfate reduction.

To test this hypothesis, thermodynamic calculations were performed to investigate the
feasibility of the selected metabolic reactions using in situ temperature, pressure, and
biogeochemical data presented by this study. Negative Gibbs free energy indicates
energy-yielding (spontaneous) reactions and the environment is favorable for these
reactions to take place. In contrast, positive Gibbs free energy indicates energy-
consuming reactions such that an additional energy source would be required for these

reactions to occur. The modeling results and their implications are discussed in Chapter 3.

(4) To evaluate whether ridge-flank basement is a net source or sink for deep

seawater dissolved organic carbon.

Basement fluids originate from bottom seawater. Bottom seawater entrained into the
basement initially carries ~40 uM DOC (Lang et al., 2006; Hansell et al., 2009). If there
is no net removal or addition of DOC into the basement, basement fluids should maintain
the same DOC concentrations as bottom seawater. Sediment porewater at the sediment-
basement interface contains at least an order-of-magnitude higher DOC (Shipboard
Scientific Party, 2004) than found in bottom seawater, so the porewater is a potential
source of DOC for the basement. Chemosynthetic production of DOC within the
basement environment has also been suggested by McCarthy et al. (2010). It is not

known, however, whether the net biological production within basement and the
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diffusional transport of DOC to basement together may exceed the net removal of DOC
within basement due to biological consumption and abiotic reactions such as surface
adsorption (Lang et al., 2006). An earlier study suggests that basement is a net sink for
deep ocean DOC, based on the DOC concentrations in Baby Bare spring fluid and
basement fluids collected from CORK 1026B (Lang et al., 2006). However, results of
that study are potentially biased by sampling from an outcrop (Huber et al., 2006; Lang et
al., 2006) and from old style CORKs (Cowen et al., 2003). This study aims to determine
the DOC concentrations in ridge-flank basement fluids collected using advanced
sampling methods from CORKSs with FDLs at sites 1301A, 1362A and 1362B. Time-
series sampling at CORK 1301A from 2008 to 2011 provides additional data to

investigate the temporal variations in DOC concentrations.

Hypothesis 4: The ridge-flank basement is a net sink for refractory deep seawater

DOC.

To test this hypothesis, DOC concentrations were analyzed in basement fluid samples
and compared with that in bottom seawater. The ridge-flank basement fluid DOC
concentrations were compared with global seawater DOC and are discussed in Chapter 2;
non-ridge flank hydrothermal vent DOC concentrations are also presented in Chapter 5
for comparison. If DOC concentrations in the basaltic fluids are lower than that in bottom

seawater, the basement environment must be a net sink for deep ocean DOC.

(5) To assess whether ridge-flank basement is a net source or sink for labile organic

carbon.
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Based on stable and radiocarbon isotopes of ridge-flank basement fluid DOC, McCarthy
et al. (2010) suggest that DOC is synthesized from inorganic carbon within ridge-flank
basement environments by chemosynthetic microbial communities. The production of
fresh DOC should increase the amount of labile DOC and may result in exportation of
labile DOC to the overlying ocean. Amino acids are the major labile components of DOC
(Lee and Bada, 1975; McCarthy et al., 1997; Kaiser and Benner, 2009) and amino acid
compositions would provide information on the fresher fraction of the DOC present in

ridge-flank basement fluids.

Hypothesis 5: The basement is a net source of labile organic carbon such as amino

acids.

To test this hypothesis, basement fluid samples from CORK 1301A, 1362A and 1362B
were analyzed for dissolved amino acid concentrations and compared with those in North
Pacific deep seawater. Higher concentrations of dissolved amino acids in the basement
fluids would indicate that in situ production and/or transport of amino acids have
occurred and export of dissolved amino acids into the overlying ocean is plausible.
Concentrations of amino acids in ridge-flank basement fluids were also compared with
those in deep ridge-flank sediment porewater from near the sediment-basement interface,
and with non-ridge-flank hydrothermal fluids from various hydrothermal systems.
Compositions of amino acids in ridge-flank basement fluids were also determined and
compared with those in sediment porewater, deep seawater, and bacterial biomass to help

identify potential sources. Degradation status was also inferred from the amino acid
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compositions. The amino acid data and their implications are presented and discussed in

Chapter 4.
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2.0. ABSTRACT

The permeable upper oceanic basement serves as a plausible habitat for a variety
of microbial communities. There is growing evidence suggesting a substantial
subseafloor biosphere. Here new time series data are presented on key inorganic species,
methane, hydrogen and dissolved organic carbon (DOC) in ridge flank fluids obtained
from subseafloor observatory CORKs (Circulation Obviation Retrofit Kits) at Integrated
Ocean Drilling Program (IODP) boreholes 1301A and 1026B. These data show that the
new sampling methods (Cowen et al.,, 2012) employed at 1301A result in lower
contamination than earlier studies. Furthermore, sample collection methods permitted
most chemical analyses to be performed from aliquots of single large volume samples,
thereby allowing more direct comparison of the data. The low phosphate concentrations
(0.06-0.2 uM) suggest that relative to carbon and nitrogen, phosphorus could be a
limiting nutrient in the basement biosphere. Coexisting sulfate (17-18 mM), hydrogen
sulfide (~0.1 pM), hydrogen (0.3-0.7 uM) and methane (1.5-2 puM) indicates that the
basement aquifer at 1301A either draws fluids from multiple flow paths with different
redox histories or is a complex environment that is not thermodynamically controlled and
may allow co-occurring metabolic pathways including sulfate reduction and
methanogenesis. The low DOC concentrations (11-18 pM) confirm that ridge flank
basement is a net DOC sink and ultimately a net carbon sink. Based on the net amounts
of DOC, oxygen, nitrate and sulfate removed (~30 uM, ~80 uM, ~40 uM and ~10 mM,
respectively) from entrained bottom seawater, organic carbon may be aerobically or

anaerobically oxidized in biotic and/or abiotic processes.
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2.1. INTRODUCTION

Ocean crust consists of basaltic basement and the overlying sediments. Ocean
basement, formed at the ridge axes, subsequently ages and is covered by increasingly
thick sediments with increasing distance from the ridge. Hydrogeologic evidence
indicates that hydrothermal fluid circulation persists within the upper basement to global
average ages of at least 65 My (e.g. Becker and Fisher, 2000). These fluids originate from
bottom seawater that penetrates highly permeable basement at mid-ocean ridges,
unsedimented recharge seamounts and thinly sedimented young ridge flanks. The total
fluid reservoir volume of the uppermost (40-500 m) basement aquifer is estimated to be
about 2% of the ocean volume (Johnson and Pruis, 2003). Johnson and Pruis (2003)
estimate that the total hydrothermal fluid flux from the oceanic crust into the ocean to be
20% of global riverine input although the hydrothermal flux from ridge flanks (crustal
age older than 1 My) alone has been estimated to be 5-60% of riverine input (Mottl, 2003;

Wheat et al., 2003).

There is growing evidence of a substantial subseafloor biosphere within this large
water reservoir (Whitman et al., 1998; Parkes et al., 2000; Amend and Teske, 2005).
Texture and chemical composition studies indicate that microbial processes are involved
in the alteration of basaltic glass and rocks (Giovannoni et al., 1996; Fisk et al., 1998;
Torsvik et al., 1998; Furnes et al., 2001a; Furnes et al., 2001b; Furnes et al., 2002; Bach
and Edwards, 2003; Furnes et al., 2006). Concentration, speciation, and isotopic
fractionation of sulfur also provide evidence of a subsurface biosphere in ridge flank
basement (Rouxel et al., 2008; Alford et al., 2011; Alt and Shanks, 2011). However,

while rock cores provide direct samples of surface-associated microbial communities,
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core recovery is generally poor. Furthermore, the zones most likely to host the highest
biomass are the highly fractured permeable zones with the poorest core recovery. On the
other hand, indirect sampling through recovery of basement fluids provides a much larger
biomass sample size and more frequent access to samples. Also, the fluid
biogeochemistry provides an integrated composite view of past processes and potential
contemporary reactivity (e.g., the energies and nutrients required for microbial activities)

(Cowen et al., 2003; Wheat et al., 2004b).

In earlier studies, basement fluids were sampled from three study sites that are
within 6 km of each other on the eastern flank of the Juan de Fuca Ridge (Fig. 2.1).
Biogeochemical data of spring fluids from the unsedimented outcrop Baby Bare are
reported by Mottl et al. (1998), Sansone et al. (1998), Lang et al. (2006) and Walker et al.
(2008); microbial diversity data from the same site are published by Huber et al. (2006).
However, earlier fluids collected at Baby Bare are likely contaminated with sediment
despite a novel sampling device with plenty of flushing time designed to reduce
contamination (Huber et al., 2006). The other two sites are Integrated Ocean Drilling
Program (IODP) boreholes 1026B and 1301A (Fig. 2.1), which are equipped with
Circulation Obviation Retrofit Kit (CORK) observatories (Becker and Davis, 2005) that
allow routine sampling of basement fluids. Biogeochemical data of fluids ascending from
CORK 1026B have been reported (e.g., Cowen et al., 2003; Wheat et al., 2004a; Lang et
al., 2006; McCarthy et al., 2011). Although geochemical and microbial data indicate the
conditions suitable for some level of microbial activity as well as the presence of diverse
bacterial and archaeal communities (Cowen et al., 2003), fluids collected from CORK

1026B ascend through a low alloy steel casing potentially biasing results (Cowen et al.,
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2003; Wheat et al., 2004a; Huber et al., 2006). Time series data from the continuous
collection of small volumes of basement fluids at CORK 1301A using downhole
continuous osmotic-pump fluid samplers, or OSMOs, have provided new insights into
basement fluid chemistry and its recovery from drilling-related perturbations (Wheat et
al., 2004a; Wheat et al., 2010). However, the OSMO samplers are currently limited by

small sample volumes collected over long time periods.

The present study focuses on collecting large volumes (Cowen et al., 2012) of
basement fluids to provide sufficient fluids for the simultaneous characterization of fluid
chemistry, genetics, and metabolic activities. Extensive geochemical data derived from
these samples are used as a check on sample quality with respect to potential
contamination by bottom seawater, CORK or sampling materials, and to investigate the
dynamics of the basement environment over space and time, including thermodynamic
modeling for potential metabolic pathways. The concentrations of the three major
bioelements, carbon, nitrogen and phosphorous, in basement fluids are presented and
discussed. Dissolved gas constituents, including hydrogen and methane, are important
fuels for and products of biological activities and their concentrations are also presented

and discussed.

Dissolved organic carbon (DOC) concentrations are an important measure of the
organic fuels available for subseafloor heterotrophic activities, and also represent a link
between the basement environment and the global carbon cycle. Bottom seawater
entrained into the basement carries ~40 uM DOC. Because global oceans circulate
through ocean crust aquifers on the order of once every 100-500 Kyr (Fisher, 2005b), the

fate of this DOC reflects on the impact of the basement circulation on global ocean
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chemistry generally, and global carbon cycles specifically. Moreover, ultrafiltration DOC
(UDOC) carbon isotope data suggest that ridge-flank circulation may be extensive
enough to export substantial fixed carbon to the overlying ocean (McCarthy et al., 2011).
The DOC concentrations of samples collected are presented and their biogeochemical

implications will be discussed.

2.2 MATERIALS AND METHODS

2.2.1 Study Sites

Boreholes 1301A and 1026B are only 1 km apart (Fig. 2.1), and the holes were
drilled through similar sediment cover (262 and 265 m, respectively) (Shipboard
Scientific Party, 2004) into upper basement of similar age (~3.5 Myr), alteration history
and temperature (~65 °C) (Elderfield et al., 1999; Wheat et al., 2010). The CORKSs
installed in borehole 1301A and 1026B are equipped with 1/8” inner diameter stainless
steel fluid delivery lines (FDLs), which allow collection of fluids with minimal exposure
to the borehole’s iron casing (Cowen et al., 2012). Corroded iron casings have been
suggested to cause artifacts in sampling for molecular biological studies and for obtaining
accurate hydrogen concentrations (Bjerg et al., 1997; Nakagawa et al., 2006). It is also
easier to flush the much smaller inner diameter of the FDLs than the central iron casing
(10 %4”) prior to sample collection. Although 1026B is equipped with FDLs, gas samples
collected from 1026B for this study were from fluids free-flowing upward through the

central casing and out the temporarily uncapped top of the CORK.
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One sample collected from the CORK at borehole 1025C, 68 km to the west of
1301A (Fig. 2.1), is also reported on here for its dissolved organic carbon
content. Borehole 1025C penetrates through ~100 m of sediment into 1.24 Myr old
basaltic crust (Shipboard Scientific Party, 1997a). Upper basement temperatures at this
site are ~38 °C. It is equipped with the original style CORK in which fluids rise through

the center of the casing and are accessed at the seafloor via 2 m titanium pipe.

2.2.2  Sampling Method

The manned submersible Alvin (2008 and 2009) or the remotely operated vehicle
Jason (2010 and 2011) were used to visit the CORK observatories and to connect fluid
sampling gear to the CORK FDLs. The technique for sampling basement fluids via the
CORK FDLs was improved significantly over the course of this study. In 2008, a deep
sea pump (5010 series, Pelagic Electronics) was used to draw basement fluids up the
FDL. Upstream of this pump, a submersible titanium pump (SBE-5T, Sea-Bird
Electronics) was used to draw fluids from the primary fluid flow to a Large Volume Bag
Sampler (LVBS), consisting of a custom-made 60 L Tedlar bag (MiDan Co.) housed in a
Nalgene high density polyethylene (HDPE) box (Fig. 2b; Cowen et al., 2012). The
temperature probe on the submersible Alvin was used to monitor the fluid temperature at
the Pelagic pump’s exhaust port. Sample bags were filled after the FDLs were thoroughly

flushed (3x volume of the FDL) and elevated fluid temperatures were observed.

In 2009, 2010 and 2011 the Pelagic pump was replaced with the Mobil Pumping

System’s (MPS) more powerful pump motor and non-contaminating (inert) titanium and
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Teflon pump head to pump the fluids up the FDLs and then push them past temperature
and flow sensors directly into samplers (Cowen et al., 2012). An in-line SeaBird
temperature probe monitored fluid temperature during flushing and sampling. Fluids
from CORK 1301A were collected into sample bags once fluid temperature rose to a
stable temperature (~20 °C for an hour), indicating that the FDL had been sufficiently
flushed. In 2009 and 2010, LVBS were used (Fig. 2.2c). Additional refinements in
sampling methods were instituted in 2011 (Cowen et al., 2012); fluids were directed from
the pump to one of six acid-cleaned, sterilized (gamma irradiation) custom-made Medium
Volume Bag Samplers (MVBS; 15 L foil-lined, polyethylene inner liner, Jensen Inert
Products). The LVBS was typically mounted on an independent elevator that was quickly
returned to the ship within an hour after fluid collection, whereas the MVBS system was
borne by the remotely operated vehicle. The fluid sampling rate when using the MPS was
200-600 mL/min for the 1301A CORK’s 1/8” inside diameter FDL; sampling rates to >5
L/min were achieved when connected to %2’ inside diameter FDLs available on more

recently installed CORKs (Cowen et al., 2012).

In 2008, four gas samples were collected at 1301A using titanium Gas-Tight
Samplers (Edmond et al., 1992) through a funnel connected to the exhaust port of the
SeaBird pump. In 2010, three gas samples were collected through a similar funnel
connected to the MPS exhaust port (Fig. 2.2d). In 2008, two Gas-Tight samples were also
collected at CORK 1026B when this CORK head was opened for redeployment of

downhole instrument strings (Fig. 2.2e).

2.2.3  Sample Storage
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On deck, samples were quickly distributed into sample vials through acid-washed
Teflon tubing fitted with a short middle section of acid-washed Master-flex (silicon)
pump tubing coupled to a peristaltic pump. Samples for the analysis of total organic
carbon (TOC) and major ions (including Mg, Ca, K, and sulfate) were pumped directly
into acid washed Nalgene HDPE bottles. Alkalinity, pH, Mg and Ca were analyzed at sea.
Samples for DOC, total dissolved nitrogen (TDN), ammonium, nitrate, phosphate and
total dissolved iron analysis were filtered through a combusted GF/Filter (550 °C, 5 hours)
in a Whatman filter holder connected to the end of the Teflon tubing. Subsamples for
DOC, TDN, ammonium and nitrate analysis were stored frozen until thawed just before

analysis at the shore-based laboratory.

Gas samples were stored in Gas-Tight samplers at room temperature until extracted
under vacuum. The 2008 CORK 1301A and 1026B samples were stored for 5-12 days
and the 2010 CORK 1301A samples were stored for 5-8 days before extraction. Each
sample was acidified with sulfamic acid to obtain complete extraction of total CO,. After
gas extraction, the remaining fluids were transferred into HDPE bottles and kept at room

temperature for major ion analysis.

2.2.4  Analytical Methods

Analytical methods followed established techniques (Table 2.1). Standardization for
major ions analysis (Gieskes et al., 1991) employed International Association for the
Physical Sciences of the Oceans (IAPSO) standard seawater (OSIL, Environmental
Instruments and Systems). For DOC and TDN analysis, Analytical Reference Materials

(ARM) supplied by Drs. Wen-Hao Chen and Dennis Hansel (RSMAS, U. of Miami)
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were used as calibration standards before, during and after analysis of samples collected
after 2009 (Sharp et al., 2002; Dickson et al., 2007). At least one ARM was measured
every 5 samples. The average measured DOC concentration in the ARM is 42+2 uM
(n=44), within the standards’ reported value of 41-43 uM. Our detection limit for DOC
was about 2 uM. The average measured TDN value of the ARMs is 32.5£0.6 uM (n=42),
within the standard’s reported value of 32.2-33.8 uM. The detection limit of TDN is

about 0.5 pM.

Methane and hydrogen concentrations in samples were analyzed by gas
chromatography. Gas components were separated using either Hayesep A or Hayesep Q
porous polymer columns (18-24 ft x1/8 inch) started at -50 °C and ramped to 120 °C.
Quantitative injections of various commercially prepared mixed gas standards were used
to calibrate the detector responses. The accuracy for both gases is about 5%. The

precision of measured values in replicate samples for both gases is better than 5%.

2.25 Endmember Correction

During sampling, bottom seawater can be entrained into Gas-Tight samplers
depending on the flow rate out of the access ports, the sampling rate of the Gas-Tight
samplers and how deeply the sampler snorkel is inserted into the port (Fig. 2.2 d & e;
Cowen et al., 2012). The entrained seawater component is subtracted from the
measurement of each sample to obtain the endmember (true) basement fluid composition
(Mottl et al., 1998; Wheat and Mottl, 2000) using a two end-member mixing model
(Libes, 2009) and the endmember represented by the lowest Mg concentration measured

under optimal sampling conditions for a particular basement environment. The lowest Mg
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concentrations measured are 1.9 mM at 1301A (Wheat et al., 2010) and 2.3 mM at 1026B

(Wheat et al., 2004a).

2.3 RESULTS

2.3.1  Inorganic Composition of Basement Fluids

The Mg concentrations measured by inductively coupled plasma optical emission
spectroscopy, ion chromatography and titration agree well over a wide concentration
range. The inorganic chemical compositions of these upper basement samples collected
via FDL from the seafloor (this study) are very similar to those of downhole OSMO
samples reported by Wheat et al. (2010). Upper basement fluids are depleted in alkalinity,
sulfate, potassium, nitrate and phosphate, but enriched in ammonium, silicate, and total
dissolved iron, relative to nearby bottom seawater (Table 2.1, Figs. 2.3 and 2.4). The
average endmember sulfate concentration for our 2010 and 2011 samples are 18.0+0.2
mM and 18.2+0.1 mM, respectively, much lower than the bottom seawater value of
28.4+0.3 mM (Table 2.1). The average endmember phosphate concentrations are

0.06+0.06 uM and 0.10+0.04 uM for 2010 and 2011 samples, respectively (Table 2.1).

2.3.2  Dissolved Organic Carbon Concentrations

Values of basement fluid DOC at CORK 1301A are given in Table 2.1 and plotted
against Mg in Fig. 2.4d. The measured DOC concentrations for the 2010 1301A fluids
are 12+3 pM (n=5), compared to 39+0.8 puM for bottom seawater. The DOC
concentrations in 1301A fluids collected in 2009 and 2008 are 13 uM and 21 uM,
respectively. Due to the low Mg levels in these samples, the differences between the

measured and calculated endmember DOC values are less than 2 uM, similar to the
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analytical error. The endmember DOC values for 1301A fluids are highest in the 2008
sample (19 puM) and lowest in 2010 samples (11+3 uM). The DOC concentration of a
single basement fluid sample collected from CORK 1025C is 22+1 uM, although CORK
1025C fluid value needs to be used cautiously because the fluids were collected through
the CORK’s central iron casing. The overall sampling blanks for DOC are below the

detection limits (2 uM).

2.3.3  Gas Composition

1301A Gas-Tight Samples

The Mg endmember calculations show that basement fluid contributes from 5-11%
and 30-40%, respectively, of the total Gas-Tight samples collected at 1301A in 2008 and
2010, with bottom seawater making up the rest (Fig 2.5, Table 2.2). The low basement
fluid endmember components in Gas-Tight samples are expected because the rate of
basement fluid delivered to the funnel port was low (from <100 mL to 600 mL/min
depending on whether pelagic pump or MPS was used) compared to the rapid Gas-Tight
fluid collection rate (~125 mL per few seconds), insuring that bottom seawater would be
drawn into the funnel during sampling (Fig. 2.2d). The significant increase in the
endmember component of 2010 samples resulted from the higher fluid pumping rate
(200-600mL/min) of the more powerful MPS pump. It should be noted that the slow
pump rates are a function of the tremendous drag presented by the over 250 m of narrow

bore (1/8” ID) FDL available at 1301 A (Cowen et al., 2012).

A methane versus Mg plot (Fig. 2.5b) for 2008 and 2010 samples shows a

conservative mixing relationship, suggesting that very little or no methane oxidation
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occurred within the Gas-Tight samplers before gases were extracted from the samples. As
a consequence, the endmember-corrected methane concentrations of the 2010 and 2008
samples were extremely close despite the much lower endmember component of the 2008
samples. The Mg endmember-corrected methane concentrations are 1.6+0.2 uM (n=3)

and 1.5£0.3 uM (n=4) for the 2010 and 2008 samples, respectively.

A hydrogen versus magnesium plot for CORK 1301A samples in 2008 shows a
cluster of data while that for 2010 samples clearly shows a linear trend (Fig. 2.5c). The
calculated endmember hydrogen concentrations for the 2008 and 2010 samples are 2+1

MM (n=4) and 0.3£0.2 pM (n=3), respectively (Table 2.2).

1026B Gas-Tight Samples

The two 1026B Gas-Tight samples have Mg concentrations (2.8 and 2.9 mM) very
similar to the lowest Mg concentration ever reported for upper basement at this site (2.3
MM; Wheat et al., 2004a) (Fig. 2.2e & Fig. 2.5, Table 2.2), indicating minimal bottom
seawater entrainment in these samples. This is not surprising as the open CORK at this
overpressured hole allowed basement fluids to flow unrestricted up and out of the large

diameter (10 %4”) central casing.

The endmember methane concentrations of the two 1026B basement fluids are very
similar (1.9 uM and 2.0 uM), indicating good reproducibility of the overall sampling and
analytical processes (Table 2.2). In contrast, the hydrogen concentrations of the two
1026B basement fluid samples differ substantially at 1.1 uM and 0.4 uM. Overall, we
were successful in collecting fluid samples for analysis of gas constituents both from the

fluid delivery line (CORK 1301A) and from the open hole (CORK 1026B).
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2.4  DISCUSSION

2.4.1. Comparison with Previous Studies

The compositions of upper basement fluids at the CORK 1301A site were
previously reported for the period from Aug 2004 to August 2008 for samples collected
by downhole OSMO samplers (Wheat et al., 2010). The data from 1301A reported here,
derived from basement fluid samples collected using the FDL-pumping systems during
annual cruises 2008 - 2011, extend the time series from 4 to 7 years. The intake screen
for the FDL is located exterior to the CORK casing at 280 mbsf (meters below seafloor),
in close proximity to the perforated fluid intake for OSMO samplers deployed inside the
steel casing at 280 to 285 mbsf (Wheat et al., 2010) (Fig. 2.2a). Consequently, since the
last data point recorded by the OSMO sampler was at about the same time as the 2008
FDL-LVBS samples (i.e. August 2008), a direct comparison of geochemical data
obtained by different sampling methods is possible. The most significant differences
between the FDL-collected fluids and the OSMO samples are in ammonium and
dissolved iron concentrations (Table 2.1, Fig. 2.3c), discussed in detail below. Methane
and hydrogen compositions briefly mentioned in previous studies (Mottl et al., 1998;

Lang et al., 2006) are compared here with our new data and discussed in detail.

2.4.1.1. Ammonium
The ammonium concentrations for all of the FDL samples range from 99 to 111 uM
(2008~2011), significantly lower than the average concentration of 840 uM in the OSMO
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samples (Wheat et al., 2010). The lower ammonium concentrations observed during the
present study are more consistent with the ammonium concentrations (~246 pM)
observed in sediment interstitial water near the sediment-basement interface collected
from borehole 1301C and 1301D (Shipboard Scientific Party, 2004; Fisher et al., 2005).
The concentration of ~100 uM in basement fluids also falls on the trend line of the
sediment diffusion profile (Fig. 2.6), indicating that the source of the basement fluid
ammonia is downward diffusion from the sediment interstitial water into the basement.
Moreover, the ammonium concentrations measured in this study are similar to those for
1026B CORK fluids and Baby Bare spring fluids (Fig. 6, Johnson et al., 2003; Wheat et

al., 2004a).

In contrast, the high ammonium concentrations of the OSMO samples indicate an
additional (i.e., contamination) source of ammonium. It has been argued that these
elevated levels result from disturbance of the drilling operations or diffusion of
ammonium from overlying sediment interstitial water (Wheat et al., 2010). However, the
ammonium concentration in the overlying interstitial water (246 uM) is lower than that of
the OSMO samples (840 uM), eliminating downward diffusional flow as a realistic
explanation. Since the OSMO sampler’s intake was in the perforated steel casing, the
flushing of fluids collected by the OSMO samplers is relatively restricted. The source of
the additional ammonium (contamination) to the OSMO samplers is not clear, but our
data show that FDL-MPS, with either the LVBS or MVBS, is an effective method for
collecting basement fluid samples for ammonium analysis and for subsequent biological

and molecular studies.

2.4.1.2. Iron Concentrations
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The much lower total dissolved iron (predominantly Fe®") concentrations in the
FDL-MPS samples, relative to the OSMO samples (Fig. 2.3d), demonstrates the benefits
of employing the stainless steel FDL and titanium-Polyvinylidene fluoride (PVDF) MPS
system, with extensive flushing of the FDL prior to actual sample collection. Oxygen
diffusion into the LVBS sample bags prior to subsampling may have allowed some
oxidation and precipitation of dissolved iron. However, the iron concentrations measured
in fluids fixed in situ during seafloor sampling (sample bag pre-charged with Ferrozine)
show no significant difference from shipboard analysis of unfixed samples, indicating
that quick sample turnover and shipboard analysis have minimized the influence of iron

precipitation within the bag samples.

2.4.1.3. Methane Concentrations

The methane concentrations measured in this study for basement fluids at 1301A
(~1.6 uM) and 1026B (2.0 uM) are higher than those measured previously for Baby Bare
spring fluids. Mottl et al. (1998) reported methane at high nM concentrations in Baby
Bare spring fluids consistent with the 0.1-0.74 uM reported by Lang et al. (2006). The
lower methane concentrations in Baby Bare spring fluids are likely caused by
consumption of methane as the fluids ascend to the seafloor. Baby Bare is a lightly
sedimented outcrop and the ascending fluid is more susceptible to influence from

oxygenated bottom seawater than the deeply buried CORK 1301A and 1026B fluids.

2.4.1.4. Hydrogen Concentrations
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The relatively high hydrogen values in 2008 1301A basement fluids may indicate
overestimation due to the low endmember component of these samples. The regression
line for the three 2010 samples did not pass through the hydrogen value for bottom
seawater, suggesting loss of hydrogen relative to the change of Mg, possibly through
hydrogen oxidation inside the Gas-Tight sampler prior to sample extraction.

The hydrogen concentrations measured in basement fluids from 1301A and 1026B
(0.3-0.7 uM) are similar to the high nM concentrations reported for Baby Bare spring
fluids by Mottl et al. (1998). The hydrogen concentrations in Baby Bare fluids were
mistakenly reported as 0.03-0.67 mM (Lang et al., 2006), when, in fact, the value is
<0.18 uM. The hydrogen concentrations in ridge flank fluids are consistently much lower
than what have been observed at ridge axes (summarized in Amend et al., 2011), which
are typically at mM levels. Nevertheless, the hydrogen concentrations in basement fluids
are three orders of magnitude above detection limits (0.2 nM) and could provide fuel for

basement microbes.

2.4.2. Essential Bioelements in the Basement Fluids

The low phosphate concentration (0.11+0.06 uM, average 2008-2011 endmember
value) in 1301A basement fluids is consistent with, but even lower than, the phosphate
concentrations in CORK 1026B fluids (0.9 uM; Wheat et al., 2000) and nearby Baby
Bare spring fluids (0.3 pM; Wheat et al., 2004a). The low dissolved inorganic phosphate
concentrations in the basement fluids possibly result from biological uptake, adsorption
onto basaltic basement, and removal by iron oxyhydroxide particles (Wheat et al., 1996).

Iron oxyhydroxide is one of the most abundant secondary minerals present in the 3.5 Myr
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rock cores from this study site (Marescotti et al., 2000). Sorption of phosphate onto iron
oxyhydroxide surfaces renders phosphate unavailable for biological uptake (Reynolds
and Davies, 2001; Ruttenberg and Sulak, 2011). In contrast to the depleted phosphate
concentrations, the high endmember ammonium concentrations of 104+5 puM (average
2008-2011 endmember value) in basement fluids at 1301A indicate that nitrogen is likely

not a limiting bio-element for the basement biosphere at this site.

The alkalinity of 1301A basement fluid (0.46+£0.06 meg/L, endmember value) is
significantly lower than that of bottom seawater (2.48+0.1 meg/L). Calculated basement
dissolved inorganic carbon (DIC, 0.45+0.06 mM), based on the measured alkalinity and
pH (Zeebe and Wolf-Gladrow, 2001), is also substantially lower than that of bottom
seawater (2.41+0.1 meg/L). The drastic decrease in alkalinity in basement fluids cannot
be explained by the slight decrease in pH from bottom seawater (7.7+0.1) to 1301A
basement fluid (7.4+0.1). Carbonate precipitation is a more likely explanation for the low
alkalinity in basement fluids (Sansone et al., 1998) although biological uptake might also
contribute. The stoichiometric ratio of dissolved inorganic carbon, nitrogen, and
phosphorus (DIC:DIN:DIP) is 4064:945:1 and suggests that neither carbon nor nitrogen

is a limiting factor for life in this basement environment; phosphate appears to be limited.

While the DIP concentrations suggest that the basement environment could be
phosphate limited, microorganisms in the basement environment might be able to exploit
dissolved organic phosphate (DOP). Some microorganisms are capable of using organic
phosphorus (eg. Bjorkman and Karl, 1994) as their source of P. DOP concentrations in
the basement fluid at our study site are unknown, but in deep North Pacific seawater

(2515m Station M), DOP value is 0.073 uM (Loh and Bauer, 2000). If the loss of DOP
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from the deep water is proportional to the loss of DOC along the basement circulation
flow path, the DOP at site 1301A would be around 0.018 uM. The sum of DIP and DOP
at site 1301A would still be no more than 0.13 uM. Future phosphate addition

experiments are needed to verify whether phosphate is truly a limiting element.

2.4.3. Hypothesized Scenarios for a Non-Standard State Redox System

The 1301A basement fluids collected in this study contain significant amounts of
sulfate (~18 mM). A trace amount of hydrogen sulfide (0.1-0.4 uM) is observed in the
2009 FDL-MPS-LVBS sample. Fluids from 1301A and 1026B also contain 1.6-2 uM
CH,4 and 0.3-1.7 uM H,. Following the thermodynamically controlled redox reaction
sequence, as observed in shallow anoxic sediment columns, methane production should
occur only after sulfate is exhausted. However, unlike sediments, the permeable and
fractured basement allows for rapid channelized fluid flow (Fisher and Becker, 2000).
The basement fluids collected from CORK 1301A likely derive from a mixture of less
reduced sources (with sulfate and H,S, no CH,) and more reduced sources (depleted
sulfate, with CH,). Co-occurrence of these redox species could indicate a basement
aquifer that draws from multiple flow paths (i.e., channels) and micro-habitats with
different redox histories (Fig. 2.7a), a scenario consistent with an extensively fractured
formation. Relatively rapid basement fluid flow rates, slow metabolic rates and rapid
sampling/processing could explain the simultaneous presence of sulfate and methane in
the basement fluids. Concurrence of sulfate reduction and methanogenesis (methane
production) has been inferred and quantified based on simultaneous presence of methane
and abundant sulfate in open-ocean deep sediment interstitial water (D'Hondt et al., 2002;

Wang et al., 2008). Simultaneous presence of methane and abundant sulfate is also
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observed in the basement fluids from CORK 1301A. We thus infer that in the basement
environment, sulfate reduction and methanogenesis might co-occur as well (Fig. 2.7 b).
Coexistence due to the absence of competitive exclusion, is consistent with the recent
view concluded from both calculations of the usable energies for methanogens, sulfate
reducers and iron reducers, and long-term bioreactor experiments simulating the deep

continental groundwater environment (Bethke et al., 2011).

The low hydrogen sulfide together with low total dissolved iron suggests that
sulfide produced through microbial sulfate reduction precipitates with dissolved iron,
which is supported by the presence of secondary pyrite in the rock cores recovered from
boreholes 1301A (Shipboard Scientific Party, 2004) and 1026B (Marescotti et al., 2000).
Secondary sulfide precipitates in oceanic basaltic rocks recovered from the western
Pacific (Rouxel et al., 2008) and eastern Pacific (Alt and Shanks, 2011) are enriched in
the light *2S isotope (negative &°*S), indicating microbial sulfate reduction as the source

of the secondary sulfide.

In addition to abiotic production of hydrogen via water-rock reaction (Stevens and
McKinley, 1995), fermentation is another potentially important source of hydrogen (e.g.
Boone et al., 1989) to the basement environment. In the two scenarios proposed to
explain coexisting sulfate and methane (Fig. 2.7), fermenters are present throughout the
entire flow path once oxygen in the environment is exhausted, coexisting with other

functional groups including sulfate reducers and methanogens.

Interestingly, the hydrogen concentrations measured in the basement fluids from

CORKs 1301A and 1026B are well above 2 nM, the predicted value for the overlying
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1301A sediment interstitial water (Lever et al., 2010) based on thermodynamic modeling.
If the environment is thermodynamically controlled, the minimum hydrogen
concentration in the environment is determined by the apparent minimum biological
energy quantum (AG; = -10 kJ/mol) of the dominant microbial metabolic processes,
including hydrogenotrophic sulfate reduction, methanogenesis or acetogenesis (Lever et
al., 2010). The highest H, concentration (30-1000 nM) is maintained for acetogenesis,
followed by methanogenesis (1-10 nM) and sulfate reduction (0.02-2 nM), which is
predicted to dominate the deeper sediment column (Lovley and Goodwin, 1988; Hoehler
et al., 1998; Lever et al., 2010). The thermodynamically predicted H, concentrations for
the basement fluids should be similar to that for deep sediment interstitial water since
most of the inorganic concentrations (e.g., CO, SO,%) are similar. Therefore, the
relatively high hydrogen concentrations measured in the basement fluids (0.3-1.75 pM)
suggest that the hydrogen concentration is not exclusively controlled by
hydrogenotrophic sulfate reduction. It further suggests that the hydrogen may diffuse
across the sediment-basement interface, providing support for hydrogenotrophic
acetogenesis reactions in the sediment column to help explain the “light” acetate isotopes

observed in the sediment interstitial waters (Lever et al., 2010).

The hydrogen concentrations measured in fluids escaping from the opened top of
CORK 1026B should be used with caution because the fluids could have been influenced
by the iron casing (Bjerg et al., 1997). In contrast, the influence of the extensively flushed
stainless steel FDL and plastic MPS-LVBS (or MVBS) system on H, concentrations from

1301A should have been minimal; it has been shown that compared with low alloy iron,
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stainless steel installed in continental ground water boreholes generated 2-3 orders of

magnitude less H, (Bjerg et al., 1997).

Overall, the inorganic chemistry of fluids collected during this study between 2008
and 2011 suggests a non-equilibrium redox system, where sulfate, hydrogen sulfide,
methane and hydrogen coexist. These redox species provide electron donors and
acceptors for diverse potential chemolithoautotrophic and heterotrophic metabolisms (eg.
McCollom, 2000; Amend and Shock, 2001), not unlike what is commonly observed in
continental hot springs and marine hydrothermal systems (Amend et al., 2003; Shock et

al., 2010; Amend et al., 2011).

2.4.4. Implications of the DOC Data

24.4.1. Ridge Flank Basement as a Net DOC Sink

The consistently low DOC concentration of the basement fluid samples, relative to
bottom seawater, demonstrates the successful evolution of our CORK seafloor sampling
and analytical process, seen especially in the 2009-2011 samples from CORK 1301A.
More importantly, the low detection limit (2 uM) and the small analytical uncertainty (1
p1M) allow examination of DOC temporal variations. The endmember DOC concentration
for the 2009 sample (12.8 uM) was within the range of 2010 samples (7-14 UM, average
1143 uM). The 2008 sample had a slightly higher concentration (18.6 uM). The variation
of up to 7 UM observed among the five samples collected in 2010 (Fig. 2.4d) is similar to
that observed in samples collected from nearby borehole 1026B (8-17 uM, average 13+4

MM; Lang et al., 2006) and Baby Bare warm spring (7-27 UM, average 11+3 uM; Lang et
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al., 2006). It is possible that DOC concentrations of the basement fluids are moderately
variable. Alternatively, the variation of the DOC may be caused by the drilling or
sampling processes. As contamination tends to increase the DOC concentration, the

lowest measured value should best represent the environmental value.

Although no significant spatial trend in DOC concentrations is observed along the
flow direction from the younger Baby Bare to the slightly older 1301A and 1026B (Fig.
2.8), this study confirms earlier results that the ridge-flank basement environment is a net
sink for ocean water DOC (Lang et al., 2006; McCarthy et al., 2011). When the DOC
concentrations of the basement fluids (1301A, 1026B and Baby Bare) are plotted against
their corresponding dissolved inorganic carbon AYC values (Elderfield et al., 1999;
Walker et al., 2008), basement fluid DOC data fall below a linear extension of the deep
water DOC trend line (Fig. 2.8), suggesting a dynamic removal of even deep ocean
refractory DOC within the low energy basement environment. The rapid decrease in
DOC concentration with time (decreasing radiocarbon content) resulted from surface
ocean DOC being rapidly removed during its cycling through the deep ocean (Hansell et
al., 2009). Deep water DOC is lost more slowly with time. The DOC of basement fluids

decreases at similar or more rapid rates than the deep water DOC.

2.4.4.2. DOC Net Removal Rate
The net DOC removal rates from entrained bottom seawater, calculated using DOC
data from available basement fluid samples, provide insight into the reactivity of the

DOC and its possible removal mechanisms. Dissolved inorganic radiocarbon ages
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(Elderfield et al., 1999; Walker et al., 2008) and the average DOC concentrations for
basement fluids at CORK 1301A, CORK 1025C (this study), CORK 1026B (Lang et al.,
2006) and Baby Bare Spring (Lang et al., 2006) are used for the rate estimates. All DOC
and C-14 ages are summarized in Table 2.3. The calculated net removal rates are 2.4+0.7,
2.4+0.7 and 2.9£0.7 nmol C/L/year based on 1301A, 1026B and Baby Bare DOC data,
respectively. The removal rates are remarkably similar to the 3 nmol C/L/year net DOC
removal rate calculated for circulating bottom seawater (Hansell et al., 2009; Table 3).
Comparing the DOC removal rates in the lower water column to rates of biological and
abiotic activities, Hansell et al. (2009) suggested that both biotic and abiotic processes are
involved. Although rates of abiotic or biotic activities are not available yet for the
basement environment, comparison of the net amount of DOC removed with the amount
of redox couples removed or generated may shed light on possible mechanisms for the

removal of entrained DOC during circulation of the basement fluids.

The net amounts of DOC (~30 uM) and nitrate (39-40 uM) removed from the
entrained bottom seawater are comparable (Table 2.1), but less than the amount of
oxygen removed (~80 uM; based on the O, concentration in the bottom seawater, 801
uM). At 1301A, nitrate in basement fluids is depleted to exhaustion (endmember 0-
0.8uM), and following the redox hierarchy, oxygen concentration should equal zero in
basement fluids. The net amount of DOC removed is negligible compared with the
amount of sulfate removed (~10 mM) from the entrained bottom seawater. These
comparisons suggest that the DOC removed from the entrained bottom seawater can be
potentially coupled to either or both aerobic (oxygen consumption) or anaerobic (nitrate

and sulfate reduction) heterotrophic activities to produce the observed increase in
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ammonium, hydrogen sulfide and methane in the 1301A basement fluids. However,
oxidation of basaltic rocks (Mottl et al., 1998), mineral precipitation and diffusion into
overlying sediments (Elderfield et al., 1999) must also account for the loss of much of the

oxygen, nitrate and sulfate from the entrained seawater.

The potential addition to basement DIC (~30 uM) from the total oxidation of
entrained bottom water DOC is small relative to the observed large decrease in DIC
concentration from entrained seawater (2.4 mM) to 1301A basement fluid (0.44 mM).
Nevertheless, the depleted carbon isotopic value of DIC in the basement fluids collected
at CORK 1026B and Baby Bare (Walker et al., 2008), relative to bottom seawater, may

indicate secondary DIC sources including biological respiration of organic matter.

The above discussion of net DOC removal only considers the DOC entrained in
bottom seawater at basement recharge zones. Other potential sources of DOC to the
basement include diffusion of DOC across the sediment-basement interface and in situ
production by chemolithoautotrophic organisms. The DOC concentration in the overlying
deep sediment pore waters (Shipboard Scientific Party, 2004) is two orders of magnitude
higher than the DOC concentration in the basement fluids. Inevitably, sediment
interstitial DOC must diffuse into the basement. Moreover, the inorganic chemical
compositions of the basement fluids and formation minerals suggest that the environment
is conducive to chemolithoautotrophic production, which could contribute DOC.
Calculations of Gibbs energies of reaction, AGy, using extensive chemical and physical
data from 1301A, indicate that basement conditions are thermodynamically conducive to
a wide spectrum of metabolic reactions (Boettger, 2011). For example, the coupling of

sulfate reduction with oxidation of hydrogen or various organic acids is energy yielding.
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Chemolithoautotrophic organisms capable of such metabolisms may thrive within certain
channels of the basement and contribute to the DOC pool. Moreover, the similar A¥C of
UDOC and DIC of fluids collected from CORK 1026B suggests a chemolithoautotrophic
origin of the UDOC and possibly of the total DOC (McCarthy et al., 2011). It has also
been suggested that in situ abiotic production of DOC can be thermodynamically
favorable under hydrothermal conditions (Amend and Shock, 1998; LaRowe and Regnier,
2008; Konn et al., 2009; Shock and Canovas, 2010). Consequently, the estimates for net
DOC removal rates based solely on loss of seawater DOC likely underestimates the

“actual” DOC removal rate in the basement environment.

2.5. CONCLUSIONS

Large volumes of high quality basement fluids were collected through the CORK 1301A
stainless steel fluid delivery line using a clean mobile pumping system for the first time.
The fluid delivery line supplies basement fluid with little or no ammonium and iron
contamination, relative to fluid collected through the CORK’s central casing.
Interestingly, the fluids contain a significant amount of sulfate coexisting with hydrogen
sulfide, methane and hydrogen. Hypothesized scenarios to explain these observations
include an aquifer supplied by multiple fluids channels with different redox histories and
a subsurface biosphere not controlled exclusively by equilibrium thermodynamics, where
sulfate reduction and methanogenesis (and redox reactions) are both exergonic in the
same fluid. The low measured DOC concentrations in basement fluids demonstrate good

control over sampling and analytical procedures. Overall, the differences in DOC
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between bottom seawater (~40 puM) and the basement fluids from 1301A (~12 pM)
indicate a conservative net DOC removal rate of ~2.4 nmol/L/yr, similar to the net deep
ocean DOC removal rate, as well as estimated DOC removal rates based on basement
fluid data from 1026B and Baby Bare. Comparison of the net DOC removal with the
removal of terminal electron acceptors such as oxygen, nitrate and sulfate suggest that
heterotrophic activities could account for the removal of DOC. The actual DOC removal
rate must be higher to account for the DOC diffused from sediment interstitial water
across the sediment-basement interface and any additional DOC from in situ

chemolithoautotrophic production.
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Table 2.1. Inorganic chemical compositions of basement fluids collected from CORK 1301A.

Sample site CORK 1301A s::\t/::tr::r
Sampling time 2011 July 2010 July 2009 Aug 2008 August 20075ep™  »008-2010
2008 Aug

Variables unit Uncorr. n=5 Mg corr. Uncorr. n=5 Mg corr. Uncorr. Mg, Uncorr. Mg . osmo? - n=5
pH - - 7.4 (0.1) - 7.4 - 7.5 - - 7.7 (0.1)
Magnesium®®®  mM 2202 19 3.4 (0.6) 1.9 2.0 1.9 6.9 1.9 1.9 53.7 (03)
Calcium®“* mMm 55 (0.2) 55 (1) 531 54 (1) 55 55 52 56 57.2 10.4 (0.03)
Alkalinity© meq/L 0.42 (0.04) 0.41 (0.04) 0.52 (0.04) 0.46 (0.05) 0.42 0.41 0.73 0.54 - 2.48 (0.05)
DOC® pM 12 (1) 12 (1) 12 (3 11 (3) 13 13 21 19 - 39 (1)
TOC® UM 11 (1) 11 (1) 12 (2) 11 (2) 13 13 21 19 - 39 (1)
TDN*® nM 102 (2) 103 (2) 101 (2) 103 (2) 102 102 101 107 - 44 (1)
TN® uM 101 (2) 102 (2) 101 (1) 103 (1) 102 102 100 106 - a4 (1)
Nitrate' uM 0.2 (0.1) 0.0 (0.2) 1.5 (0.6) 0.3 (0.1) 0.6 0.5 4.7 0.8 0.0 40.8 (0.4)
Ammonium® pM 98 (2) 99 (2) 100 (1) 103 (1) 102 103 98 111 861 <0.05 -
Sulfate® mM 18.2 (0.1) 18.2 (0.1) 18.3 (0.3) 18.0 (0.6) 17.2 17.2 18.7 17.6 18.0 28.4 (0.3)
Chloride® mM 550 (2) 550 (11) 557 (5) 557 (11) 547 547 548 548 567 541 (14)
Sodium® mM - - 471 (2) 471 (10) 462 462 458 457 475 467 (13)
Potassium® mM - - 6.4 (0.4) 6.3 (0.4) 6.0 6.0 6.4 6.0 7.1 10.2 (0.3)
Silicate' pM 1146 (5) 1152 (24) 1137 (15) 1166 (15) 1150 1152 1048 1142 1189 173 (9)
Phosphatef UM 0.13 (0.04) 0.10 (0.04) 0.14 (0.04) 0.06 (0.06) 0.10 0.10 0.45 0.2 - 2.89 (0.08)
Dissolved iron®"  pwm 0.9 (0.3) 0.9 (0.3) 0.6 (0.2) 0.6 (0.2) 11 1.1 0.8 0.8 4.1 <0.1 -

®Wheat et al. (2010); ® inductively coupled plasma optical emission spectrometry; © titration; ¢ ion chromatography; ¢ high temperature
combustion (Dickson et al., 2007); " colorimetry; ¢ fluorescence (Jones, 1991).
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Table 2.2. Methane and hydrogen concentrations of basement fluids.

Mg Mgcorr. Mgcorr. C:H4 Mgcorr. H2
(mM) (mM) (UM) (UM)
1301A 2010 34.8 1.9 1.8 0.5
37.1 15 0.3
39.0 1.4 0.2
Average 1.6 0.3
* 0.2 0.2
1301A 2008 50.1 1.9 14 1.9
50.3 15 0.8
48.6 20 0.6
51.7 1.3 3.7
Average 15 2
+ 0.3 1
1026B 2008 2.8 2.3 1.9 11
2.9 2.0 0.4
Average 2.0 0.7
+ 0.1 0.5
Seawater® 52.4 0.0002 0.0004

®Kelley et al. (1998)
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Table 2.3. Estimated net DOC removal rates.

Bottom seawater 1301A 1026B Baby Bare 1025C

Fluid ““C age (y) 22857 + 42 13008 + 180  13008* + 180 118932 = 286 9926° + 65

Mdcorr. [DOC](UM) 39+1 13+ 4 14° + 4 11+ 3 22+ 1

[DOC] net removal

- nd
(nMlyr) 3 2.4 £ 0.7 24+ 0.7 29+ 0.7 22+0.1

Fluid *C ages from Walker et al., 2008; the 1301A age is assume to be the same as 1026B.
Data from Elderfield et al., 1999.

Data from Lang et al., 2006.

Bottom seawater DOC removal rate from Hansell et al. 2009.
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Fig. 2.1. Site Maps. Regional bathymetric map showing locations of borehole CORKs
and outcrop seamounts. CORK 1026B is 1 km northeast and Baby Bare is 5 km
southwest from CORK 1301A. The insert shows the location relative to the continents
and CORK 1025C, which is 68 km to the west of CORK 1301A. Modified from (Becker
and Fisher, 2008).
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Fig. 2.2. Sampling methods. (a) Diagram showing the design of a new style CORK (1301A and 1026B). Note that the location of
stainless steel fluid delivery line (FDL) is outside of the iron casing. The diagram is not drawn to scale. (b) Sampler used in 2008. A
SeaBird pump was used to redirect the main flow drawn up by a Pelagic pump (not shown). (c) Sampler used in 2009 and 2010. The
powerful & clean mobile pump sampler (MPS) and the large volume bag sampler (LVBS) are shown. CORK is also shown in the
background. (d) Gas-Tight sampler was inserted into a funnel on the MPS. (e) Free flowing of warm basement fluid through 1026B
open CORK; a Gas-Tight sampler ready to be inserted into the CORK for sampling is visible at bottom of panel.
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Fig. 2.3. Concentrations of (a) magnesium (b) sulfate (¢) ammonium (d) total dissolved
iron and (e) nitrate in CORK 1301A fluids collected over time. The gray bar indicates the
time (~Sep, 2007) when borehole pressure conditions stabilized and started to return to
overpressure condition (Wheat et al., 2010). Data from the current study, collected on
08/09/2008, 08/30/2009, 06/19~30/2010, 07/04/2011, are indicated by open circles.
‘OSMO-tracer’ samples, tagged in-situ with an unreactive chemical tracer (Wheat et al.,
2010), are indicated by solid diamond, while ‘OSMO-acid’ (acidified in situ; Wheat et al.,
2010) sample data are indicated by a triangle. OSMO sampler collected fluids between
9/2/2004 and 08/11/2008 (Wheat et al., 2010); data before 07/01/2005 were not plotted.
Ammonium data were not reported for OSMO-tracer sampler while nitrate data were not
reported for OSMO-acid sampler.
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The open square indicates average bottom seawater
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Fig. 2.5. Plots of uncorrected concentrations of (a) calcium (b) methane and (c) hydrogen
versus magnesium in Gas-Tight samples of basement fluid from 1301A. The
concentrations of Ca versus Mg for large volume bag samples (this study) are also plotted
for comparison. Symbols represent data collected by GasTight samplers at 1301A in
2010 (black-filled X) and 2008 (grey-filled X), by GasTight sampler at 1026B in 2008
(unfilled X), and by LVBS at 1301A in 2010 (open circle). Calcium vs magnesium data
are also shown for bottom seawater (filled square) and from OSMO data from 1026B
(open triangle; Wheat et al., 2004a).
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Fig. 2.7. Hypothesized scenarios to explain coexisting nitrate, sulfate, hydrogen sulfide,
methane and hydrogen in fluid samples collected from 1301A. (a) Basement aquifer
draws fluids from multiple flow paths with different redox histories. (b) Co-occurring
metabolic processes such as sulfate reduction, methanogenesis, fermentation etc. within

the aquifer. Figures modified from (Fisher, 2004).
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Fig. 2.8. Plot of concentrations of DOC versus A*C-DIC, modified from Hansell et al.,
(2009). The Pacific Ocean water column data is along CLIVAR line P16 (Hansell et al.,
2009). DOC concentrations for basement fluids collected from CORKs 1301A (open
circles) and 1025C (closed squares), and for bottom seawater near 1301A (open square),
are from this study. DOC concentrations for 1026B (closed diamonds) and Baby Bare
(open triangle) fluids are from Lang et al., (2006). AC data for 1026B and Baby Bare
are from Walker et al., (2008) and 1025C from (Elderfield et al., 1999). We assume
1301A has same AMC as 1026B.
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3.0 ABSTRACT

The ocean crust is the largest aquifer system on Earth. Within the sediment-buried 3.5
Myr basaltic crust of the eastern Juan de Fuca Ridge (JFR) flank, the circulating
basement fluids have moderate temperature (~65°C) and potentially harbor a substantial
subseafloor biosphere. With dissolved oxygen and nitrate exhausted, sulfate may serve as
the major electron acceptor in this environment. This study aims to evaluate the
availability and the biogeochemistry of two important electron donors, methane and

hydrogen, for the subseafloor biosphere.

Basement fluids were collected via stainless steel and ethylene-tetrafluoroethylene
fluoropolymer (ETFE or Tefzel™) fluid delivery lines associated with Integrated Ocean
Drilling Program (IODP) Circulation Obviation Retrofit Kits (CORKSs) that extend from
basement depths to outlet ports at the seafloor. Three CORKs were visited; 1301A,
1362A and 1362B lie within 200 to 500 m of each other, and their fluid intakes lie at ~30,
~60, and ~50 m below the sediment-basement interface (mbs), respectively. In addition,

CORK 1362A contains a second intake at a deep (~200 mbs) horizon.

The basement fluids from the three CORKSs contained significantly higher concentrations
of methane (1.5-13 uM) and hydrogen (0.05-1.1 uM) than in bottom seawater (0.002 and
0.0004 uM, respectively), indicating that prevalence and availability of both methane and
hydrogen as electron donors for the subseafloor biosphere. Thermodynamic calculations
show that sulfate reduction coupled with either methane or hydrogen oxidation is energy
yielding in the oceanic basement. The 5'*C values of methane ranged from -43+1%o to -

58+0.3%o; this isotopic composition suggests that it is of biogenic origin in the basement
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fluid. Interestingly, the 8°H values of methane in CORKs 1301A, 1362A and 1362B
fluids were 57+5%o, -2624+2%o, -209+2%o, respectively. The 8°H value of methane in the
CORK 1301A fluids is much more positive than found in all other marine environments
investigated to date. This is best explained by partial microbial oxidation of biogenic
methane, which has an initial isotopic composition similar to that of methane from
CORK 1362A and 1362B borehole fluid. High-throughput sequencing of the small
subunit ribosomal RNA gene indicates the presence of methanogenic Euryarchaeota (e.g.
Methanobacteria) in each of the borehole fluid samples described here. On average, fluid
samples from boreholes 1362A and 1362B possessed a relatively higher abundance of
known methanogens compared to borehole 1301A. Methane-oxidizing bacterial lineages
from the phyla Proteobacteria and Verrucomicrobia were also detected; however, these
groups were less abundant relative to the putative methane-producing groups. In
conclusion, our study shows that methane and hydrogen are available electron donors and
that methane is produced and potentially consumed by microorganisms in the oceanic
basement. The data presented will guide incubation experiments using basement fluid in
order to better understand the methane production and utilization processes within the

oceanic basement.
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3.1 Introduction

The upper (40-500 m) ocean crustal aquifer holds an amount of seawater-derived fluid
equal to about 2% of the ocean volume, and thus represents the largest aquifer on earth
(Johnson and Pruis, 2003). Heat flow data indicate that thermally driven circulation of
seawater persists within the upper basement to a global average age of at least 65 My

(Parsons and Sclater, 1977).

Basement fluids are recharged primarily by bottom seawater that penetrates the 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 (Shipboard Scientific Party, 2010). Johnson and Pruis (2003)
estimated that the total hydrothermal fluid flux from the oceanic crust into the ocean is
about 20% of global riverine input; Mottl (2003) and Wheat et al. (2003) estimated the
hydrothermal flux from ridge flanks (crustal age older than 1 My) alone to be 5-60% of
riverine input. Direct observations of hydrothermal discharge have been made at
seamounts on the eastern flanks of the Juan de Fuca Ridge (Mottl et al., 1998; Wheat et

al., 2000).

The circulating fluids within the ocean crust provide a suitable environment for microbial
life. Evidence from the alteration of basaltic glass and rocks, including their texture and
chemical and isotopic compositions, suggest a subseafloor biosphere within the ridge
flank basement (Giovannoni et al., 1996; Fisk et al., 1998; Torsvik et al., 1998; Furnes et
al., 2001a; Furnes et al., 2001b; Furnes et al., 2002; Bach and Edwards, 2003; Furnes et

al., 2006; Rouxel et al., 2008; Alford et al., 2011; Alt and Shanks, 2011). Geochemical
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and microbial data derived from the analyses of ridge flank crustal fluids also indicate
that conditions there are suitable for some level of microbial activity (Cowen et al., 2003;
Huber et al., 2006; Orcutt et al., 2011; Lin et al., 2012; Boettger et al., 2013; Jungbluth et
al., 2013). The deep subseafloor ocean crust also plays an important role in regulating
global biogeochemical cycles, such as the removal of magnesium (Mottl, 2003),
phosphate (Wheat et al., 1996) and dissolved organic carbon (Lang et al., 2006; Lin et al.,

2012).

Despite the immense volume of the ocean crustal aquifer, access to ocean basement fluids
for study and sampling 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). A cluster of CORKs have been
installed in selected Ocean Drilling Program (ODP) and Integrated Ocean Drilling
Program (IODP) boreholes on the eastern flanks of the Juan de Fuca Ridge, which
penetrate through the sediment and into basement (Fig. 3.1) and thus allow the
monitoring/testing of hydrogeological parameters and basement fluid sampling for

geochemical and biological studies.

Hydrogen is an important energy source for a diverse group of microorganisms, including
methanogens, sulfate reducers and iron reducers (e.g. Amend and Shock, 2001; Kashefi
et al., 2002; Takai et al., 2002; Joye et al., 2009). Similarly, methane is an important
energy and carbon source for a wide variety of methanotrophs (e.g. Balch et al., 1979;
Knittel and Boetius, 2009; Merkel et al., 2013). Whether the ridge flank basement
environment contains available hydrogen and/or methane for subseafloor microorganisms,

and whether the basement environment is a source or a sink for hydrogen and/or methane,
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has not been widely investigated. Significant methane production via anaerobic organic
matter degradation is thought to occur after sulfate is exhausted (<1 mM, versus seawater
concentration of ~28mM) and is widely observed in organic-rich coastal and continental
margin marine sediments (e.g. Barnes and Goldberg, 1976; Claypool and Kvenvolden,
1983; Crill and Martens, 1986; Hoehler et al., 1994; Hoehler et al., 1998; D'Hondt et al.,
2002). In contrast to organic-rich marine sediments, the 3.5 Ma old basaltic basement of
our study sites on the Juan de Fuca Ridge flanks is a relatively organic-poor but sulfate-
rich environment, with a total dissolved organic carbon concentration of about 14 pM and
a sulfate concentration of about 18mM (Lin et al., 2012). Despite low organic carbon and
abundant sulfate, small amounts of methane and hydrogen (1.5 uM and 1.1 uM,
respectively) have been observed in this environment (Lin et al., 2012). In this study, we
present new methane and hydrogen concentrations in basement fluids collected from two
new sites, and the carbon and hydrogen isotopic compositions of methane to help
understand the methane and hydrogen biogeochemistry in the ridge flank basement

environment, and we discuss their implications for fluid circulation.

Background

Geological and hydrological settings

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 ~250m thick overlying the ~3.5 Ma basement at

our study sites on the eastern flank of the Juan de Fuca Ridge (Fig. 3.1). The thick
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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, 1997b, a; Becker and Fisher, 2008). Direct exchange with bottom
seawater is only available through seamounts and smaller basement outcrops protruding
through the sediments to the north (Mama Bare) and south (Baby Bare and Grizzly Bare)
of our study site (Fig.3.1). Heat flow (Fisher and Becker, 2000; Fisher et al., 2003;
Hutnak et al., 2006) and geochemical and isotopic data (Wheat et al., 2000; Walker et al.,
2008; Orcutt et al., 2010) around these seamounts and outcrops suggest a significant

component of south-to-north fluid flow within the ~3.5 Ma basement.

This study utilizes three CORK observatories installed in boreholes drilled through
overlying sediments into ~3.5 Ma basement on the eastern Juan de Fuca Ridge flank.
Borehole 1301A was drilled and equipped with a CORK during IODP Expedition 301 in
2004 (Shipboard Scientific Party, 2004). Two new boreholes (1362A and 1362B, Fig.
3.1a & b) were drilled and had advanced CORKSs installed during the IODP Expedition
327 in 2010 (Shipboard Scientific Party, 2010). The boreholes were positioned along the
hypothesized basement fluid flow path, from the recharge seamount Grizzly Bare in the
southwest toward the discharge outcrop Baby Bare in the northeast. CORK 1362B is
located ~550 m north-northwest of CORK 1301A; CORK 1362A is ~331 m further
NNW of 1362B (Fig. 3.1c). The three CORKSs penetrate to different depth within the
basaltic basement, permitting fluid circulation to be monitored at different crustal depths.
The fluid intake is ~30 m below sediment-basement interface (mbs) at CORK 1301A,

200 mbs at CORK 1362A and ~50 mbs at CORK 1362B (Fig. 3.1c).
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3.2 Methods

3.2.1. Sampling methods

Basement fluids were collected via fluid delivery lines (FDL, Fig. 3.2) that run exterior to
the CORK’s iron casing from basement depths to the seafloor outlet port. The FDL of
CORK 1301Aconsists of stainless steel whereas the FDLs of CORKs 1362A and 1362B
consist of ethylene-tetrafluoroethylene fluoropolymer (ETFE or Tefzel™) tubing. The
seafloor outlet port of CORK 1301A is equipped with a male-part of an Aeroquip
connector (Fig. 3.2f) whereas the seafloor outlet port of CORK 1361A and 1362B is

equipped with a male-part of a ‘Jannasch’-connector (Fig. 3.2; Wheat et al., 2011).

For this study, a mobile pump system (MPS, Fig.3.2c) equipped with a female-part of an
Aeroquip connector or of a Jannasch connector was used to pump the fluid up the lengthy
FDLs. The MPS directed fluids into a hydrothermal-fluid-trap (Fig. 3.2c) attached to the
MPS. The hydrothermal-fluid-trap was used as an intermediate fluid reservoir for a
gastight sampler (Fig. 3.2d, Edmond et al., 1992) or a Ti-major (Fig. 3.2e) to sample from.
Snorkels of a gastight sampler or a Ti-major sampler punctured through a self-seal
septum on the hydrothermal-fluid-trap to prevent bottom seawater entrainment during
sampling. The MPS also directed fluids into each of six 15L foil-lined, gamma irradiated
medium volume bag samplers (MVBS) for biogeochemical analysis (Cowen et al., 2012;

Lin et al., 2012) and for analysis of methane isotopic compositions.

As soon as samples were sent back shipboard, sample fluids collected by a Ti-major were
quickly transferred into pre-evacuated and poisoned (with mercuric chloride) glass flasks

for storage until the extraction of dissolved gases in the fluids. Aliquots of sample fluids
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in foil-lined bags were gravity-fed into 160 mL serum bottles, over flown for at least 80
mL, preserved with saturated mercuric chloride (1 mL per 100 mL sample), and kept in

dark until the analysis for isotopic compositions of dissolved methane.
3.2.2. Hj production experiment

To investigate whether the differences in FDL materials (316-stainless steel and Tefzel™)
may be a source of hydrogen, an incubation experiment was conducted. 1.5m-long 316-
stainless steel wires were coiled to make a wire bundle (Fig. 3.3). Twenty 1.5m-long (30
m total) wire bundles, yielding 364.6 cm? surface area, were placed in each of several
300-mL Wheaton bottles providing a surface-to-volume ratio similar to what the
basement fluid is subjected to during its ascent through a 6.35 mm outer diameter
stainless steel fluid delivery line. Polyvinylidene fluoride (PVDF) strips (each
6.3mmx610mm long, Fig. 3.3) with a total surface area of 670 cm? served as a negative
control. PVDF is chemically very similar to ETFE used for selected CORK 1362A and

1362B FDLs. All of these materials and 0.2 um filtered surface seawater from station
ALOHA, 22°45’N, 158°'W (Karl et al., 1996) were autoclaved at 121°C and 2 bar for 30

minutes. The autoclaved seawater was then purged with helium for 30 minutes to remove
oxygen (Wilson et al., 2012). This deoxygenated seawater was transferred under positive
pressure into the 300-mL Wheaton bottlesbottle filled with either stainless steel wire or
PVDF strips. The samples were incubated in a shaking water bath for 2 hours at 45°C, an
intermediate temperature between the basement fluid at our study sites (65°C) and our

sampling temperature at the seafloor (~10°C).
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To measure the dissolved hydrogen concentrations, a headspace analysis method was
used to extract the hydrogen from the incubated deoxygenated seawater (Wilson et al.,
2012).The incubated fluids were drawn into a 50-mL glass gas-tight syringe that had been
rinsed at least twice with sample fluids. Thirty mL of sample were drawn and 10mL of
air added to create a headspace. Hydrogen was then extracted from the water sample into
the headspace by shaking the syringe vigorously for 3 minutes. The headspace was

subsequently injected into a hydrogen analyzer described below.

3.2.3. Analytical methods
a. Gas concentrations

i Gastight & Ti-major samples

Methane and hydrogen concentrations in basement fluid samples collected using gastight
and Ti-major samplers were analyzed by gas chromatography. Gases were separated with
either Hayesep A or Hayesep Q porous polymer columns (5.5-7.3m x3.175mm). The
temperature gradient started at -50 °C and ramped up to 120 °C. Quantitative injections
of various commercially prepared mixed gas standards were used to calibrate. Analytical
accuracy was ~5% for both gases. Reproducibility was better than 5% of the measured

values in replicate samples for both gases.

ii. 316 stainless steel H, production experiment

H, was quantified with a reduced gas analyzer that couples a mercuric oxide (HgO) bed
to a reducing compound photometer (Peak Laboratories, USA). The stoichiometric
reduction of HgO by H,gas releases mercury vapor which is quantified using an
ultraviolet absorption photometer located immediately downstream of the HgO
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bed. Prior to the detector, the carrier gas (Ultra High Purity air) passes through two
analytical columns maintained at 104 °C. The first column is packed with Unibeads 1S
(60/80 mesh, 0.32 cm diameter and 41.9 cm length), and the second column with
Molecular Sieve 13X (60/80 mesh, 0.32 cm diameter and 206 cm length). Analytical
precision was +2% estimated by analyzing air (H,=~0.3 nmol I") four times. The
analyzer was calibrated using a 1 ppmv H, standard (Scott Marrin) that was diluted up to
100-fold using zero-H, air. The concentration of dissolved H;in equilibrium with
seawater at the temperature during the analysiswas calculated using the Bunsen solubility
coefficients of Wiesenburg and Guinasso (1979). The temperature of the equilibrated
seawater sample was measured following injection of the headspace using a digital

thermometer (Fluke) and inserting a thermocouple through the injection syringe tip.
b. Isotopic compositions of CH,4

The isotope data are reported as & values (e.g. §°C, 8°H) expressed in permil (%o):

R
5= < sample

- 1) x 1000%o
Rstandard

where R is the **C/*?C or *H/*H ratios. The standards for carbon and hydrogen isotopic

composition are PDB (Craig, 1957) and SMOW (Craig, 1961), respectively.
I Carbon isotopic composition of CH,4 in samples collected in 2010

The carbon isotopic compositions of CH, in samples collected in 2010 were analyzed at
the Biogeochemical Stable Isotope Facility at the University of Hawaii at Manoa. Gas
components within the fluid samples were separated with a Varian CP-PorabondQ
column (25m x0.32mm). Temperature was held at 10°C and then forced through a

76



furnace at 1050°C in the presence of nickel oxide to convert methane into carbon dioxide.
The resulting CO, was then introduced into an isotope gas ratio mass spectrometer for
isotopic analysis (Finnigan MAT252). A CO, tank with known carbon isotopic
composition, characterized using international reference materials, was used to normalize
the isotopic measurements to the PDB standard. The reproducibility of four replicates

(including subsampling uncertainties) is about = 2 %eo.

ii. Carbon and hydrogen isotopic compositions of methane in samples

collected in 2011

The carbon and hydrogen isotopic compositions of CH, in samples collected in 2011
were analyzed at the Stable Isotope Facility at the University of California Davis.
Methane dissolved in the basement fluid samples were first extracted from the 160mL
serum bottles with high purity helium and transferred to pre-evacuated exetainers. The
CH, was separated by Rt-Q-BOND GC column (30 m x 0.32 mm) at 30 °C. After CH,4
elutes from the separation column, CH, was oxidized to CO, by reaction with nickel
oxide at 1000°C or was pyrolyzed in an empty alumina tube heated to 1350 °C to H,. The
resulting CO; or H; 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 CO; or H, reference gas was used to calculate provisional & value of the sample
peak. Laboratory standards, commercially prepared CH,4 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 0.2%o for
§'3C-CH, and 2% for §°H-CH.
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3.2.4. Basement fluid end-member correction
All of the measured values were corrected for bottom seawater entrainment into gastights
and Ti-majors during seafloor sampling. The degree of seawater entrainment depends on
the flow rate out of the access ports, the sampling rate of the Gas-Tight and Ti-major
samplers and how deeply the sampler snorkel is inserted into the port (Cowen et al.,
2012). The entrained seawater component is subtracted from the measurement of each
sample to obtain the endmember (true) basement fluid composition (Mottl et al., 1998;
Wheat and Mottl, 2000) using a two end-member mixing model (Libes, 2009) and the
endmember represented by the lowest Mg concentration measured under optimal

sampling conditions for a particular basement environment (Lin et al., 2012).

3.2.1. Thermodynamic calculation

The amount of energy released or required from a chemical reaction can be expressed as

Gibbs free energy of reaction (AG;), calculated as:
AGy= AG°+ RTIn Q, 1)

where AG;° 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:
Q =1(a;""), 0y

where a; denotes the activity of chemical species i, and v; is its stoichiometric coefficient

in reaction r, which is negative for reactants and positive for products. The activity is
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computed using the concentrations of the species (Table 3.1) and their individual ion
activity coefficients at in situ temperatures. Values of AG,° at in situ temperature (65°C)
and pressure (270 bar) were computed using the SUPCRT 92 software package (Johnson
et al., 1992). Metabolic reactions are evaluated, including formate and acetate;
hydrogenotrophic methanogenesis; hydrogenotrophic sulfate reduction; hydrogenotrophic
iron reduction; and anaerobic methane oxidation coupled with sulfate reduction. The
reactions are listed in Table 3.2. Since formate and acetate concentrations in CORK

1301A fluids are below the limits of detection (0.1 uM), a wide range of estimated

concentrations (0.0005 to 0.1 uM) are used for the thermodynamic calculation.

3.2.2. Microbial Phylogenetic Classification

Details of the sample collection, DNA extraction, polymerase chain reaction, gene
cloning and sequencing, and phylogenetic methods used have been described elsewhere
(Jungbluth et al., 2013). Environmental DNA was extracted from samples using either
commercial nucleic acid extraction kits (MO BIO Laboratories, Carlsbad, CA) or using
an implementation of the phenol:chloroform extraction protocol (Chomczynski and
Sacchi, 2006). Small subunit ribosomal RNA (SSU rRNA) gene fragments were
amplified via the polymerase chain reaction (PCR, Saiki et al., 1988) using the universal
oligonucleotide forward and reverse primers 519F (5’>-CAGCMGCCGCGGTAATWC-37)
and 1406R (5’-ACGGGCGGTGTGTRC-3’), respectively. Amplification products of the
anticipated length were cloned using commonly-employed commercial cloning kits and
clones were sequenced unidirectionally using classical sequencing techniques (Sanger et

al., 1977). For purposes of phylogenetic classification, DNA sequences were aligned with
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SILVA database version SSURef 106 (Prusse et al., 2011) using the ARB software

package (Ludwig et al., 2004).

3.3 Results

3.3.1 Magnesium concentration

Magnesium concentrations of sample fluids collected by Ti-major samplers from CORK
1362A range from 2.5 to 3.2 mM (Fig. 3.4). The lowest Mg concentration measured from
the samples for gas analysis is identical to the lowest Mg concentration measured from
foil-bag samples collected at about the same time (Table 3.1). The lowest Mg value (2.5
mM) is used as the CORK 1362A basement fluid end-member for endmember
corrections to account for any bottom seawater entrained during seafloor sampling (Lin et

al. 2012).

Magnesium concentrations in fluid samples collected with gastight and Ti-major
samplers from CORK 1362B are 2.3-3.3 mM (Fig. 3.4), slightly higher than the lowest
Mg (1.6 mM) measured in fluids collected from this site with MVBS (Table 3.1). The 1.6
mM value is used as the CORK 1362B’s Mg-end-member. The high Mg in 1301A
gastight samples collected in previous years (2008 and 2010, Fig. 3.4) indicates that more
than 60% seawater was entrained into the sampler during seafloor sampling (Lin et al.
2012). The low percentage of seawater entrained into 1362A and 1362B fluid samples for
dissolved gas analysis demonstrates the significant improvements in the hydrothermal-
fluid-trap (Fig. 3.2c), MPS (Cowen et al., 2012) and the ‘Jannasch’-connector (Wheat et

al., 2011) used to collect samples.

3.3.2 Hydrogen and methane concentrations in basement fluids
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The Mg-corrected hydrogen concentrations in fluids from CORK 1362A (0.054+0.02 uM,
n=6, Table 3.1) are similar to those in CORK 1362B (0.08+0.03 uM, n=3), but the small
difference is still statistically significant (t-test, p=0.05). Hydrogen concentrations in both
1362A and 1362B are significantly lower than those in CORK 1301A (0.3-2 uM, n=7; t-
test, p=0.05 and p=0.05, respectively). Significantly higher methane concentrations (13+1
uM, n=4) are observed in CORK 1362B fluids than in CORK 1362A fluids (6.2+0.4 uM,
n=6, t-test, p=0.001); methane concentrations in fluids from both 1362B and 1362A are
significantly higher than in CORK 1301A fluids (1.5£0.2 uM, n=7; t-test, p=0.001 and
p=0.001, respectively). The methane and hydrogen concentrations in basement fluids
from the three CORK sites are at least two orders of magnitude higher than what are

observed in bottom seawater (Kelley et al., 1998).

3.3.3 Carbon and hydrogen isotopic compositions of methane

The methane carbon isotopic compositions of methane in basement fluids are -56.5%o, -
583 %o and -42.8%o at site 1362B, 1362A and 1301A, respectively (Table 3.1).
The hydrogen isotopic compositions of methane are -209%o, -262%o0 and 57%o at 1362B,

1362A and 1301A, respectively.

3.3.4 Stainless steel H, production experiment

Over two hours of incubation time, hydrogen concentrations in the low nanomolar-range
were produced in both stainless-steel amended and PVDF amended deoxygenated
seawater (0.0025+0.0002 puM and 0.0047 +0.0022 pM, n=3, respectively). The

concentrations of hydrogen produced in the bottle experiment were, however, small
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compared with those observed in the stainless steel FDL-CORK 1301A fluids (0.2-3.7

uM).

3.3.5 Thermodynamic calculations

Fermentation using formate and acetate to form hydrogen (Table 3.2) yields negative or
positive Gibbs free energy within CORK 1301A fluids depending on the formate and

acetate concentrations (Fig. 3.5); higher concentrations favor the fermentation reaction.

The value of Gibbs free energy for hydrogenotrophic methanogenesis is positive at site
1362A and 1362B (2.7 and 2.3 KJ/mol €', respectively, Table 3.2), but negative at site
1301A (-2.3 KJ/mol €7). The calculated values of Gibbs free energy for hydrogenotrophic
sulfate reduction, hydrogenotrophic iron reduction and anaerobic methane oxidation for

1362A, 1362B and 1301A are all negative and range from -2.7 to -11.3 KJ/mol €.

34 Discussion

3.4.1. Sample quality

The Mg concentrations of basement fluids collected using MVBS from site 1301A,
1362A and 1362B are very low, indicating good sample quality in respect to
low/minimum bottom seawater entrianment (Lin et al.,, 2012). The low Mg
concentrations of the fluid samples collected with Ti-majors at 1362A indicate that fluids
contain 99-100% basement fluid (less than 1% seawater). The slightly higher Mg
concentrations of fluid samples collected with gastights and Ti-mjors at 1362B indicate

that 97-99% fluids are basement fluids (less than 3% seawater).

3.4.2. Potential sources of hydrogen and methane
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Potential hydrogen sources

A few to tens of micromolar hydrogen are present in the basaltic fluids collected from all
study sites. Although substantially lower than H, values found in fluids discharged from
high temperature hydrothermal vents (0.04-1.7mM; summarized in Amend et al., 2011),
these basement fluid concentrations are significantly greater than typical background
seawater concentrations (0.0004 uM). Abiotic production of H, at neutral pH and warm
temperature (60°C) from basalt reactions in aqueous solutions has been observed in lab
experiments (Stevens and McKinley, 2000). Generalized behavior of Fe during

serpentinization, expressed as (McCollom and Bach, 2009):

Z(Feo)rock + HZO 9(Fezo3)rock+H2 (3)

is the primary mechanism that produces high concentrations of hydrogen in mafic and
ultramafic rock-hosted aquifers (12-16mM, Charlou et al., 2002; Kelley et al., 2005).
High contents of ferrous iron minerals, such as olivine and pyroxene, and low silica
activity (McCollom and Bach, 2009) are responsible for generating high concentrations
of hydrogen in mafic rocks. Although basalts contain much lower contents of olivine and
pyroxene than do peridotites, micromolar levels of hydrogen 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 basement fluids. Laboratory
experiments demonstrate that common ferrous silicate minerals, such as olivine found in
basalt, although are low in abundance, promote H, production through anaerobic water-
rock reaction (Stevens and McKinley, 2000). Basalt-water reaction is likely a key

mechanism of hydrogen production in the basement fluids collected in this study.
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Fermentation, an organic carbon disproportionating reaction, is another important
mechanism of hydrogen production in terrestrial groundwater settings and in marine
sediments (e.g. Lovley and Goodwin, 1988; Boone et al., 1989; Lovley et al., 1994). The
concentration of dissolved organic carbon in the subseafloor basement fluids (~12uM,
Lin et al., 2012) is much lower than in sediment porewater. Formate and acetate are
organic substrates with the potential to produce hydrogen in the basement environment.
Results from thermodynamic calculations of formate and acetate fermentation reactions
show that the concentrations of formate and acetate in the basement fluids from CORK
1301A need to be greater than 26 nM and 0.5 nM, respectively, for the reactions to
proceed in the direction written (Fig. 3.5). Even for formate and acetate concentrations
near the detection limit (0.1 uM), formation of hydrogen via formate and acetate
fermentation would be favorable within the basement at 1301A. Without more sensitive
analyses for formate and acetate, it remains inconclusive whether organic fermentation is
a likely source of hydrogen in the organic-carbon-scarce fluids circulating within this 3.5
Ma old crust. In addition, if fermentation does take place in the basement environment,
the concentrations of hydrogen that could be produced via microbial fermentation would
likely be in the range of 0.05 to ~10nM (Stevens and McKinley, 1995), one to two orders
of magnitude lower than what were observed at the subseafloor basement fluids at the

three CORK:s.

The hydrogen concentrations in CORK 1301A basement fluids are twenty-two and
fourteen times higher than those in CORK 1362B and 1362A fluids, respectively. The
much higher hydrogen concentrations in CORK 1301A fluids raise the concern that

hydrogen may be produced from the CORK 1301A’s stainless steel fluid delivery line
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due to anaerobic corrosion of the steel via the following reaction (e.g. Smart et al., 20023,

b):

Fe(s) +2H20(|) - Hz(g)'i' FE(OH)Z(aq) (4)

However, only ~0.0025 puM H; was produced during a 2-hour-incubation of stainless
steel in anaerobic seawater, indicating that the 0.3-2 uM hydrogen observed in CORK
1301A fluids was probably not produced via anaerobic corrosion of iron during the short
(<1 hr) transit of basement fluids through the stainless steel fluid delivery line. Since the
production of hydrogen by anaerobic corrosion of steel depends on the reaction time, a
rapid fluid pumping rate and sampling from a well-flushed FDL greatly reduces the

chance of contamination.

Potential methane sources

Anaerobic degradation of organic matter in buried marine sediment leads to the
production of methane (Martens and Val Klump, 1980; Claypool and Kvenvolden, 1983).
Methane production within deep sea sediments is also apparent at IODP U1301 (Fig. 3.6,
Shipboard Scientific Party, 2004). However, the concentration of CH, in sediment
porewater decreased drastically from 1.03-5.37 mM at 73 to 111 meters below seafloor
(mbsf) to <3 uM below 142 mbsf (Shipboard Scientific Party, 2004). The methane
concentrations in sediment porewater near the sediment-basement interface (2-3 uM, Fig.
3.6) indicate that net diffusion of methane from the overlying sediment into basement

may be occurring near CORK 1301A (1.5-1.6 uM CHy), but not for the much higher CH,4

concentrations found in basement fluids from CORKSs 1362A (6.2 uM) and 1362B (13
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uM). Methane at CORKs 1362A and 1362B must have been produced within the
basaltic basement environment, which could then diffuse upward into the overlying

sediments.

Thermodynamic calculations were performed to test the feasibility of methane
production from hydrogen in the subseafloor basement. The reaction for methane

production using hydrogen is (Amend and Shock, 2001):
HCO3; +4H, + H > CH,4 +3H,0 (5)

The results show that for the hydrogen concentration in the CORK 1301A fluids,
methane production from hydrogen is thermodynamically favorable (exergonic, negative
Gibbs free energy, Table 3.2). In contrast, at the much lower hydrogen concentrations
found in CORKs 1362A and 1362B fluids, the reaction would be endergonic; the
environment is not favorable for abiotic methane production from hydrogen, and
microorganisms would need to couple methanogenesis with other energy-yielding

reactions.

Based on field and laboratory studies, microbial methane can be conventionally
distinguished by its much greater depletion in *3C relative to thermogenic methane (Fig.
3.7). The depletion of *C of biogenic methane is due to a large **C fractionation during
microbial methanogenesis via CO; reduction or acetate (methyl group) fermentation
(Whiticar et al., 1986; Sherwood Lollar et al., 2002). In contrast, thermogenic methane
inherits its higher '*C values from its source organic matter produced via photosynthesis
(Schoell, 1988; Sherwood Lollar et al., 2002; Sherwood Lollar et al., 2006). Based on

environmental data, abiogenic methane tends to be more depleted in ?H than biogenic
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methane, and much more depleted in “H than thermogenic methane (Fig. 3.7, Sherwood
Lollar et al., 1993a; Sherwood Lollar et al., 2006). The depletion of ?H in abiogenic
methane is likely due to Kinetically controlled polymerization, metamorphism of
graphite-carbonate bearing rocks, and serpentinization (Sherwood Lollar et al., 2006;
Sherwood Lollar et al., 2008), whereas while the less depleted *H biogenic methane is
likely due to relatively small fractionation during biogenic methanogenesis (Valentine et

al., 2004).

The carbon and hydrogen isotopic compositions of methane in CORK 1362A and 1362B
fluids fall within the range of those in conventionanly defined biogenic and thermogenic
methane (Fig. 3.7, Whiticar, 1999; Sherwood Lollar et al., 2006). Moreover, the §°C
value of CH, for CORK 1362A and 1362B is within the range of **C-depleted methane
(-54 to -65 %o) produced within subsamples from the interior of rock samples collected
from 10DP U1301A during a two-year long incubation at 65°C in anoxic, sulfate-rich
media containing H,, acetate, methanol, and dimetheyl sulfide as energy substrates, and
during another 5-year long incubation with basalt as substrate (Lever et al., 2013). The
3C-depleted methane has been suggested to be produced by microbes residing inside the
rock samples (Lever et al., 2013); and thus it is likely that the methane in the 1362A and
1362B fluids are biogenic. In contrast, the 5°C and 8°H values of methane in CORK
1301A fluids are higher compared with that in CORK 1362A and 1362B fluids, and fall
outside the ranges of the values of conventionally defined biogenic, thermogenic and
abiogenic methane. The carbon and hydrogen isotopic compositions of the methane in

1301A fluids are not indicative of the origin of the methane but rather, it is likely resulted
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from isotope fractionation via processes such as microbial methane oxidation, and is

discussed in a greater detail in the following section.

Although thermogenic methane can be produced at earth surface temperatures (10-25°C),
the production rate is extremely slow (Claypool and Kvenvolden, 1983). Significant
thermogenic methane forms only when organic-rich materials such as marine sediments
are heated to greater than 80°C (Claypool and Kvenvolden, 1983). Since the basement
fluids at our study sites have a low organic carbon content at relatively low temperatures
(<65°C) (Lin et al., 2012), thermogenic methane production in the basement is likely not

significant.

It is interesting that 16S rRNA gene-based community structures reconstructed from
analysis of particles filtered from CORK 1301A basement fluids do not indicate the
presence of known methanogens. Methanogens have, thus far, only been detected from
the Euryarchaeota branch of the Archaeal domain, from lineages such as Methanosarcina,
Methanococcus, Methanothermobacter, etc. (Whitman et al., 2006; Valentine, 2011), and
none of these groups have been observed in CORK 1301A borehole fluids analyzed thus
far. 'Universal’' primers used for PCR amplification of SSU rRNA gene fragments were
checked to verify that methanogenic groups would be targeted, so the absence of these
groups from our data appears legitimate. However, there are some sequences from
Euryarchaeota lineages (and other lineages) in CORK 1301A fluid samples that have no
cultivated members (e.g. MBG-E, Misc. Euryarcheotic Group; Jungbluth et al., 2013;
Jungbluth et al., unpublished results). Further investigations are needed to determine

unequivocally whether methanogens are present in the upper basement of site 1301A.
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3.4.3. Methane oxidation in the basement- Rayleigh fractionation model

The methane in 1301A basement fluids is lower in concentration and more enriched in
both 3C and 2H relative to that in 1362A and 1362B fluids, and fall outside of the
conventionally defined ranges of source methane isotopic compositions (Fig. 3.7). The
8°H value (57%o) of methane in 1301A fluids is much higher than that in anoxic sediment
porewater (-268 to -64 %o, Martens et al., 1999), in Black Sea water column (-230 to -
75%o, Kessler et al., 2006; Reeburgh et al., 2006), in Skan Bay water column (-160 to -
110 %o, Kessler et al., 2008), in Santa Barbara Basin water column (-140 to -90%o,
Kessler et al., 2008), in Santa Monica Basin water column (-380 to -100%., Kessler et al.,
2008) and in Cariaco Basin water column (-180 to -80%., Kessler et al., 2008), and is
closer to the 8°H of methane (~35%o0) remaining after an inoculation of methane oxidizers
for several months at 26°C (Coleman et al., 1981). Since methane oxidation has been
shown to cause a large fractionation in both carbon and hydrogen isotopes of methane
(e.g. Alperin et al., 1988; Martens et al., 1999; Cowen et al., 2002; Kessler et al., 2006;
Reeburgh et al., 2006; Kessler et al., 2008; Holler et al., 2009), we evaluate whether
methane oxidation may explain the **C and ?H-enriched methane in 1301A fluid by a
Rayleigh fractionation model (e.g. Coleman et al., 1981; Cowen et al., 2002; Grant and

Whiticar, 2002; Keir et al., 2009). The equation is as following:

813Creactant = 813Cinitial - E{ln(f)}

where f is the fraction of reactant (i.e. methane) remaining, 813Ciniua| is the 5'°C value of
the initial reactant methane pool, and ¢ is the kinetic isotope effect of the transformation.

We assumed that the initial methane at site 1301A has concentration and isotopic
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compositions same as those in 1362A (Fig. 3.8 a, b) or 1362B fluids (Fig. 3.8 c, d).
Kinetic isotope effects by anaerobic methane oxidation were estimated to be between 7.5
and 10.2 for carbon and 180-134 for hydrogen (Alperin et al., 1988). The modeling
results show that methane isotopic compositions in 1301A fluids fall within or near the
range of those modeled by Rayleigh fractionation caused by anaerobic methane oxidation,
suggesting that anaerobic methane oxidation have occurred to result in the observed

methane isotopic compositions in 1301A fluids.

The 8'*C and 5°H values of methane in 1301A, 1362A and 1362B fluids show a positive
correlation, with r-squared value of 0.997 on a §*C-CH, versus 8*H-CH, plot (Fig. 3.7),
suggesting that methane oxidation may govern the variation in methane isotopic
compositions in all three sites. However, one may argue that 1362B fluid has the highest
methane concentration among the three sites but the isotopic compositions of methane in
1362B fluids fall between those in 1362A and 1301A fluids on a 813C-CH4 versus 6°H-
CH, plot (Table 3.1 and Fig. 3.7). One plausible explanation is that the initial methane
concentration at site 1362B is much higher than its current concentration (13 pM)
whereas the initial methane concentration at site 1362A is not much higher than its
current concentration (6 pM), the fraction of methane remaining in 1362A fluid is higher
than that in 1362B fluid, resulting a less positive carbon and hydrogen isotopic
composition of methane in 1362A fluids than that in 1362B fluids. Since the 813C value
of methane produced by microbes in the incubated rock samples from U1301A was as
low as -65%o (Lever et al., 2013), the slightly more positive §*C values of methane in
1362A (-58.3%0) and 1362B fluids (-56.6%0) could result from partial methane oxidation

of carbon isotopically lighter methane as observed in the incubated rock samples.
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3.4.4. Energy yields for H, and CH, oxidation

Diverse chemolithoautotrophic microorganisms can use hydrogen as an electron donor,
coupled with electron acceptors such as sulfate (e.g. Alt et al., 2007), carbon dioxide (e.g.
Kurr et al., 1991) or iron (e.g. Kashefi et al., 2002), to produce organic matter. Hydrogen-
based subsurface biospheres have been suggested for continental settings (Stevens and
McKinley, 1995; Chapelle et al., 2002; Lin et al., 2006). Thermodynamic calculations
were made to investigate the energy available to microorganisms via hydrogen oxidation
coupled with sulfate, carbon dioxide (i.e. methanogenesis) and ferric iron within the Juan
de Fuca Ridge flank upper basement aquifer (Table 3.2). More free energy is available at
higher concentrations of hydrogen in the CORK 1301A fluids, than at the lower
concentrations in CORK 1362A or 1362B fluids. Even so, hydrogen oxidation coupled
with sulfate and iron reduction is still energy-yielding at all three sites. The fluid
chemistry and the results of thermodynamic calculations are consistent with the
observation of depleted **S in pyrite, likely produced biologically, from basaltic rock
collected from site 1301 cores (Ono et al., 2012; Lever et al., 2013). In contrast,
hydrogen oxidation coupled with carbon dioxide reduction (methanogenesis) provides
energy only at CORK 1301A, and not at CORK 1362A and 1362B. Thermodynamic
calculations also suggest that the microbial communities at the three boreholes may differ
due to the available energy that can be derived from hydrogen.

Methane is another important electron donor for diverse aerobic and anaerobic
microorganisms (e.g. Zehnder and Brock, 1979; Hinrichs et al., 1999; Boetius et al., 2000;
Biddle et al., 2006; Inagaki et al., 2006; Leloup et al., 2007). The importance of methane
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in the global carbon cycle has been widely recognized in various settings such as coastal
ocean, marine sediment, 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). Basement fluids from sediment-buried 3.5 Ma Juan de Fuca Ridge
flank crusts are anoxic but still contain a significant amount of sulfate (17-18 mM,
Cowen et al., 2003; Wheat et al., 2004a; Wheat et al., 2010; Lin et al., 2012).
Thermodynamic calculations show that anaerobic methane oxidation coupled with sulfate
reduction is energy-yielding at all three study sites (Table 3.2). Although direct
measurement of anaerobic methane oxidation has not been made for basement fluid from
the Juan de Fuca Ridge flank, the carbon and hydrogen isotopic compositions of methane
in the basement fluids suggest that methane oxidation had occurred. Potential anaerobic
methane oxidation rates have also been measured throughout the entire sediment column
at site 1301A (Engelen et al., 2008). In deep sediment at 1301A, peak methane occurred
only within the zone where sulfate was exhausted; methane decreased significantly at
depths where sulfate is supplied to the sediment porewater by diffusion from overlying
seawater or from basement fluids across the basement-sediment interface (Fig. 3.6,
Shipboard Scientific Party, 2004). Consumption of methane by sulfate reducers is an
important mechanism for removing methane from deep sediment porewater (Reeburgh
and Heggie, 1977; Claypool and Kvenvolden, 1983; Boetius et al., 2000; Shipboard
Scientific Party, 2004), and the inverse relationship between sulfate and methane in the
1301A sediment porewater is best explained by anaerobic methane oxidation by sulfate
reduction (Shipboard Scientific Party, 2004). The energy-yielding basement environment

and the presence of anaerobic methane oxidizers in the deep sediment column (Engelen

92



et al., 2008) suggest that anaerobic methane oxidizers may also be present in the
basement environment.

Detection of methanotrophs, which fall within the Verrucomicrobia (Dunfield et al., 2007)
as well as the Alpha-, Beta-, and Gammaproteobacteria lineages (Valentine, 2011), are
rare in CORK 1301A, 1362A and 1362B borehole fluids that have been sequenced thus
far (Jungbluth et al., 2013). An uncultivated group called Hyd24-01 that seems to fit
within the Methylcoccales lineage (Gammaproteobacteria) was found, as was a lineage
closely related to Methylophaga (Gammaproteobacteria) in 1301A fluid from 2010, but
both were detected only once. As for the methanogens, there were many uncultivated
lineages from the Alpha-, Beta-, and Gammaproteobacteria lineages and a couple from
the Verrucomicrobia. More studies, including new sequencing technologies, culturing
and characterization and metabolic rate measurements, need to be carried out to

determine whether methanotrophs are present in the basement environment.

3.4.5. Spatial differences in methane and hydrogen: implications for

hydrogeological circulation

There is no discernible systematic horizontal, or vertical, variation in the methane
concentrations of the basement fluids. The methane concentrations in basement fluids
increase from 1.5 pM at the southernmost site (CORK 1301A) to 13 uM at the
intermediate site (CORK 1362B) and then decrease to 6.1 pM at the northernmost site
(CORK 1362A). The methane data from the three CORKSs do not support a hypothesized
north-south flow direction, although the penetration depths of the three CORKSs into

basement vary. Methane concentrations are 1.5 uM at the shallowest site (30 mbs, CORK
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1301A), 13 uM at the slightly deeper site (50 mbs, CORK 1362B), but only 6.1 uM at the

deepest site (200 mbs, CORK 1362A).

In contrast, hydrogen concentrations decrease systematically from 1.1 uM at the
southernmost site (CORK 1301A) to 0.08 uM at the intermediate site (CORK 1362B) to
0.05 uM at the northernmost site (CORK 1362A). The hydrogen data from the three sites
do suggest a north-south trend but not necessarily a flow direction. Hydrogen
concentrations also decrease systematically from the shallowest site to the deepest site.
However, unlike other geochemical parameters, which are controlled mainly by water-
rock reactions (Wheat et al., 2000; Wheat et al., 2010) or by time (Walker et al., 2008),
multiple potential sources and sinks for hydrogen and methane complicate the use of
variations in their concentrations in the basement fluids to evaluate basement fluid flow

pathways.

Nevertheless, the methane and hydrogen data presented in this study do not support a
well-mixed and homogeneous aquifer on the scale of the 300 to 800 m horizontal
separation among the three sites, despite the high upper basement permeability
(Shipboard Scientific Party, 2010). Spatial heterogeneity in permeability has been
inferred through packer experiments (Becker and Fisher, 2008; Fisher et al., 2008), and
observations of recovered rock cores from the U1362 site show high vertical
heterogeneity (Shipboard Scientific Party, 2010), suggesting diverse niches for both
biological and abiological reactions, with highly variable flow and reaction histories
which could contribute to the observed spatial differences in fluid methane and hydrogen

concentrations.
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35 Conclusion

This study provides new hydrogen and methane data for oceanic basement fluids. The
data show that the sediment-buried basement on the eastern flank of the JFR is a source
for both H, and CH4. Thermodynamic calculations show that formation of CH,4 via H;
oxidation is favorable at 1301A but the concentration of methane in CORK 1301A fluids
is the lowest among the three sites. Stable carbon and hydrogen isotopic values for CH,4
in CORK 1301A fluids suggest that methane oxidation may have occurred. Although
thermodynamic calculations indicate that the basement environment at 1362A and 1362B
is not conducive to formation of CH,, the stable carbon and hydrogen isotopic
compositions of methane indicate that source of methane may still be biogenic.
Nevertheless, the presence of H, and CH, in basement fluids provides a significant
amount of energy for hydrogenotrophic sulfate reduction, hydrogenotrophic iron
reduction and anaerobic methane oxidation at all sites investigated. Differences in H;, and
CH, concentrations in fluids from the three sites also suggest an incompletely mixed

circulation system with diverse microhabitats.
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Table 3.1. Magnesium corrected methane, hydrogen and dissolved iron concentrations

SampleBite CORK362B CORK®@362A CORK301A BottomBeawater
2011R@ 2008-2011 2008-2010

Variables unit Uncorr.@ (n=9) Mgorr.@ (n=9) Uncorr.@  n=6 Mg&orr.Bl (n=6) Mg®orr. (n=12) (n=5)
Temperature °C 65 65 652 65 - 65 - 1.7 -
Pressure bar 271° 271° 271° 271° 270 270
pH - 7.3 7.3 75 7.5 7.4 (0.1) 7.7 (0.1)
Magnesium mM 24 (11) 1.6 28  (04) 2.5 1.9 53.7 (0.3)
Calcium mM 55.2  (11) 55.9 (0.3) 541 (0.3) 54.5 (0.1) 55.0 (1) 10.4 (0.03)
Alkalinity megq/L 0.50 (0.06) 0.47  (0.01) 0.60 (0.01) 0.58  (0.02) 0.45 (0.04) 2.48 (0.05)
Methane uM 13 (1) 13 (1) 6.1 (0) 6.1 (0) 1.5 (0) 0.0002*
5'°C-methane  %o{PDB) -57  (0.6) 57  (0.6) -58.3  (0.3) -58.3 (0.3) -42.8 (1)
5?H-methane %oASMOW) -206 () -209 (2) -262 () -262 (2) 57 (5) -
Hydrogen um 0.08 (0.03) 0.08 (0.03) 0.05 (0.02) 0.05 (0.02) 1.1 (1.2) 0.0004*
DOC uM 12 (1) 11 (1) 16 3) 16 (0.4) 12 3) 39 (1)
TOC uM 193 (10 15 3) 18.7 3) 18.7 (0) 12 3) 39 (1)
TDN Y 103 (1) 104 (1) 103 (0) 103 (3) 103 (2) 44 (1)
TN uM 104 (1) 105 (0) 105 (1) 105 (3) 103 (1) 44 (1)
Nitrate UM 0.03  (0.03) 0 (0.09) 0.03  (0.03) 0 (022 0.21 (0.32) 40.8 (0.39)
Ammonium um 100 (0.7) 101 (0.4) 98  (0.6) 99 (1.0) 102 (3.0) <0.05
Sulfate mM 189  (0.1) 18.8  (0.1) 189  (0.) 18.8 (0.4) 18.0 (0.3) 28.4 (03)
Chloride mM 552 (10) 552 2) 548 (2) 548 (1) 552 (6) 541 (14)
Sodium mM - 468° - 468° 468 (6) 467 (13)
I Potassium mM - 6.2° - 6.2° 6.2 (0.4) 10.2 (0.3)
Silicate UM 1137 (8) 1147 (7) 1069 (3) 1075 (8) 1156 9) 173 (9)
Phosphate UM 0.06 (0.02) 0.06 (0.02) 0.11 (0.01) 0.09  (0.02) 0.10 (0.05) 2.89 (0.08)
Sulfide um - 0.17° - 0.17° 0.17
Dissolveddron uM 1.3 (0.21) 1.4 (0.20) 1.9 (0.34) 19 (037) 0.8 (0.27) <0.1

a. Data not available, using values for CORK 1301A fluids.

b. Davis et al., unpublished

*Data from Kelley et al. (1998)
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Table 3.2. Values of Gibbs free energy normalized to per electron transferred, AG,/e” (kJ/mol €°), for potential metabolic reactions

involving H, and CH, within basement fluids collected from CORK 1362A, 1362B and 1301A.

Metabolic Reaction

Examples of metabolic pathway

#of e
transferred

AG,/e- (kJ/mol e-)
1362A 1362B 1301A

Methanogenesis

Sulfate reduction

[ron reduction

Anaerobic methane
oxidation

4H:z(q) + HCOs7aq) + H'— CHy (5g)+3H20y
4H2(aq) +S04% ag+2H"— HS g+ 4H20y

H2 g+ FesOq5+6H— 3Fe® o+ 4H20)

CHyaq)+ SO4% (29— HS™ (aq)tHCO37aqtH20y)

8
8

2.7 2.3 -2.3
-2.7 -3.4 -8.4
-6.7 -71.4 -11.3
-4.3 -4.5 -3.8
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Figure 3.1. 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 52km south-south west of Baby Bare shown at the
bottom of figure 1a. Modified from Becker and Fisher (2008). (b) Three dimensional
perspective view of basement around the CORK cluster. Holes 1362A, 1362B, 1301A
and 1026B are all drilled through a topographic high on the seafloor. Figure modified
from 10DP 327 initial report (Shipboard Scientific Party, 2010). (c) A cartoon showing
relative distances and penetration depths of CORKSs 1362A, 1362B and 1301A.
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Figure 3.2. Sampling methods. (a) Schematic drawing of a Circulation Observatory
Retrofit Kit (CORK). Note that fluid delivery lines, which transports basement fluids
from the basement to the seafloor outlet port, runs exterior to the CORK’s casing. (b) A
diagram of a mobile pump system (MPS), consisting of a powerful pump with a titanium
and Teflon pump head and flow rate, temperature and oxygen sensors (Cowen et al.,
2012). (c) A hydrothermal-fluid-trap was designed to greatly reduce bottom seawater
intrusion during sampling. Warm basement fluid rises up and replaces cold seawater,
with several hydrothermal-fluid-trap reservoir volumes, to ensure high sample quality. (d)
A gastight sampler is inserted through the septum on top of the hydrothermal-fluid-trap.
(e) A Ti-major sampler is being inserted into the hydrothermal-fluid-trap. (f) Aeroquip
connector on CORK 1301A. (g) Jannasch connector on CORK 1362A and 1362B.
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Figure 3.3. (a) Stainless steel bundle and (b) polyvinylidene fluoride (PVDF) strips for a
bottle hydrogen production experiment.
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Figure 3.4. Concentration plots for (a) methane and (b) hydrogen versus magnesium for
basement fluids collected at CORKs 1362A (light blue cross), 1362B (yellow cross) and
1301A (red cross for 2010 samples; pink cross for 2008 samples) gastight and Ti-major
samples. Methane and hydrogen concentration values for seawater (blue open diamond)
are also plotted for comparison (Kelley et al., 1998).
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Figure 3.5. Values of Gibbs free energy normalized to per electron transferred, AGr/e”
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symbol below the basement-sediment interface) and sediment porewater (gray square
symbol above the basemen-sediment interface) are included for comparison. The depths
of each basement fluid sample are based on the depth of the intake screen for the
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from Shipboard Scientific Party (2004).
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Figure 3.7. Plot of §"*C versus 8°H values for methane conventionally used to classify
microbial, thermogenic and abiogenic methane. The 53C-CH, and 8°H-CH, values for
CORK 1301A, 1362A and 1362B basement fluids are plotted. A regression line of the
three data points is shown and the equation and the r-squared values are shown next to
the line. Plot modified from Sherwood Lollar et al. (2006); data for incubated U1301 rock

chips from Lever et al. (2013).
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Figure 3.8. Rayleigh isotope fractionation models. (a) Carbon isotope fractionation. The
concentration and carbon isotopic compositions of methane in CORK 1362A fluids are
used as the initial values. (b) Hydrogen isotope fractionation; CORK 1362A fluid as
initial condition. (c) Carbon isotope fractionation; CORK 1362B as initial condition. (d)
Hydrogen isotope fractionation; CORK 1362B as initial condition. The fractionation
effects, €, for anaerobic methane oxidation were predicted to be 8.8+1.3 for carbon

isotopes and 157+ 23 for hydrogen isotopes (Alperin et al., 1988).
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4.0. Abstract

The ocean crust is the largest aquifer systems on Earth and likely hosts subseafloor
biospheres with diverse microorganisms. Labile organic chemical components in the
basement fluids, such as amino acids, comprise potential substrates for heterotrophic
microorganisms but are largely unexplored. The extent to which the circulating basement
fluids have influenced the quantity and quality of the deep ocean labile dissolved organic
carbon pool remains unclear. This study provides data on concentrations and
compositions of dissolved amino acids measured in fluids from sedimented ridge-flank

basement aquifers.

Some dissolved free amino acid (DFAA) concentrations are slightly higher in basement
fluids from site 1301A relative to that in bottom seawater. Concentrations of dissolved
hydrolysable amino acids (DHAA) in basement fluids from sites 1301A, 1362A and
1362B are all elevated relative to North Pacific deep seawater. Export of fixed carbon in
the form of amino acids from the ridge-flank basement fluids into the overlying ocean is
plausible. Thermodynamic calculations indicate that the ridge-flank basement
environment is not conducive to the abiotic synthesis of free amino acids. Thus, DFAA
are likely produced biologically in situ, or imported from an external source such as
diffusion from sediment porewaters across the sediment-basement interface. Similarity in
mole percent distribution of the DHAA in basement fluids, bacteria biomass and deep
sediment porewater supports this view. Differences in diagenetic status of the dissolved
amino acids in basement fluid samples collected from different sites or years suggest a
dynamic environment and that the basement fluids are not well-mixed at a scale of 200-

700m.
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4.1. Introduction

The upper (40-500 m) ocean crustal aquifer, representing the largest aquifer on earth,
holds hydrothermal fluids equivalent to an estimated 2% of the ocean volume (Johnson
and Pruis, 2003). The hydrothermal flux from ridge flanks (crustal age older than 1 My)
is estimated to be 5-60% of the riverine input (Mottl, 2003; Wheat et al., 2003).
Alteration evidence, including the texture and chemical and isotopic compositions of
basaltic glass and rocks, suggests a subseafloor biosphere within the ridge-flank basement
(Giovannoni et al., 1996; Fisk et al., 1998; Torsvik et al., 1998; Furnes et al., 2001a;
Furnes et al., 2001b; Furnes et al., 2002; Bach and Edwards, 2003; Furnes et al., 2006;
Rouxel et al., 2008; Alford et al.,, 2011; Alt and Shanks, 2011; Ono et al., 2012).
Geochemical and microbial data derived from the analyses of ridge-flank crustal fluids
also indicate that conditions there are suitable for some level of microbial activity
(Cowen et al., 2003; Huber et al., 2006; Orcutt et al., 2011; Lin et al., 2012; Boettger et
al., 2013; Jungbluth et al., 2013). The extent to which the deep subseafloor biosphere

impacts the global ocean carbon cycle remains largely unexplored.

Organic carbon dynamics is an important and intensely studied component of ocean and
global carbon cycling (e.g., Williams and Druffel, 1988, Engleton and Repeta, in press;
Hansell and Carlson, 1998). The deep ocean is the largest reservoir of fixed carbon, with
a global ocean abundance of dissolved organic carbon (DOC) approximately equal to
atmospheric CO, (662 Pg C, Hansell et al., 2009). Global oceans circulate through the
ocean crustal aquifer on the order of once every 100-500 Kyr (Fisher, 2005a) and the
bottom seawater that recharges oceanic crustal fluids contains ~40 uM of DOC (Lang et

al., 2006; Lin et al., 2012). When the DOC concentrations of basement fluids (3.5 Ma
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upper basement, JFR; Lang et al. 2006, Lin et al. 2012) are plotted with water column
DOC values against their corresponding A**C-DIC values (Elderfield et al., 1999; Walker
et al., 2008) basement fluid DOC data fall below a linear extension of the deep water
DOC trend line (Lin et al., 2012), suggesting a dynamic removal of even refractory deep
ocean DOC within the low energy basement environment. Yet the radiocarbon
composition of the DOC in ridge-flank basement fluids suggests that the DOC is
synthesized from inorganic carbon in ridge-flank basement fluids by chemosynthetic
microbial communities and possibly resulting in exportation of substantial fixed carbon

to the overlying ocean (McCarthy et al., 2010).

Dissolved amino acids are a subclass of bio-utilizable (or labile) dissolved organic carbon
which can be readily taken up by microorganisms (e.g. Crawford et al., 1974; Wheeler
and Kirchman, 1986), supporting both carbon and nitrogen demands (e.g. Keil and
Kirchman, 1991b; Middelboe et al., 1995). Many microorganisms isolated from
hydrothermal environments have been shown to utilize amino acids (e.g. Jannasch et al.,
1988; Pledger and Baross, 1991; Hoaki et al., 1993; Hoaki et al., 1994; Dirmeier et al.,
1998). While amino acids are important for supporting heterotrophic microorganisms, are
ubiquitous in living organisms and are widely distributed on Earth’s surface (Bada, 1991),
their distribution and abundances within hydrothermal ecosystems have been only
moderately explored in a few studies (Haberstroh and Karl, 1989; Takano et al., 2003a;

Svensson et al., 2004; Klevenz et al., 2010; Lang et al., 2013).

Moreover, total dissolved amino acids (TDAA) only account for about 0.5% of the deep
water DOC (Kaiser and Benner, 2009). As a consequence, hydrothermal fluids, including
basement fluids, begin with only a small amount of total dissolved amino acids when
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deep seawater recharges into a deep submarine hydrothermal system. Whether TDAA
decreases as DOC decreases along the crustal fluid circulation pathways or TDAA
abundance increases due to in situ production by chemolithoautotrophic production
within the basement biospheres, as suggested by McCarthy et al. (2010), is unclear. In
this study, we report the concentrations and compositions of dissolved amino acids in
ridge-flank basement fluids to help understand the organic carbon pool within the
basement and to investigate whether the ridge-flank basement is a source of fixed labile
carbon. The new amino acid composition data also provide information on which amino
acids are available to be assimilated and /or dissimilated by microorganisms in the

basement environment.

In addition, abiotic production of dissolved free amino acids is favorable in some
hydrothermal settings (Amend and Shock, 1998). A thermodynamic model is presented
to evaluate the energy required for amino acid synthesis in the ridge-flank basaltic
environment and to evaluate whether the amino acids observed in the basement fluids

could originate from abiotic production.
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4.2. Method and materials

4.2.1 Sampling sites

The Eastern flank of the Juan de Fuca Ridge, off the coast of Washington (USA) and
British Columbia (Canada), is covered by hemipelagic mud and turbidites transported
from the nearby continental margin during the Pleistocene (Davis et al., 1992;
Underwood et al., 2005). Sediment thickness is ~250m-thick and overlies ~3.5 Ma
basement at our study sites, about 100km east of the active spreading center of the Juan
de Fuca Ridge (Figure 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, 1997b, a; Becker and Fisher, 2008). Direct
exchange with bottom seawater near these sites is only possible through seamounts and
smaller basement outcrops protruding above the sediments to the north (Mama Bare) and
south (Baby Bare and Grizzly Bare) of our main study site (Figurel b). At our study sites,
a cluster of boreholes was drilled through ~250m sediments into ~3.5 Ma basement and
equipped with Circulation Obviation Retrofit Kit (CORK) observatories (Shipboard
Scientific Party, 1997a; Shipboard Scientific Party, 2004; Shipboard Scientific Party,
2010) to provide access to the basement aquifer for hydrological and biogeochemical

studies. This study focuses on boreholes1301A, 1362A and 1362B.

Borehole 1301A was drilled and equipped with a CORK during IODP Expedition 301
(Shipboard Scientific Party, 2004). Two new boreholes, 1362A and 1362B, were drilled
and had advanced CORKSs installed during the 10DP Expedition 327 (Shipboard
Scientific Party, 2010). CORK 1362B is located ~550 m north-northwest (NNW) of

CORK 1301A; CORK 1362A is ~311 m further NNW of 1362B (Figure 1c). The three
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CORKSs penetrate to different depths within the basaltic basement, permitting monitoring
of the circulating fluids at different crustal depths. The fluid intake is ~30 m below
sediment-basement interface (mbs) at CORK 1301A, 200 mbs at CORK 1362A and ~50

mbs at CORK 1362B (Figure 1c).

This study also includes the analysis of deep sediment porewater samples from deep
sediments on the flanks of Grizzly Bare outcrop. Grizzly Bare outcrop is a large basaltic
feature 52 km to the south the CORK clusters (Figure 1d). Five boreholes were cored
during IODP expedition 327 at site U1363 (Scientists, 2011b). Borehole 1363D has the
thickest sediment cover, with a sediment-basement interface depth of 231 meter below
seafloor (mbsf). Sediment was cored and sediment porewater samples collected from
only the lower portion (200-222 mbsf) of the borehole (Scientists, 2011b). The
geochemical compositions of the sediment porewater collected near the sediment-
basement interface indicate that the deep portion of the sediment is influenced by
basement hydrothermal fluids (Scientists, 2011b). The deep sediment porewater at site
1363D is more altered relative to seawater than it is in the other shallower boreholes at
site 1363 but is less altered than the basement fluids at sites 1301A, 1362A and 1362B
(chapter 2 and Table 3.1) or the spring fluids discharged from outcrop Baby Bare and
Mama Bare spring fluids (Scientists, 2011b). Progressively altered basement fluid with
increasing distance from Grizzly Bare outcrop is inferred by the sediment porewater

geochemical data from the five boreholes (Scientists, 2011b).

4.2.2 Sampling methods

127



Sampling methods for this study have been described in Cowen et al. (2012) and
chapter 2. Briefly, basement fluids were collected via fluid delivery lines (FDL) that
run exterior to the CORK’s iron casing from basement depths to the seafloor outlet
port. The FDLs consist of either 316 stainless steel (1301A) or Tefzel (ethylene-
tetrafluoroethylene fluoropolymer) tubing (1362A and 1362B). A mobile pump
system (MPS), transported and powered by the remotely operated vehicle (ROV)
Jason or human-occupied vehicle (HOV) Alvin was used to pump the fluid up
through the lengthy FDLs and direct it into 60L large volume Tedlar (polyvinyl
fluoride) bag samplers (LVBS) in 2009 and 2010 from CORK 1301A and 15L foil-
lined, gamma irradiated medium volume polyethylene inner-liner bag samplers

(MVBS) from CORKSs 1301A, 1362A and 1362B in 2011.

Aliquots of basement fluids were subsampled into acid-cleaned, 20mL combusted
(550°C, 5 hours) glass scintillation vials once the LVBS or MVBS was returned to
ship. Subsampling was conducted inside a laminar flow hood with high-efficiency
particulate air (HEPA) filter. The fluid samples were then stored frozen at -20°C
until analysis. Sampling blanks, including LVBS and MVBS sampling and
shipboard subsampling, made by processing deionized water do not show significant

amino acids contamination.

Details of sediment porewater sampling procedures are described in the IODP 327
proceeding report (Scientists, 2011a). Briefly, a titanium squeezer with a hydraulic
press piston was used to squeeze sediment porewater from a 10-40cm whole-round

sediment sample. Before pressing, the outside layer of the sediment core was
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carefully scrapped to remove potential contamination from drill fluids and surface
water. Porewater was passed through a prewashed Whatman number 1 filter above a
titanium screen, filtered through a 0.45 pm Gelman polysulfone disposable filter and
subsequently into an acid-cleaned, 20mL-combusted (550°C, 5 hours) glass

scintillation vial. Porewater samples were kept frozen at -20°C until analysis.

4.2.3 Amino acids analysis

4.2.3.1 Hydrolysis

Fluid samples were hydrolyzed to obtain total dissolved hydrolysable amino acid
(DHAA), which consists of dissolved free amino acids (DFAA) and dissolved
combined amino acids (DCAA) such as peptides and proteins. DHAA is considered
equivalent to the total dissolved amino acids (TDAA). Vapor phase hydrolysis was
performed using a modified procedure described by Keil and Kirchman (Keil and
Kirchman, 1991b), using a vacuum-heating hydrolysis system (PicoTag"",
WATERS). Briefly, a 100ul-fluid sample was pipette into a muffled 1mL glass
insert using an acid and methanol washed pipette tip (Kaiser and Benner, 2005).
Eight to twelve glass inserts were placed into a 40mL hydrolysis reaction vial. The
samples within the reaction vials were flushed with nitrogen three times and dried
under vacuum until vacuum reached <80m Torr. Then 2.1 mL (12x0.175mL) of 7N,
10% trifluoroacetic acid, 0.1 % phenol was added to the reaction vial. The reaction
vial was heated under vacuum to allow acid boiling for 20 seconds and flushed with
nitrogen for three complete cycles to allow the hydrolysis be taken place under a
nitrogen atmosphere (anoxic). Samples were hydrolyzed in the vapor phase at 156°C

for 23 minutes. After hydrolysis, samples were dried under vacuum to remove any
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acid and the hydrolysate was dissolved in 100 pl DI for subsequent free amino acid

analysis by HPLC.

4.2.3.2 Amino acid characterization and quantification

Characterization and quantification of amino acids was carried out in an automated
HPLC system (Alliance Separation Module 2690, Waters). The stationary system
was a 2.1mm* 150mm Hypersil Gold column packed with 3 pum C-18 spheres
(Thermo Scientific). Sample pH was first adjusted by adding a one-to-ten volume
ratio of borate buffer (0.4 M, pH 10.5) into the sample (Grasshoff et al., 1999;
Svensson et al., 2004). Then 10 pL of o-phthalaldehyde (OPA) derivatization
reagent (100mg of OPA in 0.5 mL methanol and 0.05 mL of 2-mercaptoethanol)
was added into 1mL of pH adjusted sample (Grasshoff et al., 1999) by the auto-
sampler of the HPLC system and was allowed to react with the sample for exactly
10 minutes. 30 pL of derivatized sample were then injected into the separation

column.

The mobile phases of the separation were 20 mM sodium acetate trihydrate with
0.3% tetrahydrofuran (pH adjusted to 7.1 using 2% acetic acid) and 100% methanol.
The gradient started with 15% methanol and increased to 18% in the first 6 minutes.
Then methanol increased to 22 % at 10 minutes, 38 % at 25 minutes, 55 % at 59
minutes and 100% at 70 minutes. The gradient was followed by 10 minutes of 100%
methanol for column cleanup. This gradient system allows separation of 18 protein-
forming amino acids, including aspartic acid (ASP), glutamic acid (GLU), glutamine

(GLN), serine (SER), asparagine (ASN), histidine (HIS), glycine (GLY), threonine
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(THR), arginine (ARG), alanine (ALA), tyrosine (TYR), tryptophan (TRY),
methionine (MET), valine (VAL), phenylalanine (PHE), isoleucine (ILE), leucine
(LEU) and lysine (LYS); and 2 non-protein amino acids, Y-aminobutyric acid
(GABA) and B-alanine (BALA). The OPA derivatized amino acids were detected by
a fluorescence detector (RF-20Axs, Shimadzu); excitation wavelength set at 340nM

and emission at 420nM.

4.2.3.3 Calibration and limits of detection

Calibrations of amino acids were made by using a premixed Amino Acid Standard
H, GABA and BALA standards (PIERCE). Since tryptophan degraded (e.g. Coffin,
1989), asparagine turned into aspartic acid, and glutamine turned into glutamic acid
(e.g. Keil and Kirchman, 1991b) during the hydrolysis step, these three amino acids
were not calibrated and reported. Limits of detection (S/N=3) were 3-30 fmol,
equivalent to 0.1-1 nM at the 30uL injection volume for individual amino acids.
Reagent blanks were estimated by analyzing deionized water every day and were
0.1-2 nM of individual amino acids; reagent blanks were subtracted from the DFAA
measured on the same day as the reagent blanks (fresh OPA reagents were made
daily). Hydrolysis blanks monitored for each batch of hydrolysis ranged from 16-42
nM total amino acids and were subtracted from the samples hydrolyzed at the same
time. Lysine (LYS) was much less sensitive than all other amino acids with the

column and derivatizing agent used and had a limit of detection of ~3 nM.

4.2.3.4 Ammonium removal
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High concentrations of ammonium (> 10mM) in Guaymas Basin sediment
porewaters are suggested to contribute to multiple uncharacterized peaks observed in
OPA-derivatized chromatograms (Haberstroh and Karl, 1989). We also observe that
much higher ammonium concentrations (>100 pM) relative to amino acids
concentrations in the basement fluid (~50-90 nM) and sediment porewater samples
(~200-3000 nM) cause interferences in quantifying phenylalanine, isoleucine and
leucine. Purging of pH adjusted samples was conducted in a 12-mL combusted glass
tube to remove the abundant ammonium. Exactly 3 mL of sample was added to 0.3
mL of borate buffer (0.4 M, pH 10.5). The final pH of the seawater samples was
~9.5 and ammonium was effectively removed (down to <5 uM) after 90 minutes of
purging with nitrogen. Since purging also accelerated evaporation, samples were
weighted before and after purging to evaluate the degree of pre-concentration of the
dissolved constituents in the samples. Samples were typically concentrated about 1.4
times (n=36). The purging device was made with clean Tygon and Teflon tubes.
Only acid-cleaned Teflon tubing was inserted into sample. The flow of nitrogen gas
was adjusted so that enough fluid turbulence was created inside the glass tube but
the fluid did not over flow. No significant change in amino acids compositions or
concentrations (i.e. no contamination) was observed during the purging process
based on several DI and surface seawater analysis. No significant differences were
observed between concentrations of amino acids not affected by ammonium
measured for purged and non-purged samples. Average values of these amino acids
for purged and non-purged samples are reported. Concentrations of phenylalanine,

isoleucine and leucine for the purged samples are reported.
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4.2.4 Thermodynamic modeling

The amount of energy released or required from amino acid synthesis reactions can be

expressed as the Gibbs free energy of reaction (AGy), calculated as:
AG= AG°+RTIn Q, 1)

where AG° is the standard state Gibbs energy of reaction at the temperature and pressure
of interest and R and T are the gas constant and temperature in degrees Kelvin,

respectively. Q is the reaction quotient and can be calculated according to:
Qr = (™), 2

where a; denotes the activity of chemical species i, and vj, is its stoichiometric
coefficient in reaction r, which is negative for reactants and positive for products.
The activity is calculated using the concentrations of the species and their individual
ion activity coefficients at in situ temperatures. Values of AG,® at in situ temperature
(65°C) and pressure (270 bar) were computed using the SUPCRT 92 software
package (Johnson et al., 1992). Reactions used for thermodynamic calculation are
listed in Table 4.1. The physical and geochemical data used for the calculation are

from table 1 in Chapter 2, table 1 in Chapter 3.

4.25 Statistics

Pearson correlation coefficients were calculated for the concentrations of DHAA in
ridge-flank basement fluids to help decipher whether significant correlations exit among
the investigated amino acids across sites and sampling times. Confidence intervals (o <

0.05 and 0. < 0.01) were used to describe the statistical significance of each correlation.
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4.3. Results

4.3.1. Basement fluids

Concentrations and distributions of dissolved amino acids for the basement fluid samples
collected from our study sites on the eastern flanks of Juan de Fuca Ridge are
summarized in Table 4.2. The concentrations are also converted into mole percentages
for easy comparison and are summarized in Table 4.3 and plotted in Figure 4.3. The total
concentrations of DFAA and DHAA for the basement fluid samples range from 1-13 nM
and 52-89 nM, respectively. Much higher concentrations of DHAA than DFAA are
present in all of the basement fluid samples collected, and DFAA fraction represents only

between 2 and 15% of the DHAA.

Although DFAA are only present in trace amount (near reagent blanks 0.1-2nM), the
DFAA detected (>3 times deviation) in basement fluid samples include aspartic acid
(ASP), serine (SER), histidine (HIS), glycine (GLY), alanine (ALA), valine (Val). The
frequency of occurrence is the highest for alanine, which is present in CORK 1301A
samples collected in 2009 and 2010, and in both CORK 1362A and 1362B samples
collected in 2011. No phenylalanine (PHE), leucine (LEU), lysine (LYS), Y-

aminobutyric acid (GABA) or B-alanine (BALA) are present as DFAA.

All amino acids measured except lysine were present in the DHAA fraction of the
basement fluid samples. The more abundant amino acids (>10 mole %) of DHAA in all
basement fluid samples collected include aspartic acid, glutamic acid, serine and glycine

(Table 4.3). These four amino acids together represent 51-71% of the DHAA. The non-
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protein amino acid Y'-aminobutyric acid (GABA) is also abundant in CORK 1301A (11%)
and in CORK 1362A (30%) basement fluid samples collected in 2011 (Table 4.3).
DHAA comprise on average 2.2+0.7 % of the DOC in the basement fluid samples

collected from the eastern flanks of Juan de Fuca Ridge.

4.3.2. Deep sediment porewater

The concentrations and distributions of dissolved amino acids in the deep sediment
porewater samples collected from IODP borehole 1363D are summarized in Table 4.4
and the amino acids mole percentages are summarized in Table 4.3. The total
concentrations of DFAA and DHAA for the sediment porewater samples range from 227-
1653 nM and 815-3079 nM, respectively. Although the lowest concentrations of DFAA
(227nM) and DHAA (815nM) are found in the deepest sediment porewater samples
(222m), no significant variation in DFAA or DHAA concentrations with depth is

observed over the limited depth range of sediment porewater analyzed.

The DFAA represents about 34% of the DHAA in the deepest sediment porewater
sample (222m). The DFAA fraction comprises about 50-54 % of the DHAA in the
porewater samples from the other three shallower depths. Except for lysine, all of the
amino acids measured are detected in the DFAA fraction of the deep sediment porewater
samples (Table 4.3 and 4.4). Aspartic acid (ASP), glutamic acid (GLU), serine (SER),
glycine (GLY) and alanine (ALA) are the more abundant amino acids in the DFAA
fraction, all together representing 64-75% of the entire DFAA pool. The DFAA represent
between 1% and 4% of DOC within the deep sediment porewater samples, compared to

<0.3% for the basement fluids (Table 4.2 and 4.4).
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All of the 17 amino acids measured are present in the DHAA of the deep sediment
porewater samples collected. The five most abundant amino acids (ASP, GLU, SER,
GLY and ALA) found in the DFAA fraction are also very abundant in the the DHAA
fraction, all together representing 64-78% of all the DHAA pool (Table 4.3). The DHAA
pool comprises 2.7-6.9% of DOC within the deep sediment porewater samples (Table

4.4), compared to 1.4-3.3% for the basement fluid samples (Table 4.2).

4.3.3. Results of thermodynamic calculation

The results of the thermodynamic calculations are shown based on a wide range of
hydrogen concentrations (i.e. redox conditions; Figure 4.2). Gibbs free energy is positive
for the synthesis of each of the 20 protein-forming amino acids at the concentrations of
H, observed in ridge-flank basement fluids (H,=0.05-1.1 uM, see chapter 3). Energy
requirement decreases with increasing hydrogen concentrations. Among the three study
sites, the amount of energy required for synthesizing protein amino acids is smallest at

site 1301A.

4.4, Discussions
4.4.1. Concentrations of amino acids in basement fluids

4.4.1.1. DFAA

The DFAA concentrations in basement fluids from sites 1301A, 1362A and 1362B (1-13
nM) are slightly higher than the undetectable DFAA (<1nM) in high temperature (152-
319°C) smoker vent fluids at Guaymas Basin (Haberstroh and Karl, 1989). The
undetectable DFAA in these Guaymas Basin fluids have been explained as the result of
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the instability of the amino acids at extremely high temperatures and pressure
(Haberstron and Karl, 1989). Such an interpretation is confirmed by laboratory
experiments which show complete decomposition of amino acids at 250°C after 240
hours (Ito et al., 2006). Although the same amino acid decomposition experiment does
not cover the temperature of our study sites (65°C), much less decomposition was
observed in the same study at 100°C than at higher temperatures (Ito et al., 2006). We
infer that the thermal decomposition of particulate or combined amino acids into free
amino acid will be minor at the modest temperature (65°C) within the ridge-flank

basement environment; thus, the presence of DFAA is not surprising.

The concentrations of DFAA in the ridge-flank basement fluids (1-13 nM) is significantly
lower than that in hydrothermal fluid samples collected from mid-Atlantic Ridge diffuse
vents (0.035-24.9 puM, Klevenz et al.,, 2010) and from mid-Atlantic Ridge high
temperature vents (0.038-0.377 uM, Klevenz et al., 2010). Diffuse vent systems tend to
promote production of DOC (chapter 5; Lang et al., 2006), likely due to prosperous
surface and subsurface biospheres that intensify the biological production of labile
organic compounds including amino acids. In contrast, the basement environment is a
DOC sink although it is still conducive to biological production; lower concentrations of
DFAA in the ridge-flank basement environment than in the diffuse vent are expected.
However, higher concentrations of DFAA in the mid-Atlantic high temperature vent fluid
samples than that in the basement fluids are unexpected as heat degradation at 300°C
should have destroyed the DFAA as suggested by Ito et al (2006); no explanations of this

issue have been provided by Klevenz et al. (2010).
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DFAA concentrations in the ridge-flank basement fluids (1-13 nM) are much lower in
comparison to the micro-molar level of DFAA in deep sediment porewater from the Juan
de Fuca Ridge flank (0.23-1.46 uM, Table 4.4), shallow submarine hydrothermal vents
(1.33-1.92 pM, Svensson et al., 2004), geothermal wells (0.33-78 uM, Svensson et al.,
2004) and hydrothermal-influenced surface marine sediment porewater (5-446 pM,
Haberstroh and Karl, 1989; Hoaki et al., 1995). The high concentrations of DFAA in the
non-ridge flank hydrothermal environments are consistent with the high DOC in these
hydrothermal environments (56 to ~5000 pM, Haberstroh and Karl, 1989; Hoaki et al.,
1995; Svensson et al., 2004) while the low DFAA in the ridge-flank basement fluids are
accompanied by low DOC (12-16 uM, Table 4.2). The elevated concentrations of DFAA
in the hydrothermal-influenced surface sediment porewater have been explained by
indirect low-temperature heating (5-100°C), decomposition of sedimentary particulate
organic carbon and the elevated numbers of microorganisms residing in the sediments
sustained by the reduced inorganic substrates in the hydrothermal fluids percolating
through the sediments (Haberstroh and Karl, 1989). The same mechanisms may explain
the elevated DFAA (0.23-1.46 uM) observed in the deep marine sediment porewater
from the Juan de Fuca Ridge flanks. The elevated DFAA in the deep sediment porewater

could diffuse downward to contribute to the much lower DFAA basement fluids.

4.4.1.2. DHAA

Total DHAA in basement fluids (53-89 nM) is much lower than that in ~90°C deep
submarine Lost City vent fluids (736-2300 nM, Lang et al., 2013, Table 4.5) and is
equivalent to or lower than that in ~300°C high temperature vent fluids from Suiyo

Seamount (67-1082 nM, Horiuchi et al., 2004). The high DHAA in the Lost City vent
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fluids are attributed to intensified chemolithoautotrophic production as evidenced by the
stable carbon isotopic values of the amino acids (Lang et al., 2013). The presence of
higher concentrations of DHAA in the high temperature fluids than in the basement fluids
are more surprising as heat degradation at 300°C should have degraded the DHAA as
suggested by Ito et al (2006), although Horiuchi et al. (2004) did not offer explanations

on this issue.

The DHAA in basement fluids (53-89 nM) are also much lower than the micro-molar
levels of DHAA in shallow submarine hydrothermal vents (Svensson et al., 2004),
terrestrial geothermal wells (Svensson et al., 2004), subterranean hydrothermal vent
(Takano et al., 2003b), and in hydrothermal-influenced marine sediment porewater
(Hoaki et al., 1995). Svensson et al., 2004 suggest that the high DHAA concentrations in
the terrestrial geothermal wells result from lower adsorption of amino acids onto particles
under elevated temperatures (~80°C) and low pH (~2, Svensson et al., 2004). As
described earlier, the DOC concentrations (56-5000uM) in these hydrothermal
ecosystems are much more elevated than in the ridge-flank basement (12-16 puM). There
is also less particulate organic carbon (<1umol-C/L, this study) that can be heat degraded
to produce DHAA within the ridge-flank basement environment, contributing to the
much lower observed DHAA. Overall, DHAA concentrations within the ridge-flank
basement fluids are at the very low end of the range of DHAA observed in various

hydrothermal fluids.

4.4.1.3. DFAA/DHAA ratio
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DFAA/DHAA ratios for ridge-flank basement fluids range from 0.08 to 0.15 at site
1301A and between 0.02 and 0.03 at sites 1362B and 1362A. The low DFAA/DHAA
ratios indicate that dissolved combined amino acids (DCAA) are the predominant form of
dissolved amino acids in ridge-flank basement fluids. Low DFAA/DHAA ratios are
generally observed for seawater samples (Lee and Bada, 1975; Keil and Kirchman, 1999;
Kaiser and Benner, 2009) and have been explained by the preferential uptake of DFAA
over DCAA by marine microorganisms (Keil and Kirchman, 1991a; Middelboe et al.,
1995) and/or by the adsorption of DFAA onto particles (Lee and Bada, 1975). Similar

mechanisms may explain the low DFAA/DCAA ratios for the basement fluids.

In contrast, DFAA/DHAA ratios for Vulcano shallow submarine hydrothermal vents and
geothermal wells are between 0.33 and 0.87 and have been attributed to in situ acid
hydrolysis and heat decomposition (Svensson et al., 2004). Unlike the acidic condition
(pH=2-6.3) in the Vulcano hydrothermal solutions, ridge-flank basement fluids are at
neutral pH. The production of DFAA via acid hydrolysis within ridge-flank basement

fluids is unlikely and the low DFFF/DHAA ratios observed are not surprising.

4.4.2. Compositions of amino acids in basement fluids

The detectable amino acids within the basement fluids” DFAA pool include aspartic acid,
serine, histidine, glycine and valine, while aspartic acid, glutamic acid, serine and glycine
comprise the more abundant amino acids within the DHAA pool, with glycine being the
most abundant (Table 4.3 and Figure 4.3). Glycine is also very abundant in marine DOC
(Yamashita and Tanoue, 2003), marine high-molecular-weight (HMW) DOC (McCarthy

et al., 1996) and unfiltered seawater (Kaiser and Benner, 2009). The similar distribution
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of their total hydrolysable amino acids (THAA) suggests that marine DOC, HMW-DOC
and sediment trap particle samples reflect a source-like (phytoplankton and bacteria)
amino acid distribution (Aluwihare and Meador, 2008). A source-like pattern in the
amino acid distribution is also observed for ridge-flank basement fluid DOC, North
Pacific deep water (Kaiser and Benner, 2009), bacteria (Cowie and Hedges, 1992), deep
seawater HMW-DOC(McCarthy et al., 1996) and deep sediment porewater DOC (Figure

4.3).

Some differences in amino acids compositions for ridge-flank basement fluid DOC,
North Pacific deep water (Kaiser and Benner, 2009), bacteria (Cowie and Hedges, 1992),
deep seawater HMW-DOC(McCarthy et al., 1996) and deep sediment porewater DOC,
however, do exist and have been linked to the extent of organic matter degradation
(Aluwihare and Meador, 2008; Kaiser and Benner, 2009). For example, the basement
fluids are more enriched in both serine and glycine than bacteria (Figure 4.3). The
accumulation of serine and glycine in marine sinking particulate organic matter (Cowie
and Hedges, 1992), marine DOC (Hubberten et al., 1995; Yamashita and Tanoue, 2003)
and HWM-DOC (McCarthy et al., 1996) has been attributed to the preferential
preservation of the two amino acids during degradation (Dauwe et al., 1999; Aluwihare
and Meador, 2008) since the two amino acids are enriched in the relatively unreactive
cell wall proteins (Hecky et al., 1973). The relatively higher abundance of serine and
glycine in ridge-flank basement fluids than in bacteria may be due to such preferential

preservation mechanisms.

Another apparent difference is the enrichment of the non-protein amino acids Y-
aminobutyric acid and B-alanine in the ridge-flank basement fluids relative to bacterial
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biomass (Cowie and Hedges, 1992) and deep seawater HMW-DOC (McCarthy et al.,
1996), although the enrichment of the two amino acids is also observed in deep seawater
(Kaiser and Benner, 2009) and ridge-flank deep sediment porewater (Figure 4.3). Y-
aminobutyric acid and [-alanine have been suggested to be produced from partial
decarboxylation of glutamic acid and aspartic acid, respectively (Schroeder, 1975;
Whelan, 1977; Lee and Cronin, 1982), and has generally been used as an indicator of
organic carbon aging or diagenesis (Cowie and Hedges, 1994; Dauwe et al., 1999; Kaiser
and Benner, 2009). The presence of Y-aminobutyric acid and B-alanine in basement
fluids and deep sediment porewater may indicate that the DOC within the study sites at

the time of sampling is aged and degraded.

A Pearson correlation matrix was generated to investigate the relative compositional
variations in amino acids within the basement fluids across study sites and sampling
times (Table 4.6). Concentrations of individual amino acids within the DHAA pool are,
in many cases, correlated with each other. The correlated amino acids may imply similar
or related source and sink mechanisms. For example, the well-correlated tyrosine (TYR)
and glutamic acids (GLU) within the basement fluids (Figure 4.4a) can be explained by
their relatively high concentration in cell plasma (Hecky et al., 1973) and since both tend
to be depleted during degradation (Cowie and Hedges, 1994). The inverse concentration
trend observed between Y-aminobutyric acid (GABA) and glutamic acids (GLU, Figure
4.4b) has been suggested to be a result of partial decarboxylation of glutamic acids that
forms Y-aminobutyric acid (Schroeder, 1975; Whelan, 1977; Lee and Cronin, 1982). The

inverse parent (GLU)-daughter (GABA) trend has often been observed in surface
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sediments (e.g. Cowie and Hedges, 1994) and ocean water column (e.g. Kaiser and

Benner, 2009).

4.4.3. Potential sources of amino acids in the basement fluids

The similarities in the distribution of amino acids within basement fluids, deep seawater,
deep sediment porewater, and bacterial biomass (Figure 4.3) suggest that the amino acids
within the basement fluids may originate from any combination of these sources. Since
the total DHAA concentrations for basement fluids (52-89 nM) is greater than that in
North Pacific deep seawater (~50nM, Kaiser and Benner, 2009), deep seawater that
recharges into basement cannot be the sole source of DHAA in the ridge-flank basement
fluids. In contrast, diffusional input from overlying sediment porewater is a likely source
of amino acids to basement fluids as the DFAA concentration in the deep sediment
porewater (277 nM) collected near the sediment-basement interface (222m) is one to two
orders of magnitude higher than that in the basement fluids (1-13 nM); the DHAA in the
same deep sediment porewater (815 nM) is 9-15 times higher than that in the ridge-flank

basement fluids (Table 4.2 and 4.4).

Biological production of fixed carbon, including amino acids, by chemoautotrophic
microorganisms in the basement environment and leaching of amino acids from these
microorganisms into the basement fluids is also plausible. The basement fluids, despite
their presumed anemic energy yields (Boettger et al., 2013), are conducive to a wide
variety of chemolithoautotrophic metabolisms including hydrogenotrophic sulfate
reduction, hydrogenotrophic iron reduction, anaerobic methane oxidation by sulfate

(chapter 3) and anaerobic methane oxidation by ferric iron (Boettger et al., 2013). The
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presence of chemolithoautotrophic activities within the ridge-flank basement
environment is also supported by the low §**S values of pyrite from basaltic rock
collected from site 1301 cores (Ono et al., 2012; Lever et al., 2013) and by the
radiocarbon and stable carbon isotopic compositions of the DOC in ridge-flank basement

fluids (McCarthy et al., 2010).

Abiotic production has long been proposed as a source of amino acids in hydrothermal
systems and its potential has been evaluated by thermodynamic modeling (e.g. Shock,
1990; Amend and Shock, 1998; Shock and Canovas, 2010). In this study, thermodynamic
calculations show that syntheses of none of the 20 protein-forming amino acids within
the basement fluids at our study sites are favorable (i.e. endergonic, Figure 4.2) under the
geochemical and physical conditions present at our study sites. In contrast, syntheses of
11 out of the 20 protein-forming amino acids would be favorable (exergonic) under
simulated hot (100 °C) and reducing deep submarine hydrothermal fluid conditions. The
contrasting results are not surprising since the measured hydrogen concentrations in
ridge-flank basement fluids (0.05-1.1 uM, chapter 3) reported here are two orders of
magnitude lower than that (~0.34 mM) used in the thermodynamic calculations by Amen
and Shock (1998). As shown in Figure 2, higher hydrogen concentrations in the system
yield higher Gibbs free energy, making the environment more favorable for the syntheses
of amino acids to take place. Since the ridge-flank basement fluids are not favorable for
synthesis of amino acids, abiotic production is an unlikely source for the amino acids

observed in the basement fluids.
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4.4.4. Diagenetic status

As noted above, variations in amino acid concentrations and mole percentage
distributions may be linked to organic matter degradation within the basement fluids. For
example, the enrichment in serine, glycine, Y-aminobutyric acid and p-alanine within the
basement fluid samples relative to microbial biomass (Table 4.2 and Figure 4.3) suggest
that common processes, including organic carbon degradation, are affecting the amino
acids compositions (Cowie and Hedges, 1994; Davis et al., 2009). Furthermore, the
systematic trends observed in plots of glutamic acid versus tyrosine and glutamic acid
versus Y-aminobutyric acid for basement fluid samples (Figure 4.4) suggest that amino
acids in basement fluids from different sites and times have been subjected to different
degrees of diagenetic alteration (Cowie and Hedges, 1994; Dauwe et al., 1999; Kaiser
and Benner, 2009). Basement fluid samples collected from site 1362A in 2011 contain
the lowest concentrations of tyrosine and glutamic acid, and the highest concentrations of
Y-aminobutyric acid relative to all the other basement fluid samples collected, suggesting
that this sample may be the most diagenetically altered among all basement sites sampled
(Figure 4.4). The high mole percent of Y-aminobutyric acid in basement fluids collected
from site 1301A in 2011 (11+3 %) also suggest that the fluids circulating by this site
were more altered than fluids collected from the same site in previous years (undetectable

Y-aminobutyric acid, Table 4.4).

Carbon-normalized DHAA Yyields, defined as the percentage of organic carbon comprised
by DHAA, have been suggested as sensitive indicators of diagenetic status (Cowie and
Hedges, 1994; Davis et al.,, 2009; Kaiser and Benner, 2009). Amino acids are

preferentially utilized during microbial decomposition of marine organic matter (Lee et
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al., 2000; Amon et al., 2001; Lee et al., 2004), causing a decrease in carbon-normalized
yield. Microbial decomposition experiments also demonstrate that carbon-normalized
DHAA vyields are an effective indicator for early diagenesis, while the mol% composition
of the non-protein amino acid Y-aminobutyric acid is an effective indicator of advanced

DOC diagenesis (Davis et al., 2009).

Calculated carbon-normalized amino acid yields for our ridge-flank basement fluid
samples are summarized in Table 4.2. Basement fluid samples collected from site 1362A
in 2011 contain the lowest carbon-normalized DHAA vyield (1.4+0.4 %OC) among all the
basement fluid samples, indicating that this sample is likely the most diagenetically
altered among the basement fluids collected. The basement fluid sample collected from
site 1301A in 2011 has the lowest carbon-normalized DHAA vyield (2.0£0.6 %0C)
relative to samples collected from the same site in years 2009 and 2010 (2.7 and
3.3+1.2%0C, respectively), suggesting that the 2011 sample is more diagenetically
altered than those from 2009 and 2010. The carbon-normalized DHAA yield and the non-
protein amino acid Y-aminobutyric mol% data suggest similar relative diagenetic status

for the ridge-flank basement fluids analyzed.

The carbon-normalized DHAA Yyields for the ridge-flank basement fluids (1.4-3.3 %0C)
are near the low end or generally lower than the range of values reported for ~90°C deep
submarine Lost City vent fluids (2.5-15 %OC; Lang et al., 2013), Vulcano shallow
submarine hydrothermal vents (10-15 %OC, Svensson et al., 2004), Vulcano geothermal
wells (2-25%; Svensson et al., 2004), hydrothermal-influenced marine surface sediment
porewater (15-23 %OC; Hoaki et al., 1995) and hydrothermal-influenced deep sediment

porewater (2.5-6.9%, table 4.4). High carbon-normalized DHAA Yyields within the non-
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ridge flank hydrothermal fluids indicate a high faction of labile organic matter (Hoaki et
al., 1995; Svensson et al., 2004) and, in some cases, approach the carbon-normalized

DHAA yield of marine plankton (~34 %0C; Kaiser and Benner, 2009).

In contrast, carbon-normalized DHAA vyields for the ridge-flank basement fluids are
higher than those for seawater and HMW-DOC (0.4-1.2 %0OC; McCarthy et al., 1996;
Kaiser and Benner, 2009). In addition, the carbon-normalized DHAA Yyields in marine
DOC also decrease from ~1.2 %OC (surface ocean) to ~0.4 %OC (North Pacific deep
ocean) along the thermohaline circulation pathway over a time span of about 1000 years
(along the thermohaline circulation; Kaiser and Benner, 2009), consistent to the general
observation that decreases in carbon-normalized DHAA Yyields correspond to a higher
degree of diagenetic alteration (Cowie and Hedges, 1994; Davis et al., 2009). Higher
carbon-normalized DHAA vyields in basement fluids than in North Pacific deep seawater
implies that the basement fluid DOC is relatively more labile than the North Pacific deep

ocean water.

The differences in dissolved amino acids compositions and in their diagenetic status also
suggest spatial and temporal variability in the ridge-flank basement fluids. This further
implies that the basement environment is not a well-mixed and homogeneous aquifer on
the scale of the 311 to 850 m horizontal separation among the three study sites. Such a
conclusion is also supported by the variable hydrogen and methane concentrations in

basement fluids collected from the same study sites (chapter 3).

4.4.5. Export of fixed carbon from ridge-flank basement
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Based on the DFAA and DCAA concentrations, the basement fluid at our sedimented
Juan de Fuca Ridge flank sites could be a net source of DFAA and DCAA to deep North
Pacific seawater. DFAA concentrations (7-13 nM) measured in basement fluids collected
from site 1301A during three consecutive years are higher than measured in local
background seawater (5+2 nM) and thus basement fluids at site 1301A can potentially
export fixed labile carbon as free amino acids to the overlying ocean. DCAA
concentrations (52-89 nM) in all of the basement fluids collected during this study are
also higher than DCAA concentrations (50 nM) reported for North Pacific deep seawater

(Kaiser and Benner, 2009).

Although the ridge-flank basement is buried by thick sediments, dissolved amino acids
can be exported from the basement to the ocean through seamounts and smaller basement
outcrops protruding above the sediments. For example, Baby Bare, ~5 km south to our
study site 1301A, is an outcrop of 3.5 Ma crust and act as a high-permeability conduit for
venting warm basement fluids (Mottl et al., 1998). Based on the heat loss at ridge-flanks
(12% of 53+5 x10'® Callyr; Mottl, 2003) and venting at temperatures between 20-65°C,
the maximum water flux through the Baby-Bare type warm ridge flank vents is estimated
to be ~7.4-43x10" kg-seawater/year (Lang et al., 2006). Assuming that all ridge-flank
basement fluids have DHAA similar to those measured in this study (52-89 nM) and that
deep ocean water DHAA concentrations are ~50 nM (Kaiser and Benner, 2009), for a net
input of 2-39 nM into the deep ocean ridge-flank basement could potentially export
~0.0013-0.086 x10'°g C-dissolved amino acids per year into the deep ocean. This is
significantly less than the DOC that is lost from bottom seawater to the ridge-flank

basement environment (2-13x10'°g C/year) or the DOC that is added to deep ocean
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seawater (3-28x10'°gClyear) from low temperature diffuse vents (Lang et al., 2006).
Nevertheless, while dissolved amino acids comprise a small portion of DOC mass, they
are particularly important because they represent a highly desirable labile component (e.g.
Keil and Kirchman, 1993; Keil and Kirchman, 1999). The export from ridge-flank
basement may help to support some heterotrophic activities in the amino-acids-scarce

deep ocean.
4.5. Conclusion

Concentrations and compositions of dissolved free and hydrolysable amino acids (DFAA
and DCAA, respectively) in ridge-flank basement fluids are at the lower end of the range
reported previously for other hydrothermal ecosystems including diffuse vents, high
temperature smokers, shallow submarine vents, geothermal wells and hydrothermal-
influenced sediment porewater. Low DFAA/DHAA ratios suggest rapid removal of
DFAA from the basement fluids. Relative mole percentage amino acid compositions in
the basement fluids suggest a source-like distribution and potential sources include in situ
biological production and diffusion from overlying sediment porewater. Abiotic synthesis
of amino acids is not favorable within the ridge-flank basement fluids. Variations in the
amino acid compositions suggest different diagenetic histories for the basement fluids in
time and space across study sites, indicating that the basement aquifer is not well mixed
at the scale of hundreds of meters. Finally, our data indicate that amino acids in the
basement fluids on the Juan de Fuca Ridge flanks can potentially be exported to the

overlying ocean.
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Table 4.1. Net protein-forming amino acid synthesis reaction.

Amino acids Net reaction

Alanine 3HCO, + 2H" 4+ NH,” + 6H, & C;H,NO, + 7H,0
Arginine 6HCO, + 3H"  + 4NH,* + 11H, & CeHisN,O," + 16 H,0
Asparagine 4HCO;  + 2H 4 2NH," + 6H, & C,HgN,O0; + 9H,0
Aspartate 4HCO, + 2H" 4+ NH,* + 6H, © C,H,NO, + 9H,0
Cysteine 3HCO, +3H" +NH,” +5H, +HS CH,NO,S + 7H,0
Glutamate 5HCO, + 3H"  + NH,” + 9H, & CsHgNO, + 11H,0
Glutamine S5HCO; + 3H 4+ 2NH," + 9H, & CsHgNO, + 11H,0
Glycine 2HCO, + 1H"  + NH,* + 3H, & C,H;NO, + 4H,0
Histidine 6HCO,  + 3H"  + 3NH," + 10H, & CsHgN;O, + 16H,0
Isolucine 6HCO, + 5H"  + NH," + 15H, & CHisNO, + 16H,0
Lucine 6HCO, + 5H"  + NH,* + 15H, & CHisNO, + 16H,0
Lysine 6HCO, + 5H"  + 2NH,* + 14H, & CeHisN,0," + 16H,0
Methionine 5HCO, +5H" + NH,” +11H, +HS & CsH;;NO,S  + 13 H,0
Phenylalanine 9HCO, + 8H" + NH,” + 20H, & CoHioNO, + 25H,0
Proline 5HCO, + 4H"  + NH," + 11H, & C:HNO,  + 13H,0
Serine 3HCO, + 2H"  + NH,* + 5H, & CH,NO;  + 6H,0
Threonine 4HCO, + 3H" 4+ NH,' + 8H, & C,HgNO; + 9H,0
Tryptophan 11HCO, + 9H"  + 2NH,* + 23H, & Cy;HpN,0, + 31H,0
Tyrosine 9HCO;  + 8H' 4+ NH,” + 19H, 4 CyH;NO;  + 24H,0
Valine 5HCO;  + 4H" &+ NH,  + 12H, PN CHi;NO, + 13H,0
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Table 4.2. Concentrations of dissolved free amino acids (DFAA), total dissolved hydrolysable amino acids (DHAA), dissolved organic carbon
(DOC) and carbon-normalized amino acid yields (AA yield %0OC) of DHAA for subseafloor basement fluids. DFAA for local background bottom
seawater are also shown for comparison. Numbers in parenthesis are deviations (1SD). Amino acids with significant amounts (>3 times deviation)

are shown in bold.

CORK 1301A CORK 1362 B CORK 1362A JdFR bottom
2009 2010 2011 2011 2011 seawater
DFAA DHAA DFAA DHAA DFAA DHAA DFAA DHAA DFAA DHAA DFAA
(n=5) (n=1) (n=5) (n=2) (n=4) (n=3) (n=4) (n=3) (n=2) (n=2) (n=3)
ASP 1.5 (0.2) 14 - - - 15 (0.0) 0.6 (0.1) 10 (2) - 9 (3) 2 (1)
GLU . 13 0.9 (1.5) 15 (2.2) 15 (1.4) 8 (3) 12 (2 5 (1) -
SER 6.0 (1.3) 16 17 (1L.1) 13 (0.7) 05 (0.2) - 13 (0.6) 7 (1.1) 0.7 (0.2)
HIS 0.8 (1.1 1 o 1 (0.0) 21 (0.8) 4 (2) . 1 (1) 3 (0) 26 (11)
GLY 2.4 (13) 19 0.5 (0.5) 17 (4.2) 1.9 (1.0) 4 (5) 096 (0.7) 14 (2) 17 (5) 06 (0.2)
THR - 5 12 (0.8) 7 (0.6) - - - 1.4 (1.2) o 1.7 (0.6) -
ARG . 3 1.3 (15) 3 (1.3) 0.7 (0.8) - o 2.5 (0.8) 0.3 (0.1) 02 (0.4)
ALA 24 (0.7) 5 09 (1.3) 2 (0.9) 0.2 (0.2) 21 (2) 031 (0.1) 4 (3) 0.5 (0.0) 3 (0.5)
TYR 02 (02) 2 o 2 (0.9) - 0.5 (0.5) S 11 (0.4) o 0.4 (0.4)
MET - - 19 (32) - - 0.3 (0.1) 23 (1) 03 (0) 2 (0.2)
VAL 0.7 (0.9) 4 - 4 (1.8) - - 09 (1) 1.7 (1) 0.8 (1)
PHE - 2 - 2 (0.9 - 0.2 (0.3) 0.1 (0.1)
ILE 0.5 (0.3) . 0 o0 - - 1.1 (0.3) 0.1 (0.1) -
LEU - 8 0 o 8 (6.7) 35 (2) 1.0 (1) 0.8 (0.4)
LYS - -
GABA 6 (2) 0.6 (1.1) 18.0 (0.4)
BALA 1.1 (0) 0.6 (0.8) 0.3 (0.0)
Total AA (nM) 14 (6) 89 9 (10) 88 (20) 8 () 43 (22) 1 () 65 (18) 1 (0 60 (12) 5 (2)
DOC (LM-C) 13 13 11 11 (3) 12 12 (1) 11 11 (1) 16 16 (3) 39
AA yield (%0C) 0.3 2.8 0.2 3.3 (1.2) 0.3 2.0 (0.6) 0.04 2.2 (0.7) 0.04 1.4 (0.4) 0.06

ASP: aspartic acid; GLU: glutamic acid; SER: serine; HIS: histidine; GLY: glycine, THR: threonine; ARG: arginine; ALA: alanine; TYR: tyrosine; TRY: tryptophan; MET:

methionine; VAL: valine; PHE: phenylalanine; ILE: isoleucine; LEU: leucine and LYS: lysine; GABA: Y-aminobutyric acid; BALA: -alanine.

-: below detection limit (most amino acids <0.1-1nM, LYS<10nM).
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Table 4.3. Mole percentage (mole%) of total dissolved hydrolysable amino acids (DHAA) for subseafloor basement fluids and deep marine
sediment porewater from eastern flanks of Juan de Fuca Ridge. Data for North Pacific 2000m seawater from Station ALOHA (22°45°N, 158°W;
Kaier & Benner, 2009) are shown for comparison.

CORK 1301A CORK CORK 10DP 1363D sediment porewater North Pacific
1362B 1362A 2000m
2009 2010 2011 2011 2011 222m 215m 213m 207m 2000m
DHAA DHAA DHAA DHAA DHAA DFAA DHAA DFAA DHAA DFAA DHAA DFAA DHAA DHAA
ASP 16 17 20 14 3 14 7 9 6 11 8 13 7 9
GLU 14 17 16 18 8 7 10 2 9 4 9 5 13 9
SER 18 15 9 20 12 22 11 32 22 19 14 27 19 3
HIS 1 1 9 2 5 2 3 7 4 5 6 12 12 3
GLY 21 20 12 22 28 19 29 22 35 23 30 9 21 28
THR 5 8 0 2 3 5 3 1 2 2 4 7 8 4
ARG 3 4 0 4 0 1 1 6 4 4 3 2 1 4
ALA 5 2 4 7 5 12 6 8 6 13 9 9 6 20
TYR 2 2 1 2 1 1 1 2 1 1 1 3 2 1
MET 0 0 4 0 3 0 1 1 1 1 1 0 0 0
VAL 5 5 2 3 1 6 2 2 2 5 3 5 3 1
PHE 2 2 3 0 0 1 1 2 1 2 2 1 0 0
ILE 0 0 0 2 0 3 2 2 1 3 2 3 2 3
LEU 9 9 7 1 0 5 2 5 3 4 3 3 2 0
LYS 0 0 1 0 0 0 0 0 1 0 1 0 3 1
GABA 0 0 11 1 30 0 7 0 2 0 3 0 1 8
BALA 0 0 2 1 1 0 14 0 0 0 1 0 1 6

ASP: aspartic acid; GLU: glutamic acid; SER: serine; HIS: histidine; GLY: glycine, THR: threonine; ARG: arginine; ALA: alanine; TYR: tyrosine; TRY: tryptophan; MET:
methionine; VAL: valine; PHE: phenylalanine; ILE: isoleucine; LEU: leucine and LYS: lysine; GABA: Y-aminobutyric acid; BALA: B-alanine.
*: data from Kaiser & Benner (2009).

159



Table 4.4. Concentrations of dissolved free amino acids (DFAA), total dissolved hydrolysable amino acids (DHAA), dissolved organic carbon
(DOC) and carbon-normalized yields (%0C) of DHAA for deep marine sediment porewater from IODP borehole 1363D. Numbers in parenthesis
are deviations (1SD).

1363D sediment porewater

222m 215m 213m 207m
DFAA DHAA DFAA DHAA DFAA DHAA DFAA DHAA

(n=2) (n=5) (n=2) (n=2) (n=2) (n=2) (n=2) (n=2)
ASP 40 (2) 61 (3) 145 (8) 196 (1) 67 (5) 90 (4) 195 (19) 205 (18)
GLU 20 (4) 85 (5) 30 (2) 276  (3) 26 (1) 109 (1) 71 (19) 385 (20)
SER 60 (6) 93 (6) 530 (3) 673 (3) 114 (5) 170 (17) 396 (39) 533 (31)
HIS 7 (3) 21 (1) 111 (3) 118 (3) 28 (1) 66 (13) 171 (17) 348 (6)
GLY 54 (21) 239 (31) 357 (40) 1084 (85) 137 (15) 358 (39) 138 (14) 591 (26)
THR 15 (0.2) 22 (2) 23 (1) 50 (1) 12 (1) 47 (3 98 (10) 229 (6)
ARG 3 (0.0) 7 (1) 103 (2) 118 (1) 23 (5) 40 (5) 22 (7) 27 (13)
ALA 33 (1.1) 48 (5) 124 (28) 187 (2) 79 (10) 105 (7) 134 (7) 168 (10)
TYR 2 (1.3) 6 (1) 33 (3) 43 (1) 7 (2) 15 (2) 48 (1) 48 (1)
MET - - 5 (5) 16 (5) 16 (1) 7 (3) 7 (2 1.4 1.0 2 (3)
VAL 17 (1.1) 20 (3) 37 (3) 50 (8) 30 (3) 36 (1) 77 (10) 77 (11)
PHE 3 (0.2) 8 (4) 30 (3) 42 (2) 12 (2) 18 (0.4) 15 (15) 13 (8)
ILE 9 (0.2) 15 (7) 30 (3) 36 (4) 20 (3) 26 (0.1) 45 (4) 45 (2)
LEU 13 (0.3) 16 (2) 82 (7) 87 (2) 27 (3) 37 (2) 49 (2) 51 (3)
LYS - - - - - - 40 (20) - - 17 (11) - - 76 (27)
GABA 0.4 (0.2) 60 (10) 1.4 (1) 54 (10) 2 (1) 33 (4) - - 42 (15)
BALA 0.7 (0.7) 110 (6) 0.9 (1) 10 (2) 2 (1) 7 (2) - - 17 (8)

Total AA (nM) 277 815 1653 3079 593 1182 1461 2856

DOC (uM-C) 103 103 156 156 176 176 229 229

DHAA yield (%0C) 1.0 2.7 4.0 6.9 1.3 2.5 2.7 5.0

ASP: aspartic acid; GLU: glutamic acid; SER: serine; HIS: histidine; GLY: glycine, THR: threonine; ARG: arginine; ALA: alanine; TYR: tyrosine; TRY: tryptophan; MET:
methionine; VAL: valine; PHE: phenylalanine; ILE: isoleucine; LEU: leucine and LYS: lysine; GABA: Y-aminobutyric acid; BALA: -alanine.
-: below detection limit (most amino acids <0.1-1nM, LYS<10nM).
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Table 4.5. Dissolved free amino acids (DFAA), dissolve hydrolysable amino acids (DHAA)

concentrations, carbon-normalized amino acid yields (AA yield %0C), dissolved organic carbon
(DOC), temperature and pH for hydrothermal fluids and hydrothermal-influenced sediment

porewater in various hydrothermal systems.

Hydrf)thermal type and Temperature pH  DFAA (M) DHAA(uM) DOC (M) DHAAYyield Reference

location (°C) (0C%)

Oceanic basaltic basement fluids

Juan de Fuca eastern flank (3.5 65 ~7.4 0.001-0.013 0.053-0.089  12-16 1.3-3 This study

Ma basement)

Deep submarine hydrothermal vents

Mid-Atlantic Ridge 30°N (Lost ~90? 9-11° N.A. 0.736-2.3 ~100 2.5-15 Lang et al.

City) (2003)

Mid-Atlantic Ridge 15°N ~18 N.A. 0.035-24.9 N.A. N.A. N.A. Klevenz et al.

(Logatchev) and 4-9°S (2010)

Mid-Atlantic Ridge 15°N ~350-400 ~3.5° 0.038-0.377  N.A. N.A. N.A. Klevenz et al.

(Logatchev) and 4-9°S (2010)

Suiyo Seamount, Izu-Bonin Arc, 300 N.A. N.A. 0.067-1.082°¢ N.A. N.A. Horiuchi et al.

NW Pacific (water depth (2004)

~1400m)

Guaymas Basin (water depth 152-319 N.A. <0.001 N.A. N.A. N.A. Haberstroh and

~2000m) Karl (1989)

Shallow submarine hydrothermal vents (~1 m deep)

Baia di Levante, Vulcano, Italy 88 5.6 1.33-1.92 0.88-1.86 56-72 10-15 Svensson et al.
(2004)

Geothermal wells

Vulcano, Italy 42-81 2-6.3 0.33-78 0.39-35 34-1780 2-25 Svensson et al.
(2004)

Subterranean hydrothermal vent

Toyoha mine, Hokkaido, Japan 48-71 5.8-6.6 N.A. 2.6-6.1 N.A. N.A. Takano et al.
(2003)

Hydrothermal-influenced marine sediment porewater

Juan de Fuca eastern flank N.A. 7.1-7.5 0.23-1.46 0.8-3.1 103-229 2.5-6.9 This study

(sample depth: 207-222m)

Guaymas Basin (sample depth: 5-100 N.A. 5-446 N.A. N.A. N.A. Haberstroh and

0-12 cm) Karl (1989)

Shallow submarine near Japan 80-104 7.2-7.5 22-196 98-338 2,742-4,942  15-23 Hoaki et al.

(sample depth: 0-30 cm) (1995)

N.A.: Not available.
a: Temperature and pH derived from Lang et al. (2010).
b: pH derived from Schmidt et al. (2007).

¢: End-member fluid compositions calculated based on data from Horiuchi et al. (2004).
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Table 4.6. Pearson correlations of individual amino acids within the dissolved hydrolysable amino acids (DHAA) pool in ridge-flank basement
fluids. Correlations of individual amino acids with total DHAA (AA sum), dissolved organic carbon (DOC) and the carbon-normalized amino acid

yields (AA yield) are also presented for comparison.

ASP GLU SER HIS GLY THR ARG ALA TYR MET VAL PHE

LEU GABA BALA AAsum DOC AAyield

ASP 1k *

GLU 1 * * % *
SER 1 k*k * % k%
HIS 1 * * % * k%
GLY

THR 1 *

ARG 1 k% % %k
ALA 1

TYR 1 *

MET 1

VAL

PHE

ILE

LEU
GABA
BALA
AA sum
DOC

AA yeild

%k
*
*

*

*

*
* %k

* ¥ ¥ ¥ %

* ¥

*
* %k

* ¥ X% %

* Correlation is significant at the a<0.05 level (1-tailed).
** Correlation is significant at the a<0.01 level (1-tailed).
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Figure 4.1. (a) Site map showing the location of the eastern flanks of Juan de Fuca Ridge
study sites. (b) Bathymetry map showing Integrated Ocean Drilling Program (IODP) site
U1301, U1362 and U1363. (c) A cartoon showing relative distances and penetration
depths of CORKs 1362A, 1362B and 1301A. (d) Bathymetry map around near Grizzly
Bare outcrop. borehole 1363D. The sediment-basement interface is at about 222m below
seafloor, i.e. sediment thickness 222m.

132°W

Figure 1b

20
Elevation (km)

1362B

] 2.0km

13628 (©)
Seawater

Sediment

~250m

~30n

128°00'W

127°40

Depth (mbsl)

2600 2400

Mama
Bare
; Site 1026

Site U1362,".sjte 1027 «

Site U1301

Grinnin'
Bare

Depth (mbsl)

L —
00 05 1.0km

Grizzly

47°18'
N
Bare

outcrop/Z
7

47°1¢'

A

Papa
Bare

N\

O
Baby Bare ,

128°06'W

128°02'

163

(b)



Figure 4.2. Energetics for amino acids synthesis based on equations listed in Table 1 by
using average geochemical data (H,, NH4+, pH and bicarbonate) from CORK 1301A,
1362A and 1362B fluids (listed in table 3.1). Black dash lines indicate the hydrogen
activities from the three sites.
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Figure 4.3. Mole percent distribution of dissolved hydrolysable amino acids, DHAA, in
(a) ridge-flank basement fluids collected via CORK 1301A, 1362A and 1362B (b) North
Pacific 2000m seawater (Kaiser and Benner, 2009) and bacteria (Cowie and Hedges,
1992) (c) deep hydrothermal-influenced marine sediment porewater collected from Juan
de Fuca Ridge flank. (d) Mole percent distribution of dissolved free amino acids, DFAA,
in deep hydrothermal-influenced marine sediment porewater collected from Juan de Fuca
Ridge flank.
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Figure 4.4. Scatter plots of selected well-correlated amino acids (Pearson correlation
confidence level <0.01, Table 6). (a) Glutamic acids (GLU) versus tyrosine (TYR); (b)
Glutamic acids versus Y-aminobutyric acid (GABA); (c) Carbon-normalized amino acid
yields (AA yield %OC) versus GLU. Gray error bars are deviations (1SD); no replicate
samples were run for CORK 1301A 2009 sample and the error bars for this sample are
the average deviations of all other samples; dashed lines are used.
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5.0 Abstract

Dissolved organic carbon (DOC) is the largest carbon reservoir in the ocean. The impact
of hydrothermal systems on seawater DOC could be profound, yet is poorly known. A
rapid response cruise in May, 2009 to an on-going eruption at W. Mata, northeast Lau
Basin, provided an unprecedented opportunity to measure DOC in fluids associated with
a variety of seafloor hydrothermal environments. Hydrothermal fluid samples were
collected from several diffuse vent sites, from two orifices of a focused black smoker
vent and from fluids adjacent to molten lava. The impact of hydrothermal activity on the
DOC in the overlying water column is also evaluated by measuring DOC concentrations
in neutrally-buoyant hydrothermal plumes. Overall, results for our analyses show that
hydrothermal activities induce biological activity, which produces DOC on the seafloor
and in the sub-seafloor for export the from upper oceanic crust into the overlying water

column.

The C/N ratio of particulate organic matter (POM) in fluids collected from diffuse vents
is consistent with sources of POM from fresh marine and/or bacterial biomass.
Concentrations of total dissolved nitrogen (TDN) in all diffuse and focused vent fluids
sampled are lower than background seawater, in support of the presence of an active
subsurface and/or surface vent biosphere. Elevated DOC and POM concentrations within
neutrally-buoyant plumes over background seawater also indicate organic carbon
production within the plume. DOC concentrations measured from the fluids collected
adjacent to molten lava were found to be surprising high and cannot simply be explained

by known sources of contamination. The high DOC may derive from circulating
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hydrothermal fluids flushing DOC from potential sub-seafloor microbial habitats and/or

sources of abiogenic DOC production.

5.1. Introduction

Organic carbon in the ocean can be operationally classified into dissolved and particulate
forms. Combusted GF/F filter, which has nominal retention size of 0.7 puM, are
commonly used to collect particulate organic carbon (POC) and the remaining organic
carbon in the filtrate is defined as dissolved organic carbon (DOC). Dissolved organic
carbon in the deep sea represents a significant carbon pool (662 Pg C, Hansell et al.,
2009), equivalent to the total atmospheric carbon reservoir (MacKenzie, 1981;
Siegenthaler and Sarmiento, 1993; Fasham et al., 2001). DOC plays important ecological
roles as a byproduct of biological productivity and also as fuel for heterotrophic bacterial
activity (e.g. Williams, 1970; Azam et al., 1983; Ducklow and Carlson, 1992; Carlson,
2002). Due to the utilization of DOC by microbial activity, the significance of a microbial
carbon pump mechanism to convert atmospheric CO, into the deep ocean DOC has
recently been proposed (Jiao et al., 2010) although the biological pumping mechanism
via particulate organic matter (POM) has long been proposed (Volk and Hoffert, 1985)
and widely-studied (reviewed by Honjo et al., 2008). Net production of DOC and POM
in an environment results from the temporal and spatial decoupling of in situ biological
production and consumption (Hansell and Carlson, 2001; Carlson, 2002; Honjo et al.,
2008). Elevated concentrations of DOC are often observed in areas or at the time of
vigorous biological activity, including increased primary production via extracellular
release of DOC, intensified grazing-induced DOC produced by macro- and micro-
zooplankton and elevated heterotrophic DOC production via release of extracellular
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hydrolytic enzymes (e.g. Tanoue and Handa, 1979; Smith et al., 1992; Carlson et al.,

2000; Hansell and Carlson, 2001; Carlson, 2002; Engel et al., 2012).

Deep seawater that recharges ocean crustal fluids contains ~40 uM of DOC (Hansell and
Carlson, 1998; Hansell and Carlson, 2001; Hansell et al., 2009) and <1 pM-C of
particulate organic carbon (Druffel et al., 1998; Loh and Bauer, 2000). Mixing of reduced
hydrothermal fluids and oxic bottom seawater in the subsurface and at the seafloor
provides a source of metabolic energy for chemolithotrophic microorganisms and
supports an extensive seafloor and subseafloor hydrothermal ecosystems (McCollom and
Shock, 1997; Amend et al., 2011). As a consequence, POM and DOC can be elevated in
hydrothermal  ecosystems where conditions are conducive to extensive
chemolithoautotrophy, and can be exported to the deep ocean (Lang et al., 2006; Bennett

et al., 2011b), contributing to the support of heterotrophic organisms in the deep ocean.

However, it is still uncertain whether the ocean crust is a net sink or a source for ocean
water DOC (Eglinton and Repeta, in press). In addition, a significant proportion of
marine DOC has been observed to be thermally altered (Dittmar and Paeng, 2009) and
the input of such heat-altered DOC from deep-sea hydrothermal process is postulated
(Eglinton and Repeta, in press). Some characterizations of DOC in hydrothermal fluids
have been made, including hydrothermal hydrocarbons and hydrothermally-influenced
sediment porewaters, to evaluate the impact of hydrothermal circulation on the deep
ocean organic carbon reservoir (e.g. Simoneit et al., 1988; Simoneit, 1990; Simoneit and
Sparrow, 2002; Lang et al., 2006; McCarthy et al., 2010; Bennett et al., 2011a; Bennett et
al., 2011b; Lin et al., 2012). This paper presents new data on hydrothermal DOC and

POC inputs to the deep ocean, including the first DOC measurements on fluids associated
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with an on-going seafloor eruption. Moreover, whereas previously published
hydrothermal fluid DOC and POC data are mainly derived from mid-ocean ridges (Lang
et al., 2006; Bennett et al., 2011Db), hot spot systems (Bennett et al., 2011a) or sediment-
buried ridge flank oceanic crustal environments (Lang et al., 2006; McCarthy et al., 2010;
Lin et al., 2012), the DOC data presented in this study are derived from a back-arc

spreading system.

We hypothesize that high POC and DOC concentrations are expected in low temperature
(<100°C) fluids, presumably associated with a well-developed subsurface microbial
community (e.g. Lang et al., 2006). In contrast, lower POC and DOC is expected in high
temperature (>>100°C) vent fluids due to low or absent microbial activity and thermal
degradation (e.g. Lang et al., 2006); however, the DOC concentrations in high
temperature fluids may be complicated by organic carbon entrained from other nearby
subsurface biospheres. The lowest POC and DOC concentrations are expected in the
vicinity of newly erupted basalt due to combustion of organic matter from the very high
temperatures and the expected absence of subseafloor communities associated with new

basalt flows.

This paper presents the DOC and POM measurements of hydrothermal fluids collected
from six low temperature (<30°C) diffuse vents, one high temperature (315°C) focused
vent and fluids adjacent to molten lava. The 8'3C values of POC from two low
temperature sites are presented. Total dissolved nitrogen (TDN) and particulate nitrogen
(PN) concentrations are also presented as another potential indicator of subseafloor
biosphere activity. The DOC concentrations from the water column samples are used to

assess the impact of the hydrothermal fluids on the water column above the eruptive sites.
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5.2. Geological settings and methods

The Lau Basin is a triangular-shaped active back-arc basin (Fig. 5.1a). The basin is
associated with the Tonga-Kermadec subduction zone in the western Pacific margin.
Several hydrothermal fields were discovered and studied along the Lau Basin extensional
zone in the early 1990s (e,g. Fouquet et al., 1990, 1991). There are multiple rifting and
spreading centers in the Lau Back-arc Basin (Hawkins, 1995), the most northeastern of
which is the Northeast Lau Spreading Center (NELSC). NELSC’s maximum spreading
rate is estimated to be about 94 mm/year (German et al. 2006). Between the NELSC and
the frontal magmatic arc of the Tonga-Kermadec subduction zone lays several submarine
volcanoes including West Mata. This entire area is hydrothermally very active (Falloon et
al., 2007). During a cruise conducted by National Oceanic and Atmospheric
Administration Pacific Marine Environmental Laboratory (NOAA-PMEL) in November
2008, two active eruption events were detected in this area. One was within the NELSC
and the other at West Mata (Baker et al., 2011; Clague et al., 2011; Resing et al., 2011;

Rubin et al., 2012).

5.2.1. Response cruise and sampling sites

In response to the two eruptions discovered in November, 2008 (Baker et al., 2011,
Clague et al., 2011; Resing et al., 2011; Rubin et al., 2012), a research cruise was staged
to Northeast Lau over May 5-13, 2009 on the R/V T. G. Thomas (Resing et al., 2011).
During the cruise, seven dives by the remotely-operated-vehicle (ROV) JASON I
(Woods Hole Oceanographic Institution) were conducted. Five dives were at the West
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Mata area and two dives at the NELSC (Fig. 5.1a). Active eruptions were observed at
West Mata during each dive there. Three eruption sites were identified: Hades, Akel’s
Afi and Prometheus (Fig. 5.1b). Near the eruptions sites, several low temperature diffuse
vents were discovered: Creamsicle, Kohu, Shrimp City, Red Rock Ridge, Epsilon, Luo,
and White Mat (Fig. 5.1b and 5.2; Table 5.1). In contrast, no eruptive activity was found
at NELSC, although high temperature black-smoker type chimneys were relocated at
Maka volcano in the southern NELSC (Fig. 5.1). Fluid samples were collected at this
Maka vent from two fresh orifices formed when the ROV JASON broke the two

chimneys sprouting from a single sulfide mound.

CTD operations were conducted from the R/V Thompson to assess the impact of the
volcanic eruptions on water column chemistry and microbiology over and down current
from the eruptive sites. One vertical cast (V09CO01, Table 1) was made over the W. Mata
eruptive site. A second vertical cast (V09C02, Table 1) was performed over the Maka
high temperature black smoker vents with multiple chimneys and vent orifices. Two
horizontal tows were made during which the CTD was continuously lowered then raised
in a saw-toothed pattern (i.e., tow-yos; Baker 1998); samples from one of the tow-yos
were collected for this study (Table 5.1). Sensors on the CTD measured conductivity,
temperature, pressure, oxygen, optical backscatter, fluorescence, altimetry and oxidation-
reduction potential (ORP). Anomalies in ORP indicate the presence of reduced chemical

species such as H.,S and Fe*".

5.2.2. Sampling methods
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Plume and background seawater samples were collected with Niskin bottles during CTD-
rosette vertical and tow-yo casts (Table 1). Hydrothermal vent fluid samples were
collected by JASON Il using the PMEL Hydrothermal Fluid and Particulate Sampler
(HFPS, Huber et al., 2002; Butterfield et al., 2004) and Ti-major samplers. The HFPS
samples were collected into either 500mL Tedlar bags (HFPS-Bag) or 500mL Titanium
piston type containers (HFPS-Piston). All diffuse vent samples used for this study were

collected with the PMEL HFPS-Bag sampler.

The HFPS pistons and the lids for both the bags and the pistons were cleaned and
sterilized with ethanol, followed by a vigorous deionized water rinse and finally by a
filtered seawater rinse. Ethanol from a squirt bottle was sprayed on the filter holder
components in the lid to sterilize and degrease the filter holder. The lid parts were then
wiped off with a Kim-Wipe, rinsed under a stream of deionized water at the Millipore
water purification dispenser, and assembled with the filter holder; Millipore water was
circulated through the whole assembly. Finally, about 50ml of filtered seawater was

passed through the lid.

DOC and TDN blanks for the samplers were collected in the shore-based laboratory by
adding DI, 0.24 N HCI or 1N H,SO, to HFPS-Bags and HFPS-Ti-Pistons to simulate the
neutral to extremely low pH hydrothermal fluids that we could have sampled. The
duration of the acid treatment provides an extreme condition to simulate how the
samplers may contribute to DOC even when very acidic hydrothermal fluids are collected
and temporarily stored. The samplers for the blank tests were treated the same as they

were treated shipboard prior to actual sampling.
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All fluid samples were filtered shipboard through combusted GF/F filters (550°C for 5
hours) in acid-cleaned Whatman plastic filter holders. At least 50 mL of deionized water
was passed through each filter just prior to use to ensure that a DOC blank below
detection limit was achieved. The filtered samples were stored in acid-washed high-
density polyethylene Nalgene bottles and kept frozen until thawed for analysis (Tupas et

al., 1994).

Particulates were collected by in situ pumping 2-5 L of hydrothermal vent fluids through
combusted GF/F filters (550°C for 5 hours) using the HFPS. About 10 L of seawater
collected with CTD-rosette Niskin bottles were filtered on board ship through combusted
GF/F filters. Individual filters were wrapped in combusted foils and stored frozen until

thawed for analysis.

5.2.3. Sample analysis

5.2.3.1.Dissolved organic carbon

Dissolved organic carbon (DOC) was measured by high-temperature combustion using a
Shimadzu TOC-Vcsy analyzer. Combustion temperature was set at 720°C. Samples were
acidified to pH <2 within the autosampler syringe by adding 45 pL of 2N HCI to 3 mL
samples. No acid contamination was observed throughout the analysis. Samples were
purged with nitrogen to remove inorganic carbon. Five to six replicate analyses were
performed using an injected sample volume of 150 pL. The reproducibility between

replicate injections was <2 UM, i.e. <5% at 40 uM.

Two consensus reference materials (CRM, from University of Miami, Dickson et al.
2007), Florida Strait 700 m-deep seawater (DSW) and low carbon water (LCW), were
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used extensively before, between and after sample analysis. At least one CRM was
measured every 5 samples. The measured concentration of CRM-DSW was 42 + 0.2 uM
(n=23), which is consistent with the certified range of DOC concentration (41~43 uM).
The average measured CRM-LCW value was 1.3 = 0.4 uM (n=7), which also fell within

the certified range of 1~2 puM. The detection limit was about 1 pM.

5.2.3.2.. Total dissolved nitrogen

Total dissolved nitrogen (TDN) was measured with a chemiluminescence detector in-line
with the described Shimadzu TOC-Vcsy analyzer (Sharp, 2002). Consensus reference
materials mentioned earlier were also used extensively to monitor the instrumental
performance. Measured CRM-DSW is 33 = 0.1 pM (n=23), the same as the certified

value of 33 uM. The detection limit of TDN was about 0.5 pM.

5.2.3.3. Particulate organic carbon

A few drops of sulfurous acid (6-9% of H,SO3) were added to wet the filter and to
remove inorganic carbon from the filter. The acidified filters were transferred to a 60°C
oven for 24 hours. The dried filters were then transferred into a tin capsule before placing
within a high-temperature combustion CN elemental analyzer (Costech, ECS 4010)
connected in-line with a Mass Spectrometer (ThermoFinnigan Delta XP interfaced with a

ConFlolV) for analysis of their organic carbon and nitrogen isotopic compositions.

5.2.3.4. pH measurement

Measurements of pH were made with an in-situ pH sensor (AMT, Rostock, Germany)

connected to the home port of the HFPS. This pH sensor was repeatedly calibrated in the
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lab and the post cruise calibration indicated that this sensor worked well throughout the

cruise.

5.3. Results

5.3.1. Blank tests

The DOC and TDN blank values for DI in HFPS-Bag and HFPS-Ti-Piston samplers are
below or only slightly elevated over the instrumental detection limit (~1uM and 0.5 pM,
respectively) even after the DI sat in the bag or sampler for several hours (Table 5.2).
Elevated DOC blank values (3-5uM) are observed after exposure of the HFPS-Bag and
HFPS-Ti-pistons to 0.24N HCI over a course of 2 hours. Much higher DOC values (20-

30 uM) are observed when the Ti pistons are exposed to 1N H,SO, for 20 hours.

DOC blanks contributed by ethanol, which was used to sterilize the Ti pistons (section
5.2.2), were also evaluated. A 40mL combusted glass vial was first filled with ethanol,
drained, filled with 40mL of DI, and then the DI was repeatedly drained out and filled
with another 40mL of fresh DI. The resulting DOC value of the first DI-displacement in
the glass vial is as high as 41.7 mM. The second 40mL DI displacement lowered the
DOC blank ten-fold, the third to 63 uM, and the fourth to below 10 uM. The ethanol
“rinse” blanks were prepared to provide the range of DOC that could be contributed from

the sampler due to insufficient rinse after ethanol treatment.

In contrast, during our routine operation, the HFPS sampler is only exposed to a very
small amount of ethanol (ethanol sprayed from a squirt bottle and dried with Kimwipes,
section 2.2) and then is rinsed with copious amount of running deionized water. The rinse
water should have displaced the ethanol with much more than four times the ethanol
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volume. As a consequence, the overall sampler blanks summarized in Table 2 are the best
representatives of our sampling blanks as the procedure for sampler blank collection

followed the shipboard treatment.

5.3.2. DOC and TDN of vent fluids

The DOC concentrations for the diffuse vent fluids from the NE Lau Basin ranged from
39 UM to 521 pM (Table 5.3). Creamsicle and Red Rock vent fluid samples have DOC
concentrations similar to those of bottom seawater in this area (39-45 uM, Table 5.3).
The DOC concentrations of the diffuse vent fluid samples from the other sites are greater
than that of bottom seawater. The highest DOC concentration observed in diffuse vent
fluids (521 puM) derived from the Epsilon site. All the diffuse vent fluid samples have
TDN concentrations within the 4.3-24.5 uM range, much lower than bottom seawater (39

UM, Table 5.3).

DOC concentrations in fluids collected from the two orifices of the focused high-
temperature vent at Maka are 27 and 52 uM (Table 5.3), bracketing bottom seawater
values (39 uM DOC). In contrast, the TDN concentrations for the focused vent fluid
samples are 7 and 11 pM, considerably lower than that of deep seawater (39 uM TDN,

Table 5.3).

The DOC concentration in fluids collected adjacent to the molten lava range from 63 to
1704 uM (Table 5.3), much higher than that of deep seawater. However, the TDN
concentrations of these samples (34-40 uM) are about the same or slightly lower than that

of bottom seawater (39 puM).
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5.3.3. DOC, TDN, POC and PN of hydrothermal plume samples

A pronounced particle-rich layer was identified as a neutrally buoyant hydrothermal
plume, ~80-100 m above the W. Mata eruption sites with greatly elevated light scattering
anomalies (higher dNTU, anomaly in nephelometric turbidity units) and much lower
oxidation-reduction potential (Fig. 5.3). The plume signal above Maka volcano was not
as intense as the plume above W. Mata. The Maka plume had only slightly elevated light
scattering anomalies and a minor dip in oxidation-reduction potential (Fig. 5.3). The
DOC concentrations of the neutrally-buoyant plume samples above W. Mata is 45 + 1
KM while those from above Maka volcano are 39+2 (Table 5.4). The DOC in background
seawater samples is 39£1 uM (996m, 1598m & 1557m, Table 5.3). POC concentrations
for W. Mata plume samples range from 0.28 to 0.56 umolC/L, PN from 0.031 to 0.050
umolN/L, and particulate-C/N ratios from 8.8 to 11.2 (Table 5.4), whereas the values for
POC, PN and particulate-C/N ratios in the Maka plume samples are 0.29+0.08 umolC/L,
0.036+0.01 umoIN/L and 8.2+0.5, respectively. Local background bottom seawater
sample POC, PN and particulate-POC/PN values are 0.21+0.07 umolC/L, 0.024+0.01
umolIN/L and 8.5+0.5, respectively (Table 5.4). TDN concentrations of plume samples
above both W. Mata and Maka are uniformly 39 + 1 uM, identical to that of background

seawater.

5.3.4. POC and PN in vent fluids

The POC concentrations in Red Rock and Luo diffuse vent fluid samples are 2.45 and
3.08 umol/L, respectively (Table 5.5), an order of magnitude higher than that for

background seawater (no plume signal) above the vent (0.21+0.07 pmol/L, Table 5.4).
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The POC concentration in the sample from Kohu vent is 0.48 pmol/L, also elevated
relative to background seawater. The PN concentrations in Red Rock and Luo diffuse
vent fluid samples are 0.398 and 0.605 pmol/L, respectively, much higher than that in
background seawater (0.024 pumol/L). The PN concentration in Kohu vent fluid is 0.042

pmol/L, twice of that in background seawater.

5.4. Discussions

5.4.1. Sampler DOC blank

The low DOC blank of the HFPS-Bags is in good agreement with the replicate bag
samples at Creamsicle, documenting the consistently low blanks for both sampling fluids
with HFPS-Bags and our lab procedures. Although an elevated concentration of DOC
was observed after samplers was subjected to 0.24N HCI for several hours, it is relatively
small (e.g. about 10% of the background seawater value) and would not have a major
impact on measurements of DOC at high concentrations. The 0.24N HCI should be a
good representative of the acidic samples collected in hydrothermal vents; in fact, the pH
(<0.6) of the 0.24N HCI blank tests is much lower than the lowest pH (1.6, eruptive sites,

Table 5.3) of fluids collected for this study.

Although there is an increase of DOC after the Ti piston samplers were exposed to 1N
H,SO, for 20 hours, this acid treatment is much stronger than what the samplers would be
exposed to the vent fluids; furthermore, the amount of DOC measured in the 1N H,SO,4
treatment blanks is still relatively small compared to the very high DOC in fluids

collected near eruptive sites with piston samplers (Table 5.3).
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It is unlikely that the elevated DOC in the acid treatment experiment resulted from the
DOC leached from fluorolube grease (Fluorolube GR 290, Fisher Scientific) used for
lubricating the piston sampler. As much as 0.5g of fluorolube grease only contribute 1-5
MM total DOC and <0.4 uM TDN, even after sitting in DI, 0.1 N HCI or 1N H,SO, for 24
hours (data not shown). Nevertheless, the acid treatment using 1N H,SO, provide an
upper limit for the DOC blank values that can be contributed from the HFPS-Piston

sampler.

Ti-major samplers were used to collect high-temperature focused vent fluids in this study.
No blank tests with Ti-major samplers were performed during this study. In a separate
study, the DOC values are about 10-15 pM higher in oceanic deep crustal fluid samples
collected using Ti-major samplers than using a newly developed clean sampler described
in Cowen et al. (2011) and Lin et al. (2012). A similar level of DOC blank value (15.9
MM) for Ti-major sampler is reported by Bennett et al. (2011a). In contract, an
undetectable DOC blank value is reported by Lang et al. (2006). Therefore, the DOC
blank value for Ti-major is most likely somewhere between 0 and 15 uM. Here we used
15 pM as a conservative blank value to correct the DOC measured in fluids collected by

Ti-majors.

5.4.2. Sample quality

Seawater entrainment is problematic during sampling of hydrothermal vent fluids at the
seafloor. For high temperature vent fluids (>300°C), the vent fluid end-member should
contain very low Mg due to its removal during rapid water-rock reaction at high

temperature (Mottl, 1983). In contrast, seawater contains much higher Mg (53mM). If a
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conservative mixing relationship exists between Mg and the component of interest, e.g.
DOC, Mg can be used to account for the signal contributed from seawater entrainment.
However, since only two samples were collected from this particular vent type, it is not
statistically possible to conclude whether a conservative mixing relationship between Mg
and DOC existed at this study site. Nevertheless, the Mg concentrations of the two high
temperature focused vent fluids are 4.2 and 4.7 mM (Table 5.3), much lower than that of
bottom seawater, (53 mM), suggesting minimum (no more than 8%) seawater entrained
in the two samples. The directly measured DOC values without applying Mg for seawater
entrainment correction are reported. In addition, since non-zero Mg vent fluids have been
observed (Ravizza et al., 2001), we also hesitate to assume that the end-member fluids

from the Maka sulfide mound have zero-Mg for the correction.

It is more difficult to estimate the amount of seawater entrainment in low temperature
diffuse vent fluids. Diffuse vent fluids are thought to derive from either subsurface
mixing of high temperature fluids with seawater (Butterfield and Massoth, 1994;
Butterfield et al., 1997) or from seawater that has been warmed by warm rocks (Cooper
et al., 2000). The low temperature vents lack a focused conduit, making them more
vulnerable to seawater entrainment during collection. The removal rate of Mg from fluids
via water-rock reaction decreases significantly at lower reaction temperature (Mottl,
1983). As a result, the removal of Mg is much less significant at low temperature diffuse
vents than at high temperature focused vents. The Mg concentrations of the diffuse vent
fluid samples collected at W. Mata range from 49 to 57 mM (Table 5.3) bracketing the
value for bottom seawater (53 mM). The high Mg concentrations in the diffuse vent

fluids do not necessarily indicate high seawater entrainment during collection; rather, it
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could indicate that diffuse vent fluids can result from the rapid warming of seawater with
little removal of Mg. High integrity of the diffuse vent fluid samples is suggested by their
much elevated silicate (>1000 pM) and dissolved iron (38-983 uM) concentrations
relative to bottom seawater concentrations (silicate ~80 puM, dissolved iron <0.1 pM).
Moreover, the higher temperatures (13-30°C) and much lower pH (2.8-5.8) of the diffuse
fluids relative to surrounding bottom seawater (4°C, pH~8.0) also indicate that the diffuse
vent fluids collected are distinct from bottom seawater. Due to the difficulty in obtaining
a suitable factor for seawater entrainment correction, we report only the “uncorrected”

values.

5.4.3. Elevated DOC in NE Lau diffuse vent fluids

The DOC concentration in the diffuse vent fluids from the NE Lau vent field varied from
close to bottom seawater values (39 puM) at Creamsicle (40 puM) to a greatly elevated
value at Luo (126 pM) and Epsilon (521 pM). Based on previous studies of vent fluids,
the Epsilon DOC concentrations are much higher than expected. At Axial Volcano and
Endeavour vent fields the DOC in diffuse vent fluids ranged from 34 to 71 uM (Lang et
al., 2006). At 9°50’N East Pacific Rise vent field, the DOC in near-field plume fluids
ranged from 37.9 to 47 uM (Bennett et al., 2011b). Although the DOC of vent fluids at
Loihi seamount ranged from 54 to 92 uM (Bennett et al., 2011a), the range of values for
porewater extracted from microbial mats recovered from the Loihi vent field (68-179 pM,
Bennett et al., 2011a) bracket the elevated DOC of vent fluids from Luo at NE Lau (126
MM).  The high Epsilon diffuse vent fluids DOC (521 uM) approaches the mM level of
DOC measured in porewaters from microbial mats (e.g. Jonkers et al., 2003; Jonkers et

al., 2005) and marine sediments (e.g. Simoneit and Sparrow, 2002). The young Epsilon
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vent site had little sediment cover, but abundant filamentous microbial mats were
observed at this study site (Fig.5.2f). Disturbance of the microbial mat during sampling
could have caused DOC-rich porewater from microbial mats to mix with vent fluids.
Interestingly, the elevated DOC at Epsilon is not accompanied by elevated TDN (Table

5.3).

5.4.4. DOC production and removal in hydrothermal systems

The elevated DOC concentrations of the low temperature diffuse vent fluids from the NE
Lau Basin indicate that overall DOC input exceeds DOC removal processes within these
vent systems. When bottom seawater recharges a hydrothermal system, it possesses
~40uM of DOC. Here, a model of DOC production and removal is proposed to describe
the potential sources and sinks of DOC in a hydrothermal system (Fig. 5.4). Within the
hydrothermal system, chemoorganotrophic organisms consume DOC and transfer carbon
into the dissolved inorganic carbon (DIC) pool, decreasing the DOC pool, while on the
other hand, chemolithoautotrophic organisms produce organic carbon from DIC (e.g.
Karl, 1995). Some chemolithoautotrophic organisms such as acetogens and methanogens
produce low molecular weight organic carbon (Lovley and Klug, 1983; Thauer, 1998).
Macrofauna messy grazing can leak DOC (Carlson, 2002 and references therein) and
POC can undergo cell lysis and other alterations to release carbon back to the DOC and
the DIC pools (Fuhrman, 1992; Fuhrman, 1999; Carlson, 2002). Abiotic processes such
as adsorption (Delacour et al., 2008; Ruttenberg and Sulak, 2011), heat degradation
(Simoneit, 1984; Simoneit et al., 1992; Simoneit and Sparrow, 2002) and organic
thermogenesis (Welhan and Lupton, 1987; Dittmar and Koch, 2006) also alter the bulk

DOC concentration. The abiotic formation of low molecular weight organic carbon and
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amino acids are thermodynamically favorable in some hydrothermal systems (Amend and
Shock, 1998; Proskurowski et al., 2008), which can also contribute DOC to the system.
Elevated dissolved organic carbon, formate and acetate relative to seawater have been
observed in fluids from the Lost City vent field (Lang et al., 2010). A distinct inverse
trend in the stable carbon and hydrogen isotopic composition of C1 to C4 hydrocarbon in

Lost City vent fluids suggest abiotic origin (Proskurowski et al., 2008).
5.4.5. Biological production of organic carbon

All of the vent fluids collected during this study contained high concentrations of
reducing species such as dissolved iron (dominantly Fe?*), manganese and hydrogen
sulfide (Table 5.3). The mixing of reducing vent fluids with oxic bottom seawater can
yield significant energy via reactions such as iron, manganese and sulfide oxidation
(McCollom and Shock, 1997). Abundant filamentous microbial mats were observed in
several of the low temperature diffuse vent sites, such as Epsilon and Creamsicle (Fig.
5.2). Scattered microbial mats were also observed at low temperature diffuse vents
Shrimp City and Luo, where high abundances of indigenous shrimps were also present
(Fig. 5.2). Metabolism within these microbial mats could release dissolved organic
carbon into the hydrothermal fluids. In this case, DOC was presumably produced by the
mat community (macrofauna and microfauna activities) and entrained into the venting
fluids. Subseafloor microbial communities residing at the interface between ascending
anoxic warm fluids and descending recharge seawater could have contributed additional
DOC to the venting fluids (Lang et al., 2006; Bennett et al., 2011a; Bennett et al., 2011b).
The DOC measured in this study was the composite result of the DOC production and

consumption activities both within the subseafloor and at the seafloor.
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The elevated DOC within the vent fluids is consistent with the higher values for POC and
PN measured in fluids from the Red Rock, Luo and Kohu diffuse vent sites relative to
background seawater (Table 5.5). The elevated POC concentrations in the vent fluids
from Red Rock (2.45 umol/L) and Luo (3.08 pumol/L) are within the range of POC
concentrations (0.87-3.81 pumol/L) observed in the near-field plume fluids from East
Pacific Rise (Bennett et al., 2011b). Elevated POC concentrations (up to 18.3 pumol/L)
have also been observed in warm diffuse vents at 21°N East Pacific Rise (Comita et al.,

1984).

The POC in the Red Rock and Luo vent fluids have C/N ratios of 6.1 and 5.1,
respectively, significantly lower than the C/N of POC collected from background
seawater (8.9 £1; Table 5.4 & 5.5). The low C/N ratios in Red Rock and Luo vent fluids
are close to but even lower than the Redfield ratio (6.6, Redfield, 1958), suggesting that
the POC was derived from a fresh marine source material and/or bacterial biomass (5.2-
5.9, Meyers, 1994; Fukuda et al., 1998). Degradation of POC results in elevated C/N
ratio (Meyers, 1994). Although the C/N of POC from Kohu vent is 11.4, much higher
than from the Red Rock or Luo vents and is similar to nearby deep water POC values
(Table 5.4 & 5.5), it still fell within the marine source range (Meyers, 1994; Fukuda et al.,

1998).

Carbon isotope values of POC also reflect the potential carbon source and carbon
assimilation pathways leading to the synthesis of POC (e.g. Sirevag et al., 1977; Preuss et
al., 1989; Popp et al., 1998: Hofmann et al., 2000; Hayes, 2001). The 8*3C values for the
POC from Red Rock and Luo vents are -15.5 %o and -12.3 %o, respectively (Table 5.5),

which is higher than POC from nearby background seawater (-23+1 %o, Table 5.5).
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Provided that DIC in vent fluids has §"*C values ranging from -2.5 to -9 %o (Zerkle et al.,
2005; Walker et al., 2008), the *C enrichment in Red Rock and Luo vent fluid POC
suggests that the resident microbes within the Red Rock and Luo vents may utilize
carbon fixation pathways that lead to lower carbon isotope fractionation (Zerkle et al.,
2005) than that associated with the most common photosynthetic pathway (C3 or Calvin-
Benson cycle, Descolasgros and Fontugne, 1990; Zerkle et al., 2005). For example,
carbon isotope fractionation is 2-5.5 %o via the reductive tricarboxylic acid (TCA) cycle
and 0.2-3.6 %o via the 3-hydroxypropionate (3-HP) cycle (Zhang et al., 2002; House et al.,
2003; Zerkle et al., 2005). The low §"*C values of the POC from the background deep
seawater (Table 5.5) most likely resulted from sinking particles produced in the surface
ocean via the photosynthetic Calvin-Benson cycle (Meyers, 1994). In contrast, the high
8"3C-POC values Red Rock and Luo vent fluids suggests that this POC was likely
produced within the subsurface and/or at seafloor or vent surface biospheres through
which the vent fluids circulate, as opposed to an accumulation from sinking

photosynthesis-derived particles.

In addition to POC synthesized from DIC, methanotrophic activity can also leave an
imprint on the carbon isotope value of biomass. Methane (5*3C=-16 to -55%o, Lilley et al.,
1993) is another primary carbon source in hydrothermal systems. Since the carbon
isotope fractionation between methane substrate and the biomass of methanotrophs range
from -23.9 to -12.6 %o (Jahnke et al., 1999), methanotrophs would have '3C values in the
range of -28.6 to -78.9%.. Since the POC in the Red Rock Ridge and Luo vent fluids is
B3C-enriched (8™3C=-15.5 %o and -12.3 %, respectively) relative to the biomass of

potential methanotrophs (5*3C=-28.6 to -78.9%.), the POC isotope composition suggest
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that methanotrophs are unlikely to be the dominant component of the POC. However,
since POC provides a composite view, the 8"3C-POC values alone does not exclude the

presence of methanotrophs in the two vent systems.

Lower concentrations of TDN in the diffuse and focused vents relative to bottom
seawater (Table 5.3) also suggests a prosperous subseafloor and surface vent biosphere.
Recharge local bottom seawater carries about 39 uM of TDN, as nitrate, into the
subseafloor circulation system (Table 5.3). Biological activities such as nitrogen
assimilation (e.g. chemosynthesis) and denitrification (ultimately to a gaseous end
product) are known to decrease TDN in an aquatic environment (e.g. Jannasch, 1995;
Cornwell et al., 1999; Devol, 2008). Similar to photosynthesis, chemosynthesis converts
DIC and dissolved inorganic nitrogen (DIN) into particulate organic matter (e.g. Gruber,
2008). Moreover, in reducing environments, chemoautotrophic denitrifiers reduce nitrate,
ultimately into nitrogen gas, decreasing the nitrate concentration in the fluids (Butterfield
et al., 2004; Devol, 2008; Bourbonnais et al., 2012). The presence of ammonium in all of
the diffuse vent fluids and the Maka high-temperature vent fluids also demonstrate the
occurrence of nitrate reduction along the fluid flow paths. These subseafloor biological
activities result in the production of organic carbon and, subsequently, increase DOC and

lower the TDN in the circulating hydrothermal fluids.
5.4.6. Impact on the water column

Hydrothermal activities inject reducing species such as dissolved iron, hydrogen sulfide,
hydrogen and ammonium into the overlying water column, inducing biological

production and increasing POC and DOC concentrations (Cowen and Baker, 1998;
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Bennett et al., 2011a; Bennett et al., 2011b). POC and PON concentrations observed
within the W. Mata plume were twice those of the background seawater values (Table
5.4), consistent with previous observations from along the East Pacific Rise (Bennett et
al., 2011b) and support the statement that hydrothermal activity can induce biological
production in the deep ocean (Cowen and Baker, 1998; Cowen et al., 2001; Bennett et al.,
2011a; Bennett et al., 2011b). The injection of hydrothermal fluids (e.g. Red Rock Ridge,
Luo and Kohu, see section 4.5) that contain higher POC than background seawater, may
contribute to the increased POC observed within the plume fluids. However, based on the
dissolved Fe values of the W. Mata hydrothermal fluids (38-983 uM, Table 3) and plume
fluids (<0.1 uM, Table 4), the hydrothermal diffuse vent fluid POC signal should also
have been diluted by at least four-hundred times, although the oxidation of dissolved Fe
to form particulate iron-oxyhyroxide can also accelerate the removal of dissolved Fe from
the injected hydrothermal plume. Studies show that 3-5 orders of magnitude dilution
factors are typical in forming neutrally buoyant plumes from seafloor hydrothermal vents
(e.g. Lupton et al., 1985; Field and Sherrell, 2000; Cowen et al., 2003; Edmonds et al.,
2003). Thus, enhanced POC found in some diffuse vent fluids are insufficient to account

for the observed two-fold increase of POC in the plume fluids.

Consistent with the elevated POC, the concentrations of DOC in the W. Mata plume-
samples (451 uM) are also significantly higher than that of background seawater (39+1
uM; two-tail t-test). The amount of increase in DOC in the W. Mata plume is comparable
to the increase in DOC of plume samples collected from a site surveyed along the East
Pacific Rise (plume DOC=43 uM; background seawater=38+1 uM, Bennett et al., 2011b).

The increase in the W. Mata plume DOC is likely produced by more vigorous biological
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activity (as suggested by higher POC) induced by the elevated supply of reducing species,
as indicated by the anomaly in oxidation-reduction potential and more intensive particle

layer (high turbidity NTU, Fig. 5.4).

In contrast, the DOC concentrations in Maka plume fluids are not significantly different
from that in background seawaters. The unchanged DOC concentration is consistent with
a second site surveyed over the East Pacific Rise (Bennett et al., 2011b). The Maka
plume is much less intense than the W. Mata plume, although there is a slight elevation in
POC concentrations to indicate production of POC within the plume, the biological

activity may not be vigorous enough to reveal an increase in DOC.

5.4.7. Elevated DOC in high temperature fluids

Black smoker

The fluid collected from one orifice of a high temperature vent at Maka had a DOC
concentration of 27 UM, less than background seawater but at the high end of the values
reported for high temperature vent fluids at the Main Endeavour Field (12-26 uM) and
Axial Volcano (8-24 pM, Lang et al., 2006). Plausible explanations for the lower DOC
concentrations within the high temperature vent fluids, relative to seawater, include
abiotic heat destruction (e.g. Simoneit et al.,, 1992; Mango and Elrod, 1999),
heterotrophic consumption within lower temperature subsurface and seafloor
environments (e.g. Cowen et al., 2003; Huber et al., 2006) and sorption of DOC onto
mineral surfaces of basaltic rocks (Delacour et al., 2008; Ruttenberg and Sulak, 2011).
The DOC concentration of fluids from another orifice of the same Maka high temperature
vent is 52 pM, slightly higher than background seawater values (Table 5.2 and 5.3).
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Since no known organisms can survive at temperatures as high as 315°C, the production
of DOC by microorganisms at an environment with such a high temperature is
implausible. However, DOC produced at lower temperatures along the hydrothermal
fluid flow path may still remain in the fluid. Cracking of crude oil (complex organic
carbon) occurs at temperature higher than 150°C with the presence of transition metals as
catalysts (Mango & Elrod, 1999). Complete oxidation of most marine and hydrothermal
DOC into carbon dioxide using platinum as a catalyst occurs at a much higher
temperature than 315°C. In fact, the combustion temperature for DOC analysis is
typically set at 680°C or higher (we used 720°C) to insure complete oxidation of DOC
for accurate measurements of marine and hydrothermal DOC (Suzuki et al., 1992,
Carlson et al., 2010; Bennett et al., 2011a; Bennett et al., 2011b). Thus, the survival of

DOC in 315°C vent fluids is plausible.

As described earlier, elevated POC, PON and/or DOC, accompanied by lower TDN in
vent fluids relative to background seawater, is good evidence for the occurrence of
nitrogen assimilation (e.g. chemosynthesis) and/or denitrification along the fluid flow
paths (e.g. Biddanda and Benner, 1997; Wohlers et al., 2009; Engel et al., 2011). Both
Maka high temperature vent fluid samples are lower in TDN and both are higher in
ammonium relative to background bottom seawater (Table 3). A DOC entrainment model
is proposed (Fig. 5.5) to describe the high DOC and low TDN within the high
temperature vent fluid sample. Chemosynthesis could occur within lower temperature
subseafloor zones where microbes can thrive (<120°C), most of the nitrogen is removed
and DOC is added to the circulation fluids (Fig. 5.5). The fluids could be subsequently

entrained into a high temperature zone, heated up to >300°C and discharged at the
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seafloor. Although some of the DOC might be heat degraded, some DOC, possibly
altered, could survive, yielding the elevated DOC observed within the high temperature

vent fluid.

Eruption fluids

The DOC concentration in the eruption fluids is surprisingly high (Table 5.3). Sampler
preparation procedure followed in this study was ultimately a compromise to best
accommodate competing analytical demands. Insufficient rinsing of the sampler
following ethanol sterilization treatment could have a large impact on the sampler DOC
blank as described in section 3.1 although our overall sampler blank tests clearly show
that the highest DOC blank from the samplers is not higher than 30 uM (Table 2 and
section 3.1). In addition, positive trends are evident for these samples between DOC and
Si and DOC and Fe (Fig.6). Both high Si and high Fe in hydrothermal fluids are good
indicators of high temperature water-rock reactions (Butterfield et al., 1997), and higher
DOC corresponds to elevated Si and Fe in all fluid samples collected adjacent to molten

lava sites. Contamination cannot explain the trends between DOC and Si or DOC and Fe.

The DOC concentrations in fluids collected adjacent to eruption sites greatly exceed the
diffusive vent fluids (39-521 uM) and approach the level of DOC observed in microbial
mat porewaters (e.g. Jonkers et al., 2003; Jonkers et al., 2005). A DOC entrainment
model plausibly explains the high DOC observed in these eruption-associated fluids
(Figure 5). The model assumes that discharged fluids entrain high DOC fluids from
nearby low temperature seafloor microbial mat and/or deeper subseafloor biospheres.

However, there were no macrofauana or obvious microfauana (e.g., mats) on the seafloor
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near the eruption sites (Fig.2h and 2i); thus, the entrainment of high DOC fluids from
nearby seafloor biosphere was unlikely. In contrast, the combination of a deeper
subseafloor biosphere community and eruption-influenced hydrothermal circulation may
still be plausible. Thermophiles isolated from event plumes associated with the 1996
eruption at North Gorda Ridge implied that these thermophiles were members of a native
subseafloor community that was present before the North Gorda Ridge eruption event
(Summit and Baross, 1998). Similar to the discharge of microorganisms during an
eruptive event, the observed high DOC could have been entrained from a productive deep
subseafloor microbial community. The discharged fluids were not sufficiently heated to
allow complete thermal degradation of the DOC, nor reacted with the molten lava,

resulting in the high DOC values observed in the eruption fluids collected.

Another possible source for the high DOC in the eruption fluids is abiogenic organic
carbon. Abiogenic hydrocarbons formed via catalytic Fischer-Tropsch type (FTT)
synthesis at hydrothermal conditions have been synthesized in laboratory-controlled
experiments (Foustoukos and Seyfried, 2004; McCollom and Seewald, 2006). Isotopic
compositions of hydrocarbons and DOC, and the elevated acetate, formate and total DOC
concentrations in fluids collected from the Lost City vent fields suggest that these organic
compounds are abiogenic (Proskurowski et al., 2006; Lang et al., 2010). High
concentrations of hydrogen (1-14 mmol/Kg) in the Lost City vent fluids could provide
the reducing energy for the abiotic synthetic reaction (Proskurowski et al., 2006; Lang et
al., 2010). High hydrogen concentrations (up to 18 nM; relative to background seawater
of <0.2 nM) measured in the eruption-associated plume above W. Mata suggests that

significant hydrogen is produced via lava-seawater interaction during eruptive events
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(Baker et al., 2011; Resing et al., 2011). Excess hydrogen would support the abiogenic
production of DOC. Future studies such as measurements of hydrogen concentrations and
isotopic analysis of compound-specific organic carbon in the eruption-associated fluids
will enhance our understanding of how each eruption event could impact the organic

carbon cycle.
5.5.  Conclusion

Relative to background seawater, higher DOC and POC, and lower TDN
concentration were found in the diffuse and focused vent fluids of a back-arc spreading
zone, indicating vigorous biological production within associated subseafloor and
seafloor environments. The low C/N ratio of the POC in fluids discharged from W. Mata
diffuse vents further suggests that the POC is freshly produced. The '*C-enriched
(elevated '3C) POC in vent fluids relative to that in background seawater suggests that
resident organisms are capable of utilizing carbon-fixation pathways such as the
reductive TCA cycle or 3-HP. The injection of reduced species into the water column via
hydrothermal fluid discharge induced biological production within the plume waters, as
suggested by their elevated POC concentration and slightly elevated §*3C-POC values
relative to that of the background seawater. Elevated DOC relative to bottom seawater in
fluids collected adjacent to molten lava is surprising. The high DOC may derive from
circulating hydrothermal fluids ejecting DOC produced within subseafloor biospheres

and/or abiogenic DOC production.
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Table 5.1. Sampling sites

Sampling site JQES#N CTD#cast Latitude (°S) Longitude (°W) Sampll(rr:]g) depth
W. Mata diffusive
vents
Creamsicle J418 - 15.093645 173.747971 1206
Red Rock J413 - 15.094602 173.748589 1183
Kohu J414 - 15.093718 173.747666 1188
Shrimp City J414 - 15.094023 173.748098 1187
Luo J417 - 15.095635 173.750425 1277
Epsilon Jai7 - 15.094530 173.748575 1179
Maka focused vent
Maka black smoker J416 - 15.422191 174.283780 ~1531
Eruptive sties
Akel's Afi J418 - 15.094446 173.749047 1215
Hades J413 - 15.094707 173.749115 1206
CTD operation
Vertical cast
above W. Mata - V09C01 15.094278 173.748523 949-1148
above Maka - V09CO02 15.423150 174.284933 1195-1556
Tow-yo
NE Lau Spreading
Center - TO9CO1 15.381515 174.242577 1598
NE Lau Spreading
Center - T09CO1 15.390883 174.251013 996
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Table 5.2. Dissolved organic carbon and total dissolved nitrogen blank values for sample storage materials (Tedlar bags and Ti piston

sampler).

Sample
Material type Fluid type Sampler storing time DOC (uM) TDN (uM)
(hours)
Tedlar DI 500mL bag 0 06 = 07 <0.5
Tedlar DI 500mL bag 24 08 = 0.1 <0.5
Tedlar 0.24 N HCI 500mL bag 2 52 =+ 01 <0.5
Ti DI PMEL-HFPS 20 28 = 05 <0.5
Ti 0.24 N HCI PMEL-HFPS 20 32 £ 05 <0.5
Ti 1 N H,SO, PMEL-HFPS 20 300 £ 75 <0.5
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Table 5.3. Dissolved organic carbon (DOC) and total dissolved nitrogen (TDN) concentrations of hydrothermal fluids from diffuse

vents, black smoker vents and adjacent to molten lava (eruptive site) during eruptive events at NE Lau Basin.

Vent type & Sampler  Tmax Mg DOC (uM TDN (uM S Tgtal
ent type & name type cc) PH (mm) (M) (UM) (UM) " I\%
Diffusive Vent

Creamsicle HFPS-Bag 29.3 3.0 53 39 = 2 43 = 0.1 2986 646
Creamsicle HFPS-Bag 29.3 2.9 49 41 + 5 58 = 04 3104 660
Red Rock HFPS-Bag 13.8 3.2 49 43 = 1 245 = 05 1173 802
Kohu HFPS-Bag 30.8 3.0 57 86 = 3 139 = 03 3319 983
Shrimp City HFPS-Bag 14.8 5.8 55 84 = 2 108 = 04 1084 51
Luo HFPS-Bag 22.4 5.3 54 126 = 7 127 = 0.3 1570 38
Epsilon HFPS-Bag 29.6 2.8 53 521 = 5 215 = 04 2235 928
Maka black smoker
Orifice 1 Ti-Major 315 3.0 4.3 27 = 2 7 = 0.2 13496 15346
Orifice 2 Ti-Major 315 3.0 4.8 52 + 5 11 £ 04 13640 10919
Eruptive site
HFPS-
Akel's Afi Piston 27 1.8 43 1704 + 3 39 = 04 825 201
Hades Ti-Major N.A.  N.A. 51 63 + 1 40 = 1.0 142 0.13
HFPS-
Hades Piston 50 1.6 44 151 + 3 38 + 1.0 575 33
HFPS-
Hades Piston 49 1.6 48 1359 + 4 34 + 04 1773 598
Background
seawater
T0O9C-01, 996 m Niskin-CTD 4 8? 53 40 + 0.3 38 = 1.0 69 <0.1
T09C-01, 1598 m Niskin-CTD 4 8? 53 38 + 0.7 39 =+ 1.0 100 <0.1
V09C-02, 1557 m Niskin-CTD 4 8? 53 38 + 04 39 + 07 103 <0.1
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HFPS: PMEL Hydrothermal Fluid and Particulate Sampler. The samples either stored in a Tedlar bag (HFPS-Bag) or in Ti Piston
(HFPS-Piston).

N.A.: Not available. Temperature & pH not measured during sampling or no aliquot was available for this analysis.

Table 5.4. Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), particulate organic carbon (POC) and particulate nitrogen
(PN) concentrations for seawater above W. Mata and Maka vent sites. Seawater samples were collected with Niskin bottles ona CTD.

Station  Depth DOC TDN POC PN POC/PN  &%C-POC Fe Si
(cast (m) (UM) (HM) (Mmol/L) (MmoliL) (%) M)  (uM)
ID)

Plume above W. Mata summit (15.09°S, 173. 75°W,; above active eruption sites)

VO9CO1 1092 45 + 1.0 40 + 0.8 0.28 0.031 8.8 -25 <0.1  NA.

1096 45 + 09 39 * 0.3 0.46 0.044 10.5 -22 <0.1  N.A.
1099 44 + 01 39 + 0.6 0.50 0.045 11.0 22 <0.1 78
1134 45 + 1.1 39 + 0.8 0.56 0.050 11.2 -25 <0.1 78

Plume above Maka black smoker (15.42°S, 174. 28°W)

V09C02 1297 41 + 0.8 39 % 0.7 N.A. N.A. N.A. N.A. <0.1 91
1370 40 £ 20 39 = 05 0.23 0.028 8.0 -24 <0.1 90
1431 37 £+ 12 39 + 09 0.38 0.048 7.9 N.A. <0.1 95
1525 38 + 04 39 = 09 0.27 0.030 8.8 -24 <0.1 95

Background seawater (above and below W. Mata plume)
996- 69-
1598 39 + 1 39 + 1 0.21 + 0.07 0.024 + 001 89 + 1 23 £+ 1 <01 103

N.A. Not available.
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Table 5.5. Concentrations and isotopic compositions of particulate organic carbon (POC) and particulate nitrogen (PN) for suspended
particles in hydrothermal fluids from three diffusive vents.

Sample name POC PN POC/PN 5*C-POC 5°N-PN
(umol/L) (umol/L) (%o) (%o)
Diffusive Vent
Red Rock 2.45 0.398 6.1 -15.5 N.D.
Kohu 0.48 0.042 114 N.D. N.D.
Luo 3.08 0.605 5.1 -12.3 4.3
Background Seawater
0.21 0.024 8.9 -23 N.D.

N.D.: Not detectable due to insufficient C and/or N materials collected for isotope analysis.
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Fig 5.1. Map of the study site. (a) Regional map of NE Lau basin. The insert shows the
location of the NE Lau basin relative to Fiji, Tonga and New Zealand. The red box
indicates the operation area for this study and is enlarged in Fig 1(a). The two red circles
indicate the locations of two background water column casts (15°S, 170°W; 14°S,
170°W), used for comparison to data obtained by this study. The area of West Mata is
indicated by a black box and is enlarged in Fig 1(b). Maka sulfide mount is indicated
with a black arrow. (b) Detailed bathymetric map of W. Mata. Diffuse venting sites are
indicated by black filled triangles. Eruptive sites are shown by red filled triangles.
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Fig 5.2. Sampling photos: diffuse vents (a) Creamsicle (b) Red Rock (¢) Kohu (d) Shrimp (e) Luo (f) Epsilon; high-temperature vent

(g) Maka; eruptive sites (h) Akel’s Afi and (1) Hades.
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Fig 5.3. DOC concentrations in hydrothermal plume fluids and in background seawater.
Filled circles are DOC data from this study. Open and filled triangles are DOC data
generated by Dr. Hansell to provide additional local background seawater values(15°S,
170°W; 14°S, 170°W, transect P15S of WOCE/CLIVAR
http://yyy.rsmas.miami.edu/groups/biogeochem/Data.html).
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Fig 5.5. DOC entrainment models to describe high DOC in (a) high temperature black
smoker type vents and (2) fluids adjacent to the molten basalt. In both models, high DOC
is produced within the subsurface and/or at seafloor or vent surface biospheres. The
circulating hydrothermal fluids entrain DOC before and/or after the fluids are heated up.
Some DOC may be removed during the ascending of hydrothermal fluids but some DOC
survives, resulting the high DOC observed in fluids collected.
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CHAPTER 6

Summary and directions for future research
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6.1 Summary

The overall goals of this study were to improve our understanding of the available
nutrients, substrates and geochemical energy for the microbial biosphere in sediment-
buried ridge-flank basement and to evaluate the impact that ridge-flank hydrothermal
systems have on the global ocean organic carbon cycle. Major ions, bio-essential
elements (nutrients), dissolved methane, dissolved hydrogen and dissolved amino acids
were measured in high quality ridge-flank basement fluids. Basement fluids were
collected from CORKSs in IODP boreholes 1301A, 1362A and 1362B, all within ~800 m
of each other and penetrating the overlying sediments and an additional 30m, 200m and
50m into the basement, respectively. Annual samplings from CORK 1301A between
2008 and 2011 provide a time-series data set. Thermodynamic calculations were applied
extensively using the biogeochemical data from this study in order to investigate the
energy Yields (or requirements) of key metabolic and synthetic reactions. Important

results and their implications are summarized below.

6.1.1. High quality ridge-flank basement fluid samples were obtained via

advanced sampling techniques.

The employment of a powerful and clean pumping system to draw basement fluids
through well-flushed fluid delivery lines has increased sample quality. Bottom seawater
entrainment during seafloor sampling is low as evidenced by much depleted magnesium
concentrations in all of the basement fluid samples collected (uncorrected 2.8+1.1 mM,
n=23) relative to the seawater value (53.7+0.3 mM, n=5). As discussed in Chapter 2, the

ammonium concentrations in basement fluid samples from CORK 1301A collected in
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this study (102+3 uM) are consistent with those from Baby Bare (76-99 uM, Mottl et al.,
1998; Johnson et al., 2003) and CORK 1026B (90-120 uM, Wheat et al., 2004), and also
fall on the trend line of a downward diffusion profile from overlying sediment porewater
(Shipboard Scientific Party, 2004). Our ammonium concentrations greatly contrast with
those in fluid samples collected by osmotic samplers installed inside the casing of CORK
1301A (840 uM, Wheat et al., 2010). Consistently low dissolved iron concentrations
(0.8£0.3 uM from 1301A; 1.4+0.2 uM from 1362B; 1.9£0.2 uM from 1362A) also
indicate that the basement fluid samples collected in our study are not influenced by the
CORK’s rusty iron casing, as were fluids with highly variable iron concentrations

collected by osmotic samplers from the same CORK (0-127 uM; Wheat et al., 2010).

6.1.2. Ridge-flank basement fluids from 3.5 Ma crust contain low but

measurable phosphate; in contrast, nitrate is undetectable.

As discussed in Chapter 2, phosphate concentrations are 0.1+0.05 pM (average 2008-
2011 endmember values), 0.06£0.02 uM and 0.09£0.02 uM in ridge-flank basement
fluids collected from CORKs 1301A, 1362B and 1362A, respectively. These
concentrations are consistent with, but even lower than those reported previously for
samples collected from Baby Bare spring fluids (0.3 uM; Mottl et al., 1998) and CORK
1026B (0.9 uM; Wheat et al., 2004). The low phosphate concentrations in ridge-flank
basement fluids are expected due to biological uptake and abiotic adsorption onto iron
oxyhydroxide (Wheat et al., 1996), one of the most abundant secondary minerals present
in the 3.5 Ma rock cores from site 1026B (Marescotti et al., 2000). The sorption of

phosphate onto iron oxyhydroxide surfaces lowers the dissolved inorganic phosphate
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concentration in the fluid and renders phosphate unavailable for biological uptake

(Reynolds and Davies, 2001; Ruttenberg and Sulak, 2011).

Oxygen diffusion into our sampling bags prior to analysis may have allowed some
dissolved iron to oxidize, forming iron oxyhydroxide that could remove phosphate from
the sample fluids. However, the phosphate concentrations of fluids acidified in situ
(sample bags pre-charged with acid to prevent formation of iron oxyhydroxide) show no
significant differences from those in untreated fluid samples. The low phosphate
concentrations (0.06-0.1 uM) found in this study should fairly represent the basement

fluids circulating through the three sampling sites.

Verifying the concentration of nitrate in ridge-flank basement fluids was challenging. The
detectable but highly variable nitrate in basement fluids collected from CORK 1301A
(average 0.2+£0.3 uM, n=12, 2008-2011 samples) may have resulted from an imperfect
Aeroquip connector (Wheat et al., 2011) used for this CORK’s seafloor sampling port,
whichpermitted a small amount of nitrate-rich bottom seawater to leak into our sampling
system. Improvements in the new style (‘Jannasch’) connectors installed on the seafloor
sampling ports of CORKs 1362A and 1362B (Wheat et al., 2011) allow the collection of
even higher quality basement fluids, with no bottom seawater entrainment. As expected,
nitrate concentrations are below detection limits (<0.02uM) in basement fluid samples
collected from CORK 1362A and 1362B. The absence of nitrate in the basement fluids
indicates that the available geochemical energy for the basement biosphere is even lower
than previously predicted based on samples from CORK 1301A, since nitrate reduction
coupled with hydrogen, methane or hydrogen sulfide oxidation is much more exergonic

(energy-yielding) than sulfate reduction or methanogenesis (Boettger et al., 2013).
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6.1.3. The sedimented ridge-flank basement environment is a net source of
hydrogen and methane, which provide energy for basement

biospheres.

As discussed in Chapter 2 and Chapter 3, ridge-flank basement fluids collected for this
study all contain significantly higher methane and hydrogen concentrations (1.5-13uM
and 0.05-2 uM, respectively) than bottom seawater (0.0002 and 0.0004 uM, respectively;
Kelley et al., 1998) or deep sediment porewater (0.002 uM and 2-3 uM, respectively;
Shipboard Scientific Party, 2004). The elevated methane and hydrogen concentrations
within the basement fluids indicate that the sedimented ridge-flank basement is a net
source of hydrogen and methane, supporting hypothesis 2 presented in the introductory

chapter of this dissertation.

Thermodynamic calculations demonstrate that hydrogenotrophic sulfate and iron
reduction are energy-yielding at all sites investigated by this study, supporting part of
hypothesis 3. The presence of methane in ridge-flank basement fluids also makes
anaerobic methane oxidation energy yielding at all sites visited, supporting hypothesis 3.
In contrast, hydrogenotrophic methanogenesis is only energy-yielding at site 1301A,
where higher hydrogen concentrations are observed, a result consistent with geochemical
data (Ono et al., 2012; Lever et al., 2013) and incubation experiments using rocks
collected from the same site (Lever et al., 2013). Hydrogenotrophic methanogenesis is

not favorable at sites 1362A and 1362B, refuting hypothesis 3.
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6.1.4. The sedimented ridge-flank basement is a net sink for deep seawater
dissolved organic carbon but a net source for deep seawater dissolved

amino acids.

Low dissolved organic carbon (DOC) concentrations in basement fluids collected from
all sites (11-16 uM, table 3.1) confirms that ridge-flank basement is a net DOC sink for
deep seawater DOC (~40 uM), supporting hypothesis 4 presented in chapter 1. When
DOC concentrations in the basement fluids are plotted against their corresponding
dissolved inorganic radiocarbon isotope values (Elderfield et al., 1999; Walker et al.,
2008), basement fluid DOC data fall below a linear extension of the deep water DOC
trend line (Chapter 2: Figure 2.8). The net rate of DOC removed from recharging
bottom seawater during hydrothermal circulation within basement was estimated to be
~2.4 nmol Cl/year, a value very similar to the 3 nmol C/year removal rate calculated for
circulating deep seawater (Hansell et al., 2009). The actual DOC removal rate should be
higher, since DOC produced by chemolithoautotrophic activities along basement fluid
circulation flow paths, and downward diffusion of DOC across the sediment-basement

interface into the basement fluid, are not taken into account for the net rate estimation.

As discussed in Chapter 4, although the concentrations of total dissolved amino acids
(53-89 nM) in ridge-flank basement fluids investigated for this study are at the lower end
of the range reported previously for other hydrothermal systems (67 nM-338 uM; Hoaki
et al., 1995; Takano et al., 2003; Horiuchi et al., 2004; Svensson et al., 2004; Klevenz et
al., 2010; Lang et al., 2013), they all are elevated relative to North Pacific deep seawater
(=50 nM; Kaiser and Benner, 2009). Deep seawater that recharges into basement

therefore cannot be the sole source of dissolved amino acids in ridge-flank basement
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fluids. Similarities in the distribution of amino acids in ridge-flank basement fluids, deep
sediment porewater and bacterial biomass suggest that the additional sources may include
diffusional transport from deep sediment porewater and in situ production by
microorganisms in the basement environment (Chapter 4: Fig 3). High concentrations of
total dissolved amino acids (815nM) in deep sediment porewater near the sediment-
basement interface permit diffusional input of amino acids from sediment into basement.
Thermodynamic calculations show that ridge-flank basement fluids are conducive to a
wide variety of chemolithoautotrophic metabolisms (Chapter 3; Boettger et al., 2013),
thus also supporting biological production of amino acids and their release to the
basement fluids. In addition, although basement appears to be a net sink for total DOC,
the elevated total dissolved amino acid concentrations suggest that basement is a net
source of labile organic carbon, and that exportation of fixed carbon (in the form of
amino acids) into overlying seawater is plausible, thus supporting hypothesis 5. The
presence of dissolved amino acids also indicates that labile organic substrates are

available for heterotrophic microorganisms in the basement environment.

6.1.5. Basement fluids are heterogeneous at a scale of 300-800 m.

As discussed in Chapter 3, the methane and hydrogen concentrations in basement fluids
from the three sites investigated are all significantly different from each other. The
dissolved gas data thus do not support a well-mixed and homogeneous aquifer at the scale
of hundreds of meters. In Chapter 4, the differences in dissolved amino acid
concentrations and in their diagenetic status in basement fluids from the three study sites
also suggest spatial and temporal variability in ridge-flank basement fluids. These
biogeochemical data are consistent with the spatial heterogeneity in permeability inferred
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from packer experiments (Becker and Fisher, 2008; Fisher et al., 2008) and with the
vertical heterogeneity of rock cores from borehole U1362 (Shipboard Scientific Party,
2010). The presence of variable micro niches for both biological and abiotic reactions,
and the highly variable flow and reaction histories, could all contribute to the observed
spatial and temporal differences in basement fluid biogeochemistry. As discussed in
Chapter 2, coexisting sulfate, hydrogen sulfide, hydrogen and methane indicate that
fluids collected from CORK 1301A derive either from multiple flow paths with different
redox histories, or from a complex environment that allows co-occurring metabolic
pathways including sulfate reduction and methanogenesis (Chapter 2: Figure 7).
Despite the high upper basement permeability, the heterogeneous nature of the
biogeochemical composition of basement fluids also suggests that variable microbial
communities may be found at the three sites, as a result of the available energy (hydrogen
and methane) and organic substrates (amino acids) that can be exploited by

microorganisms residing in basement.

6.1.6. Contrasting ridge-flank and other hydrothermal systems.

As discussed in Chapter 4, DOC and amino acid concentrations in ridge-flank basement
fluids are lower than those in previously reported hydrothermal systems, including deep
submarine high temperature vent fluids (Horiuchi et al., 2004; Klevenz et al., 2010; Lang
et al., 2013), shallow submarine hydrothermal vents (Svensson et al., 2004), terrestrial
geothermal wells (Svensson et al., 2004), subterranean hydrothermal vents (Takano et al.,
2003) and hydrothermal-influenced marine sediment porewater (Haberstroh and Karl,

1989; Hoaki et al., 1995). High concentrations of DOC have also been observed in the
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low temperature diffusive vent fluids collected at W. Mata in northeast Lau Basin (39-
521 uM, Chapter 5), equal to or much higher than the local background seawater value
(39 uM) and much more elevated than that for ridge-flank basement fluids (11-16 uM,
Appendix A). Unlike ridge-flank basement fluids, W. Mata diffusive vent fluids are a
source of deep seawater DOC. Elevated DOC in diffusive vent fluids from the N.E. Lau
vent fields is probably produced biologically. The particulate organic carbon (POC)
concentration in the vent fluids is more elevated than in background seawater and the
C/N (5.1-11.4, Chapter 5) and stable carbon isotope values (-12.3 to -15.5 %o) of this
POC suggest that it is comprised of fresh marine and/or bacterial biomass. Total
dissolved nitrogen (TDN) in the Lau diffuse vent fluids is depleted relative to background
seawater, probably because of microbially-mediated nitrogen assimilation and
denitrification (e.g. Jannasch, 1995; Cornwell et al., 1999; Devol, 2008), which likewise

supports the presence of a prosperous subsurface and/or seafloor biosphere.

6.2 Future research directions

6.2.1. Identify additional sources of methane.

In Chapter 3, we discuss the potential sources for methane, including abiotic and biotic
methane synthesis from hydrogen and heat degradation of organic matter. The §*3C-CH,
values for CORK 1301A fluids (-42+2 %o, n=4) fall near the middle of the ranges for
both thermogenic (-20%o to -62%o) and abiotic (-25%o to -57%o) formation and near the
heavy end of the biogenic values (-110%o to -45%o; Whiticar, 1999; Sherwood Lollar et
al., 2006). CORK 1301A fluids contain more *C-enriched methane than the biogenic

methane observed in the enrichment incubation of interior of rock chips collected from
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IODP U1301A (-54 to -65 %o; Lever et al., 2013), suggesting that additional sources of
methane contribute to the dissolved methane pool in the CORK 1301A fluid. Future
hydrogen isotopic analysis of methane in subseafloor basement fluids should shed more
light on the source of methane in this environment as abiogenic methane tends to be more
depleted in ?H than biogenic methane, and much more depleted in ?H than thermogenic
methane (Chapter 3: Fig. 7, Sherwood Lollar et al., 1993; Sherwood Lollar et al., 2006).
Enrichment experiments with fluid samples (free living microorganisms) can also help to
verify the presence of methanogens and to provide the isotope values of methane
produced by free-living methanogens. These results from experiments with free-living
microorganisms can be compared with those using the attached methanogens residing

within the rock chips reported by Lever et al. (2013).

6.2.2. Look for bio-limiting factor(s) for ridge-flank basement biosphere.

The low phosphate concentrations in basement fluids collected during this study suggest
that relative to carbon and nitrogen, phosphate could be a limiting nutrient in the
basement biosphere. However, although phosphate concentrations (0.06-0.1 uM) are
much lower in the ridge-flank basement fluids than in bottom seawater (2.89 uM), the
concentrations are still higher those found in the oligotrophic open ocean such as the
Sargasso sea (0.0002-0.001 uM, Wu et al., 2000). Despite the low phosphate availability,
there remains little direct evidence for phosphorus limitation of primary production in the
surface ocean (Van Mooy et al., 2009). Low phosphate concentrations or low phosphate

to nitrogen ratios are insufficient to indicate whether an environment is phosphate limited.
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Therefore, hypothesis 1 presented in the introductory chapter is not fully tested by this

approach.

Substrate-addition bioassay experiments such as those described by Mills et al. (2008),
with modifications, can be conducted to identify bio-limiting factors. Basement fluids can
be amended with substrates that are suspected to be bio-limiting, including phosphate
(Mills et al., 2008) and labile DOC (e.g. glucose, acetate, amino acids; Church et al.,
2000; Longnecker et al., 2009), and then incubated in the dark at in situ temperature
(65°C) and pressure (270 bars). If significantly more elevated microbial cell abundance
and production are observed in the amended samples relative to the untreated ones, the
amended substrate(s) can then be identified as a limiting factor(s) for free-living microbes

residing in the basement fluids.

6.2.3. DOC characterization.

Ridge-flank basement has been shown to be a net sink for deep ocean DOC by this study.
To fully understand the nature of DOC within basement fluids, we must characterize the
fractions of DOC removed from recharged deep seawater and the fractions of DOC
remaining in the basement fluids along the circulation paths. This study is the first to
characterize the DOC in sedimented ridge-flank basement fluids by analyzing their amino
acid content (Chapter 4). However, total dissolved amino acids only account for 1.4-
3.3% of the DOC in ridge-flank basement fluids (Chapter 4: table 2), leaving 96-98% of
the DOC uncharacterized. Partial characterization of DOC in seawater, groundwater or
sediment porewater has been made for aldose by ion chromatography (McCarthy et al.,

1997; Skoog and Benner, 1997), amino sugars by anion-exchange chromatography
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(Kaiser and Benner, 2000; Kaiser and Benner, 2009), low-molecular-weight organic
acids by liquid chromatography (Albert et al., 1995; Albert and Martens, 1997; Amend et
al., 1998), functional groups by nuclear magnetic resonance spectroscopy (NMR; Benner
et al.,, 1992; Aluwihare et al., 1997; Repeta et al., 2002; Aluwihare et al., 2005) and
molecular compositions by electrospray ionization coupled with Fourier-transform ion
cyclotron resonance mass spectrometry (ESI FT-ICR-MS; Koch et al., 2005; Dittmar and
Koch, 2006; Kujawinski and Behn, 2006; Kujawinski et al., 2009; Schmidt et al., 2009;

Longnecker and Kujawinski, 2011; Schmidt et al., 2011).

Aldose and amino sugars, together with amino acids, comprise large fractions of the
organic carbon in fresh organisms (30-60 %; Cowie and Hedges, 1994; Kaiser and
Benner, 2009) but account for less than 10% of organic carbon in deep seawater DOC
(Kaiser and Benner, 2009). The labile nature of aldose and amino sugars, similar to
amino acids, are good indicators of fresher DOC and can be used, in addition to amino
acids, as diagenetic indexes (Cowie and Hedges, 1994; Davis et al., 2009; Kaiser and

Benner, 2009) for DOC in ridge-flank basement fluids.

Low-molecular-weight organic acids (LMW-OAs, monocarboxylic acids with 1-5 carbon
atoms per molecule) can be the key organic species in aqueous subsurface environments,
including marine sediment porewater (e.g. Sansone and Martens, 1982; Heuer et al.,
2009), hydrothermal-influenced marine sediment porewater (e.g. Martens, 1990;
Wellsbury et al., 1997; Lever et al., 2010) and continental and submarine hydrothermal
fluids (e.g. Amend et al., 1998; Cruse and Seewald, 2006). LMW-OAs, in particular
acetate, are important metabolic intermediates in anaerobic bacterial metabolism,
including sulfate reduction and methanogenesis (Sansone and Martens, 1981; Sgrensen et
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al., 1981; Jgrgensen, 1982). While sulfate reduction and methanogenesis are likely to be
key metabolic reactions in the sedimented ridge-flank basement environment (Chapter 3;
Boettger et al., 2013), understanding the availability of LMW-OAs, especially acetate, is

important.

Functional-group identification of marine DOC using NMR has shown that there are two
chemically distinct pools of organic nitrogen present in the water column (Aluwihare et
al., 2005). In the surface ocean, half of the high-molecular-weight dissolved organic
nitrogen (HMW-DON) is present as N-acetyl amino polysaccharides (e.g. chitin and
peptidoglycan, a more labile portion of DON) while in the deep ocean, most HMWDON
is present as amides that resist both hydrolysis and biological degradation (McCarthy et
al., 1997; Aluwihare et al., 2005). The pervasive distribution of these refractory amides
throughout the water column and across stations suggest that either they are resistant to
biological degradation in the marine environment and/or they are produced throughout
the water column (Aluwihare and Meador, 2008). It is important to know whether such
pervasive amides would persist long after deep seawater has recharged into the basement
and circulated to ridge-flank basement fluid sampling sites (~eleven thousand years;

Walker et al., 2008).

Up to 8% of marine DOC has been characterized using FT-ICR-MS (Hertkorn et al.,
2006), greatly increasing our understanding from the previously 3% of marine DOC that
was characterizable by biochemical analysis alone (Benner, 2002). Molecular structures
inferred from FT-ICR-MS data can be linked to the organic molecule’s physical and
chemical properties (Hertkorn et al., 2006). For example, a major characterizable

component of marine DOC, referred to as carboxyl-rich alicyclic molecules, is
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considered to be refractory due to its abundant alicyclic rings and branching, which
makes it more resistant to biodegradation, leading to its high abundance in marine DOC
(Hertkorn et al., 2006). Another refractory organic component identified is thermally
altered organic molecules, which are homogeneously distributed in the deep sea (Dittmar
and Paeng, 2009) and comprise more than 2.4% of marine DOC (Dittmar and Koch,
2006). Venting of deep sea hydrothermal fluids has been suggested as the primary source
of such thermally altered DOC (Dittmar and Koch, 2006). The upper ocean basement
(~600m) is the largest reservoir for hydrothermal fluids and the hydrothermal fluid flux
from ridge-flanks (crustal age >1Ma) alone is about 5-60% of the total hydrothermal fluid
flux (Mottl, 2003; Wheat et al., 2003). Identification and quantification of thermally
altered organic molecules in ridge-flank basement fluids can help us to understand
whether hydrothermal fluids circulating within the upper basement are a source of these

molecules to the overlying ocean.
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Appendix A. Amino acid concentrations in basement fluids and sediment porewater.

2011 shipboard blank ASP GLU SER HIS GLY THR ARG ALA TYR MET VAL PHE ILE LEU LYS GABA BALA
DFAA Sample 1 01 14 12 00 03 01 00 09 0.0 00 02 00 00 00 o0.0 0.0 0.0
DHAA Sample 1 1 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0
2009 CORK 1301A ASP GLU SER HIS GLY THR ARG ALA TYR MET VAL PHE ILE LEU LYS GABA BALA
DFAA Sample 1 1.2 0 43 00 13 00 00 16 0.0 0 11 0 0.6 0 N/A N/A N/A
Sample 2 1.6 0 63 00 101 00 00 29 04 0 21 0 05 0 N/A N/A N/A
Sample 3 1.8 o 78 00 12 08 00 34 04 0 04 0 0.9 0 N/A N/A N/A
Sample 4 1.2 0O 56 17 31 00 00 20 0.2 0 0.0 0 0.0 0 N/A N/A N/A
Sample 5 1.4 0O 60 22 38 02 02 20 0.0 0 0.0 0 0.6 0 N/A N/A N/A
Average 15 00 60 08 24 02 00 24 02 00 07 00 05 0.0 NA N/A N/A
SD 02 00 13 11 13 03 01 07 02 00 09 00 03 0.0 NA N/A N/A
DHAA Sample 1 14 13 16 1 19 5 3 5 2 0 4 2 0 8 0 0 0
2010 CORK 1301A ASP GLU SER HIS GLY THR ARG ALA TYR MET VAL PHE ILE LEU LYS GABA BALA
DFAA Sample 1 0 2 2 0 1 0 2 3 0 1 0 N/A 0 0 N/A N/A N/A
Sample 2 0 0 2 0 0 1 2 3 0 0 0 N/A 1 0 N/A N/A N/A
Sample 3 0 0 3 0 1 1 3 0 0 2 0 N/A 0 0 N/A N/A N/A
Sample 4 0 0 0 0 0 3 0 0 0 8 0 N/A 0 0 N/A N/A N/A
Sample 5 0 3 2 0 0 1 0 0 0 0 0 N/A 0 0 N/A N/A N/A
0 0 2 0 1 1 0 0 0 0 0 N/A 0 0 N/A N/A N/A
Average 00 09 17 00 05 12 13 09 00 19 0.0 N/A 0.2 0.0 NJA N/A N/A
SD 00 15 11 00 05 08 15 13 00 32 00 N/A 0.4 0.0 NJA N/A N/A
DHAA Sample 1 15 16 12 1 14 7 2 2 3 0 3 1 0 13 0 0 0
Sample 2 15 13 13 1 20 7 4 1 1 0 5 2 0 3 0 0 0
Average 152 14.7 129 08 173 70 34 17 1.9 01 38 17 00 77 0 0 0
SD 00 22 07 00 42 06 13 09 09 02 18 09 32 6.7 0 0 0

236



Appendix A. Amino acid concentrations in basement fluids and sediment porewater (continue).

2011 CORK 1301A

DFAA Sample 1
Sample 2
Sample 3
Sample 4
Average
SD

DHAA Sample 1
Sample 2
Sample 3
Average
SD

2011 CORK 1362B

DFAA Sample 1
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Sample 3
Sample 4
Average
SD

DHAA Sample 1
Sample 2
Sample 3
Average
SD

ASP GLU SER HIS GLY THR ARG ALA TYR

0.7
0.5
0.6
0.5

1
0.1

10
8
13
10
2.3

ASP

R O oo oo

SHS)

12

10
9.4
3.1

1.3
3.1

0
1.8
1.5
1.4

12
8.4
3.3

GLU

m O oo oo

S o

13
10
12
11.7
17

0.4
0.7
0.2
0.5
0.5
0.2

0.1
1.3

SER

R O oo oo
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3 9
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HIS GLY
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0 0
0 2
00 1.0
00 0.7
1 14
0 16
2 13
12 14.2
0.8 1.5

0.0 1.8
00 0.1
0.0 04
0.0 03
00 0.7
01 08
0 0
0 0
0 0
0.0 00
0.0 00
THR ARG
0 0
0 0
0 0
0 0
0.0 0.0
0.0 00
1 3
0 2
3 3
14 25
1.2 08

0.0 01
0.5 0.0
0.1 01
0.1 o1
02 01
02 0.0
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ALA TYR
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03 0.0
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3.0 04
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0.0 N/A
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S ©O oo oo

S © oo o

GABA BALA
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0.1 0.1

6 2
4 1
8 1
5.8 1.1
2.3 0.5
GABA BALA
0 0
0 0
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0 2
2 0
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0.6 0.6
1.1 0.8
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Appendix A. Amino acid concentrations in basement fluids and sediment porewater (continue).

2011 CORK 1362A
DFAA

DHAA

Sample 1
Sample 2
Average
SD

Sample 1
Sample 2
Average
SD

1363D 5X1 (222m)
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Appendix A. Amino acid concentrations in basement fluids and sediment porewater (continue).

1363D 3X3 (207m)

DFAA

DHAA

Sample 1
Sample 2
Average
SD

Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Average
SD

1363D 4X1 (213m)

DFAA

DHAA

Sample 1
Sample 2
Average
SD

Sample 1
Sample 2
Average
SD

ASP GLU SER

181
208
195

19

184
182
208
227
208
218
205

18

ASP
71
63
67

92
87
90

58
84
71
19

357
369
401
413
385
385
385

20

GLU
26
25
26

110
108
109

396
518
457

86

525
532
500
574
606
634
562

52

SER
118
110

114

182
158
170

17

HIS GLY THR ARG ALA TYR MET VAL

171
399
285
161

352
344
306
297
343
265
318

34

HIS
28
29

28

57
76
66
13

138
331
235
137

609
573
296
476
N/A
N/A
489
140

GLY
137
330

234
136

386
331
358

39

98
201
150
73

234
225
108
113
217
187
181

57

THR
11
13
12

50
45
47

22
43
33
15

38
39
16
15
35
37
30
11

ARG
27
20
23

43
36
40

129
139
134

7

162
154
162
175
179
179
168

10
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79
34
57
32
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100
105
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48
48

1

47
33
48
48
43
43
44
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84
84

0

=

75
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79
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11

NR oowoouw
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2 1
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Appendix A. Amino acid concentrations in basement fluids and sediment porewater (continue).

1363D 4X2 (215m) ASP GLU SER HIS GLY THR ARG ALA TYR MET VAL PHE ILE LEU LYS GABA BALA

DFAA Sample 1 151 32 524 113 357 23 102 144 35 16 37 30 30 82 0 1 1
Sample 2 139 28 536 108 N/A 22 104 104 30 N/A' N/A N/A N/A N/A 0 1 5
Average 145 30 530 111 357 23 103 124 33 16 37 30 30 82 0 1 3
SD 8 2 8 3 N/A 0 2 28 3 NA N/A N/A N/A N/A 0 0 3

DHAA Sample 1 196 274 675 120 1144 51 118 186 42 16 45 40 33 85 112 61 11
Sample 2 196 278 672 116 1024 49 118 189 43 16 56 43 39 88 140 47 8
Average 196 276 673 118 1084 50 118 187 43 16 50 42 36 87 126 54 10
SD 0 3 3 3 85 1 0 2 0 0 8 2 4 2 20 10 2
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Appendix B. Summary of CORK 1301A basment fluid properties.

CORK 1301A
Temperature = 65.0 C Pressure = 1.013 bars
pH = 7.400
lonic strength = 0.622833
Activity of water = 0.982099
Solvent mass = 1.000000 kg
Solutionmass = 1.035743 kg
Solution density = 1.001 g/cm3
Chlorinity = 0.569887 molal
Dissolved solids = 34509 mg/kg sol'n
Hardness = 5707.00 mg/kg sol'n as CaCO3
carbonate = 21.89 mg/kgsol'n as CaCO3
non-carbonate = 5685.11 mg/kg sol'nas CaCO3
Rock mass = 0.000000 kg
Carbonate alkalinity= 21.89 mg/kg sol'n as CaCO3
Water type = Na-Cl
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Appendix C. Activity coefficient of aqueous species in basment fluids from CORK

1301A.
Activity Log

Aqueous species Molality mg/kg solution coefficient activity
Cl- 0.5496 1.88E+04 0.6119 -0.4733
Na+ 0.4723 1.05E+04 0.6574 -0.508
Ca++ 0.03857 1493 0.2274  -2.0569
CaCl+ 0.01414 1031 0.6574 -2.0319
SO4-- 0.009463 877.6 0.1527 -2.84
K+ 0.006174 233.1 0.6119 -2.4228
NaCl 0.005834 329.2 1 -2.2341
Caso4 0.004306 565.9 1 -2.366
NasO4- 0.004291 493.2 0.6574  -2.5496
Mg++ 0.001536 36.04 0.2958 -3.3427
Si02(aq) 0.001126 65.32 1.1369 -2.8927
HCO3- 0.0003282 19.33 0.677 -3.6533
MgCl+ 0.0002597 14.98 0.6574  -3.7677
MgS0O4 0.0001667 19.37 1 -3.7782
NH4+ 9.84E-05 1.713 0.5853  -4.2398
KSO4- 8.01E-05 10.45 0.6574 -4.2784
CaHCO3+ 6.71E-05 6.551 0.7016  -4.3271
KCl 5.51E-05 3.969 1 -4.2585
NaHCO3 4.68E-05 3.793 1 -4.3301
NaH3Sio4 4.49E-05 5.125 1 -4.3473
CO2(aq) 1.91E-05 0.8108 1 -4.7194
H3Si04- 1.85E-05 1.7 0.6574  -4.9147
CaCo3 1.01E-05 0.9772 1 -4.9951
NH3 9.20E-06 0.1512 1 -5.0364
OH- 4.87E-06 0.07998 0.6358 -5.5091
Mn++ 4.23E-06 0.2241 0.2274  -6.0173
MgHCO3+ 2.09E-06 0.172 0.6574  -5.8625
CO3-- 2.01E-06 0.1166 0.1718 -6.4614
CH4(aq) 1.55E-06 0.02403 1.1369 -5.7535
CaOH+ 1.44E-06 0.07943 0.6574  -6.0235
H2(aq) 1.14E-06 0.002214 1.1369 -5.8882
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Apendix C. Activity coefficient of aqueous species in basment fluids from CORK 1301A.

(continue)
Activity Log

Aqueous species Molality mg/kg solution coefficient activity

MgOH+ 6.64E-07 0.02647 0.6574  -6.3602
MnSO4 6.15E-07 0.08959 1 -6.2115
NaOH 5.81E-07 0.02242 1 -6.2362
FeCl+ 5.07E-07 0.04473 0.6574 -6.4768
Fe++ 3.46E-07 0.01866 0.2274 -7.1041
MgCO03 2.29E-07 0.01863 1 -6.6405
NaCO3- 1.85E-07 0.01481 0.6574 -6.9155
HS- 1.59E-07 0.005086 0.6358  -6.9945
NaHPO4- 8.25E-08 0.009471 0.6574 -7.266
FeCl2 5.32E-08 0.00651 1 -7.2741
H+ 5.01E-08 4.87E-05 0.7952 -7.4
HSO4- 3.47E-08 0.003249 0.6574 -7.6423
FeSO4 2.25E-08 0.003295 1 -7.6484
H2S(aq) 1.65E-08 0.0005436 1 -7.7819
CaHPO4 1.62E-08 0.002127 1 -7.7907
MnOH+ 1.31E-08 0.0009084 0.6574 -8.0656
HPO4-- 9.90E-09 0.000917 0.1527 -8.8206
MnHCO3+ 7.68E-09 0.0008593 0.6574 -8.2971
CaPO4- 1.89E-09 0.0002467 0.6574  -8.9053
H2POA4- 1.53E-09 0.0001433 0.6574 -8.9974
FeOH+ 1.42E-09 1.00E-04 0.6574  -9.0295
H2Si04-- 1.42E-09 0.0001286 0.1527 -9.665
MgHPO4 1.14E-09 0.0001325 1 -8.9428
KHPOA4- 5.28E-10 6.88E-05 0.6574  -9.4598
FeHCO3+ 2.64E-10 2.98E-05 0.6574  -9.7602
MgPO4- 8.33E-11 9.59E-06 0.6574 -10.2615
MgH2PO4+ 4.20E-11 4.92E-06 0.6574 -10.5588
FeCO3 1.69E-11 1.89E-06 1 -10.7729
MnHPO4 9.38E-12 1.37E-06 1 -11.0276
Fe(OH)2 5.92E-12 5.14E-07 1 -11.2274
PO4--- 2.11E-12 1.94E-07 0.0134 -13.5482
S-- 2.06E-12 6.37E-08 0.1906 -12.4066
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Apendix C. Activity coefficient of aqueous species in basment fluids from CORK 1301A.

(continue)
Activity Log

Aqueous species Molality mg/kg solution coefficient activity

FeHPO4 1.09E-12 1.60E-07 1 -11.9623
HCI 6.53E-13 2.30E-08 1 -12.1851
FePO4- 1.62E-13 2.36E-08 0.6574 -12.9721
FeH2PO4+ 1.26E-13 1.85E-08 0.6574 -13.083
H3PO4 8.48E-15 8.03E-10 1 -14.0715
Mg4(OH)4++++ 1.70E-15 2.71E-10 0.0178 -16.5199
Fe(OH)3- 2.57E-16 2.65E-11 0.6574 -15.7724
S2-- 7.56E-17 4.68E-12 0.1527 -16.9376
HP207--- 9.80E-18 1.66E-12 0.0134 -18.8815
H2S04 3.09E-18 2.93E-13 1 -17.5102
P207---- 2.19E-18 3.68E-13 0.0004 -21.011
H2P207-- 2.11E-19 3.58E-14 0.1527 -19.4921
S3-- 4.27E-22 3.97E-17 0.1527 -22.1856
S4-- 1.05E-24 1.30E-19 0.1527 -24.796
H3P207- 3.73E-25 6.38E-20 0.6574 -24.61
S5-- 3.74E-30 5.78E-25 0.1527 -30.2438
H4P207 5.56E-32 9.56E-27 1 -31.2547
S6-- 6.70E-36 1.24E-30 0.1527 -35.9901
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Appendix D. Mineral saturation states in basment fluids from CORK 1301A.

Mineral Log(Q/K) Mineral Log(Q/K)

Antigorite 20.1579s/sat MHSH(Mg1.5) -6.9159
Hydroxyapatite 7.6526s/sat  Ca(OH)2(c) -7.2042
Tremolite 7.2109s/sat Portlandite -7.2042
Talc 4.7611s/sat  Antarcticite -7.2241
Whitlockite 2.8569s/sat Kalicinite -7.5936
Chrysotile 1.7248s/sat CaCl274H20 -7.63
Sepiolite 1.2759s/sat Melanterite -7.821
Dolomite-ord 0.9058s/sat Akermanite -7.8876
Dolomite 0.9056s/sat  Pirssonite -8.1608
Pyrite 0.7458s/sat Bischofite -8.477
Quartz 0.5473s/sat  Kainite -8.5645
Calcite 0.5412s/sat Na2Si205 -8.8886
Tridymite 0.4141s/sat  MgS04(c) -9.1765
Diopside 0.4123s/sat  Gaylussite -9.4276
Aragonite 0.3801s/sat MnCI2~4H20 -9.5261
Chalcedony 0.3081s/sat Na2SiO3 -9.5925
Minnesotaite 0.2250s/sat  Mg2CI(OH)374H20 -9.8773
Anthophyllite 0.1797s/sat  MgOHCI -9.9496
Cristobalite 0.0748s/sat CaCl2AH20 -10.0148
Anhydrite -0.1091 Ca2Si0477/6H20 -10.0361
Gypsum -0.3161 MnSO4(c) -10.0536
Dolomite-dis -0.3846 CaCl272H20 -10.065
AmrphAsilica -0.493 MnCI2~2H20 -10.2251
Monohydrocalcite -0.6093 Ca2SiO4(gamma) -10.2854
Bassanite -0.7436 MgCI2724H20 -10.779
CaS04/71/2H20(be -0.867 FeS04(c) -10.9343
Magnesite -1.0517 MnCI2AH20 -11.398
Enstatite -1.0776 Vivianite -11.4358
Ferrosilite -1.3146 Larnite -11.5285
Rhodochrosite -1.5553 Carnallite -11.7243
Greenalite -1.7049 Mercallite -12.1011
FeO(c) -1.7398 Hydromagnesite -12.3588
Hedenbergite -2.0196 Ca5Si6017/21/2H2 -12.485
Wollastonite -2.1012 KNaC0326H20 -12.7121
Rhodonite -2.4042 Hydrophilite -13.0094
Pseudowollastoni -2.412 Rankinite -13.0608
Siderite -2.4177 Ca5Si6017711/2H2 -13.0655
CaSi20572H20 -2.4826 Scacchite -14.1042
Halite -2.6064 Ca2CI2(0OH)2~H20 -14.8043
Troilite -2.6757 Ca4Si301073/2H20 -14.9659
Brucite -2.7062 Na3H(S04)2 -15.0856
Fayalite -3.3212 MgCI2~2H20 -15.1847
Fe(OH)2(ppd) -3.336 Lawrencite -15.2204
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Apendix D. Mineral saturation states in basment fluids from CORK 1301A

(continue).

Mineral Log(Q/K) Mineral Log(Q/K)
Thenardite -3.4551 Merwinite -15.3085
Forsterite -3.7612 K2C0O373/2H20 -15.5411
Huntite -4.0809 Ca5Si601773H20 -15.8123
Sylvite -4.1498 Lime -15.95
Monticellite -4.2942 Burkeite -16.4087
Graphite -4.3118 Mn3(P04)2(c) -17.922
Nesquehonite -4.3916 MgCI2~AH20 -17.9514
Ca2Si30875/2H20 -4.4642 KMgCI3~A2H20 -19.583
Hexahydrite -4.4964 Ca3Si207”*3H20 -21.0826
Mn(OH)2(am) -4.5882 Ca6Si6018"H20 -22.4812
Alabandite -4.5994 Chloromagnesite -22.8679
Mirabilite -4.7154 KMgCI3 -25.6877
Epsomite -4.7432 Tachyhydrite -27.1111
Leonhardtite -4.9137 Ca3Sio5 -29.5178
Kieserite -4.9442 Ca4Cl2(OH)6”13H2 -33.2329
Tephroite -5.0107 Na4Sio4 -35.5309
Artinite -5.4032 Na6Si207 -56.2608
Sulfur-Rhmb -5.5131 K8H4(C0O3)6”*3H20 -61.2963
Arcanite -6.346 Misenite -79.5227
Manganosite -6.7568
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Appendix E. Fugacity of dissolved gases in basment fluids from CORK 1301A.

Gases Fugacity Log fugacity

Steam 0.2423 -0.616
H2(g) 0.001793 -2.746
CH4(g) 0.001535 -2.814
CO2(g) 0.001134 -2.946
H2S(g) 4.35E-07 -6.361
S2(g) 5.43E-23 -22.265
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