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Microbiology sampling
Hole GT3A

A whole-round gabbro sample was collected from Core 131Z in
Hole GT3A for DNA/RNA and lipid extractions. Samples were
taken from the inside and outside of the core, as well as water
from the rock saw used to cut the core.

• 3 replicates from inside of core (~0.25–0.5 g crushed rock).

• 3 replicates from outside of core (~0.25–0.5 g crushed rock).

• 3 replicates of ~5 mL of water from the rock saw used to cut the 
core interval.

• 3 replicates of both inner and outer core were collected in cryo-
vials and frozen for transport for possible metabolomic or sin-
gle-cell genomic work in the future.

Hole BT1B 
A whole-round serpentine sample was collected from Core 39Z in
Hole BT1B for DNA/RNA and lipid extractions. Samples were
taken from the inside and outside of the core.

• 3 replicates from inside of core (~0.25–0.5 g crushed rock).

• 3 replicates from outside of core (~0.25–0.5 g crushed rock). 

• The remainder of the core was frozen at –80°C for future sam-
pling needs. 

Sites BA1 and BA2
Samples of drill cuttings were taken for DNA/RNA extraction and
spectroscopic and bulk nitrogen analysis.

DNA/RNA extraction
Crushed drill cuttings samples were collected at a depth of 54 m.

• 3 replicates (~0.25–0.5 g crushed rock).

• 2 replicates of drilling foam/liquid (~20 mL).

• An additional 3 replicates of crushed drill cuttings were col-
lected in cryovials and frozen for transport for possible metabo-
lomic or single-cell genomic work in the future.

Spectroscopic analysis

• Site BA1: ~15 g of drill cuttings were sampled from every 10 m 
at 10–140 m depth and every 20 m at 150–390 m depth. Addi-
tional samples of interest were also collected at 23, 58, 64, 65, 
66, 144, 148, and 400 m depths.
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• Site BA2: ~15 g of drill cuttings sampled every 20 
m at 3–383 m depth plus 1 sample at 400 m. 

Bulk nitrogen analysis
• Hole BA1A: cuttings sampled every 20 m from 

130–390 m depth.

• 2 g from the wet-sieved, <2 mm, aerobically pre-
pared fraction of the samples collected above from 
Hole BA1A for spectroscopic analysis. 

Sites BA1, BA3, BA4
During Phase 2 drilling operations, a 50 cm BIO
whole-round core microbiology sample was taken
once every ~10 m from Holes BA1B, BA3A, and BA4A
as described in Microbiology in the Methods chap-
ter. Microbiology subsamples were allocated from
BIO whole-round samples as follows:

• DNA extraction and sequencing: 5 cm intact 
whole-round.

• Lipid extraction: 15 cm intact whole-round.

• DNA preservation: 4 cm intact whole-round.

• Florescence microscopy, cell counts, tracer counts: 
<0.5 cm whole round crushed, formaldehyde-
fixed.

• Cultivation experiments: <0.5 cm whole round 
crushed, preserved in anoxic site water.

• Carbon compound transformation rates: 5 cm 
intact whole round.

• Raman, electron probe, XANES, C-imaging, XRD, 
S-isotopes: 4 cm intact whole round.

• TOC, TIC, and carbon isotopes: 1 cm intact whole 
round.

Results
16S amplicon sequencing of DNA

Subsurface fluids and rocks are known to contain mi-
crobial life to great depths, with temperatures
>150°C often considered an upper limit. During
Phase 1, we utilized a few small sections of gabbro
(Site GT3) and listvenite (Site BT1) core to test our
ability to successfully extract DNA and amplify and
sequence genes of interest using well-established kits
and protocols. We have a significant amount of data
regarding the microbial communities that can be de-
tected in gabbro and peridotite-hosted fluids in
Oman, and thus we can compare any preliminary
data from Sites GT3 and BT1 to those data sets to
look for overlaps or any suggestions of novel lineages
within the rock vs. fluid phase.

Sample contamination
Successful extraction and sequencing of DNA and
cDNA (from RNA) from crushed rock samples at very
low concentrations was achieved. Whereas contami-

nation is an important factor (e.g., from drill fluids
and human contact), we are able to pull out se-
quences that correspond to some interesting micro-
organisms from “candidate divisions” and oligotro-
phic lineages. Microbial candidate divisions are
groups of organisms that have been identified in en-
vironmental sequencing but for which no cultured
example exists. Once grown and characterized in a
laboratory setting for its physiological properties, a
division can be named and is no longer a candidate.
These candidate divisions are often difficult to iso-
late from their environment, and genomic informa-
tion can be useful in achieving that goal. We have
seen a number of candidate bacterial phyla in very
low abundances in the crushed rock samples, includ-
ing Acetothermia (OP1). Other noted candidate
groups include OP3, OP5, OP8, OP9, OP10, OP11,
and OD1. Additionally, microbial groups previously
found in the arctic subseafloor, a gold mine, and
other diverse environments are noted in very low
abundances. Work is ongoing to identify and learn
about these microorganisms and further filter out
contamination. This is all exciting news from these
samples, as a push is on in the environmental micro-
biological and geobiological worlds to better under-
stand the role and function of organisms that are
present in trace amounts, the so-called “microbial
dark matter” found in most environments. That we
are finding good potential in samples from Oman
hints at new understanding for the future of what is
known of the evolutionary Tree of Life.

The following amounts of DNA were recovered from
rock samples (assuming ~5 fg of DNA per cell):

• Hole BA1A cuttings (54 m depth): <0.17–31.7 ng 
DNA/g rock (<3.4 × 104 to 6.33 × 106 cells/g rock).

• Site GT3 (inner core): <0.17 ng DNA/g rock (<3.4 × 
104 cells/g rock).

• Site GT3 (outer core): <0.17 ng DNA/g rock (<3.4 × 
104 cells/g rock).

• Hole BT1B (inner core): <0.17 ng DNA/g rock 
(<3.4 × 104 cells/g rock).

• Hole BT1B (outer core): <0.17–20.33 ng DNA/g 
rock (<3.4 × 104 to 4.07 × 106 cells/g rock).

Cell estimates above are based on DNA yields postex-
traction, so these numbers do not account for cells
and DNA lost during the extraction process. These
data are in general agreement with some previous In-
tegrated Ocean Drilling Program (IODP) findings:
IODP Expedition 337 cell counts indicated <106

cells/cm3 from cuttings, most all of which was at-
tributed to contamination from drilling mud. If we
use a density of 3 g/cm3 for basalt rock, that is 3.3 ×
105 cells/g rock. Using microscopy and flow cytome-
try, cell counts on core samples from Expedition 337
showed cell numbers were generally 102–104

cells/cm3 of rock, equivalent to 33.3 to 3.3 × 103
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cells/g basalt, decreasing with depth (see figure F60
in Expedition 337 Scientists, 2013).

We also conducted tests on DNA extraction from the
Hole BA1B well chips (Fig. F1). However, it appears
that most of the DNA from the chips originate from
the foam and human contact. Currently, we do not
intend to utilize well chips for DNA and lipid analy-
ses given the extent of surface contact with the drill-
ing fluids.

Bar charts are often used to visualize microbial abun-
dances from a sampling event. In Figure F2, each
sample was taken in triplicate (e.g., BA1.1, BA1.2,
BA1.3, as a sampling event) and split into DNA and
RNA fractions (hence the RNA1, RNA2, etc., labels).
A full bar in the graph represents the extracted mi-
crobial community, with each color representing a
different taxonomic group of microorganisms (an
Order). Information on general metabolic function-
ality and habitat requirements of these microbial
groups can often be inferred based on this classifica-
tion if a group has been previously identified and
studied. Larger single colors within a bar indicate a
greater percentage of the total community is at-
tributed to one microbial group. In Sample
BA1.RNA1, for example, most of the bar is orange,
indicating most of the sampled microbial commu-
nity belongs to the taxonomic Order Flavobacteria-
les. The distribution of microbial abundances be-
tween samples can also provide information on
microbial ecology in the subsurface. 

The combined field and laboratory DNA/RNA ex-
traction protocol used in 2017 works and can be im-
proved. Some easy changes that would help reduce
contamination during core collection, preparation,
and processing are as follows: 

• All core handlers should wear nitrile gloves.

• Flame sterilize the outside of a piece of core dedi-
cated to DNA extractions prior to wrapping in 
sterile aluminum foil.

• Crush and process larger masses of rock per sam-
ple to increase yield and quality of results. This 
mass increase does not necessarily require more 
whole-round material than the 5 cm lengths we 
received, but the extraction protocol could be 
altered slightly to allow for greater mass input.

• Use a hydraulic core splitter to greatly aid paring 
the potentially contaminated outer core, allowing 
collection of uncontaminated inner core with 
speed and ease to obtain gram amount samples for 
DNA/RNA/cultivation. 

• Continue to sample drilling fluids, washing water, 
and other contamination controls.

Bulk δ15N analysis of well chips (Hole BA1A)
In addition to bulk nitrogen isotope analysis, as de-
scribed in Microbiology in the Methods chapter,

bulk dissolved and exchangeable nitrogen species in
well chips were analyzed in a pore water leachate, as
described here. To prepare the pore water leachate,
~1 g of the sieved and washed sample was added to
acid-washed polypropylene tubes containing 5 mL
of organic-free water. Tubes were incubated at 30°C
and shaken at 250 rpm for 1 week. After the incuba-
tion period, tubes were centrifuged and supernatant
was collected in a clean tube and frozen. The remain-
ing sample was air-dried and then crushed to a fine
powder using an agate mortar and pestle. The pow-
dered sample was transferred to a clean tube with 5
mL organic-free water and incubated again at 30°C
and shaken at 250 rpm for 1 week to measure dis-
solved nitrogen species in fluid inclusions. Once
again, at the end of the incubation period, superna-
tant was collected and frozen. 

To measure exchangeable N, 5 mL of 1 M potassium
chloride was added to the same tube. Samples were
incubated overnight and the supernatant from this
incubation was collected and frozen. Dissolved ni-
trate and nitrite from each of the three incubations
were measured via spectrophotometry on a Biotek
Synergy H1 microplate reader using the protocols de-
scribed in Garcia-Robaldo et al. (2014). Ammonium
concentrations were also measured through micro-
plate colorimetry using protocols adapted from
Weatherburn (1967). 

To measure the bulk dissolved nitrogen concentra-
tion from pore water leachate and fluid inclusions, 1
mL of supernatant was oxidized with 1 mL of persul-
fate solution (2 g organic cleanly reprecipitated po-
tassium persulfate and 2 g Optima grade sodium hy-
droxide in 100 mL Savillex water) during a 120 min
autoclave incubation. Oxidized samples (all N con-
verted to dissolved nitrate) were then pH adjusted to
neutral and quantified by conversion to NO fol-
lowed by chemiluminescence detection (Braman and
Hendrix, 1989) on an Antek1750 nitrate/nitrite ana-
lyzer. Then, 20 nmol of measured nitrogen was de-
nitrified using P. chloraphis (Weigand et al., 2016) to
nitrous oxide for measurement on a gas chromato-
graph–infrared mass spectrometer (GC-irMS; Thermo
MAT 253) with an N2O extraction and purification
system at Princeton University.

To measure bulk rock nitrogen, ~2 g of the sieved
and washed sample was crushed to a fine powder us-
ing an agate mortar and pestle. A 400–600 mg subsa-
mple of powder from each sample was weighed into
9 mm × 10 mm tin capsules, sealed, and then intro-
duced in the autosampler of a Thermo Delta V with
elemental analyzer for continuous flow analysis of
bulk rock nitrogen stable isotopes. Samples con-
tained very little nitrogen, and so tin capsule blanks
were run after each sample to allow for precise blank
corrections.

Well chip samples were found unsuitable for bulk
δ15N measurements due to contamination with or-
3
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ganic nitrogen from drilling fluid and foam. The
measured concentration of total N (after persulfate
oxidation) from pore water leach and fluid inclusion
protocols was ~7 times greater than the combined
concentration of measured nitrate, nitrite, and am-
monium, despite washing the well chips prior to the
incubation and procedural blanks having nitrogen
concentrations below the detection limit of the
methods. This high concentration of detected or-
ganic N, even in fluid inclusion samples that had
previously been subjected to a week-long incubation
in organic-free fluid prior to crushing, suggests the
drilling foam or fluid must have penetrated the inte-
rior of the well chip and attached to mineral sur-
faces, as it was not completely removed during wash-
ing. Accordingly, powdered rock samples for bulk
analysis would also be extremely contaminated. Be-
cause the signal from this contamination is far
greater than the signal from ammonium sourced
from the rock itself, we could not reliably subtract
the isotopic signal from contamination. 

The pervasive contamination of well chip samples
with organic material observed during the attempt
to quantify bulk nitrogen in well chips necessitates a
more comprehensive sampling of potential sources
of contamination for lipid analysis. The quantifica-
tion of lipid and hydrocarbon compounds from
drilling mud and water, the core barrel, trays, and
saw in contact with the core prior to subsampling, as
well as the air on the drill site, should allow for sub-
traction of these contaminating compounds from
those detected in the interior of the rock core. A
wash with Milli-Q water on site prior to transporta-
tion of these samples should also prevent the pene-
tration of contaminants on the exterior of the core
into the pristine interior.

Without these contamination controls, we cannot
confidently assess what organics extracted from the
rock core are autochthonous.

Microscopic and spectroscopic analysis 
of well chips

We conducted preliminary microscopic and spectro-
scopic analysis of well chips recovered during rotary
drilling in Hole BA1A in order to determine how
changes in Fe- and S-bearing primary and secondary
phases vary as a function of depth. This information
is critical for developing hypotheses regarding how
microbial activity may be directly influencing min-
eral transformations during low-temperature ser-
pentinization.

Microscopic examination of thin sections prepared
from drill cutting materials from Hole BA1A was con-
ducted at 20 m intervals between 10 and 390 m
depth. Across all depths, the majority of grains were
dominated by mesh-textured serpentine after olivine,
sometimes with variable amounts of brucite, olivine,

pyroxene, and chromite. Bastite textures (serpentine
after orthopyroxene) were also frequently observed
in association with mesh-textured serpentine. There
were frequently other rock fragments, or portions of
fragments, that were mostly colorless in thin section,
often with fibrous texture. The colorless fragments
examined each contained a mixture of some subset
of the minerals diopside, talc, amphibole,
clinochlore, garnet, and xonotlite. Still other chips
contained a mottling of different textures, including
mesh-textured serpentine, large pyroxene crystals,
and colorless regions with fibrous texture. Examples
of these three types of chips are shown in Figure F1.

Samples collected very near the surface had clear dif-
ferences from deeper samples. The 10 m sample,
which represents alluvium, was dominated by oxi-
dized orange serpentine; some relict olivine and py-
roxene were also present. Based on Raman spectros-
copy, the orange staining was attributed to the
presence of both hematite and goethite intermixed
with serpentine. The 30 m sample, which was below
bedrock, appeared very heterogeneous with some
chips having orange-colored serpentine and others
with a notable opaque overprinting associated with
mesh texture rims as well as cores.

Samples from 50–250 m contained variable amounts
of the same opaque overprinting observed in some
grains of the 30 m sample. The opaques peak in
abundance at ~70 m depth and then decrease with
greater depth. The opaque phases were often limited
to mesh cores but were also observed in mesh rims.
Raman spectra collected from the opaque material
were consistent with a sulfide mineral in many cases,
although magnetite is present as an opaque mineral
as well. Sulfide minerals are generally characterized
by several bands at low Raman shifts (100–400 cm–1),
but uniquely identifying specific sulfide minerals
based only on the Raman spectrum is often difficult.
Wavelength dispersive spectroscopy (WDS) mapping
of these areas showed that sulfur is present with the
opaque material, corroborating that these are sulfide
minerals. Brucite was also identified in many of the
mesh cores containing sulfides.

We transported several of these samples to the Stan-
ford Synchrotron Radiation Lightsource in order to
determine more about the Fe speciation and oxida-
tion state in these samples. In particular, we are fo-
cusing on redox gradients and mineralogical trans-
formations surrounding Fe-rich brucite cores. We are
also further interrogating the opaque phases to de-
termine the abundance of sulfide and magnetite.
The extensive formation of sulfide is of great interest
to our microbiological studies, where we are investi-
gating biologically mediated processes such as sul-
fate reduction coupled to the oxidation of hydrogen,
formate, or methane, resulting in the formation of
secondary Fe and Ni sulfides.
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Mineralogical characterization of subcores
We conducted microscopic examinations and miner-
alogical characterizations on 52 subsamples from
whole-round cores (WRC) designated for microbio-
logical analyses. These observations provide a crucial
context for targeting and identifying mineralogical
controls on microbiological distribution and activity
in this heterogeneous rock-hosted environment.

We examined petrographic thin sections to under-
stand the range of lithologies, mineralogic associa-
tions, and alteration histories represented in the BIO
WRC sample set from Holes BA3A, BA1B, and BA4A.
Simplified stratigraphic columns indicating lithology
and sample locations are included in (Fig. F3). The
lithologies of the samples investigated so far are
composed of serpentinized harzburgite and dunite
with some veins of rodingitized gabbro and diopsid-
ite and talc-amphibole assemblages. In general, these
rocks have undergone multiple generations of ser-
pentinization, evidenced by complex networks of
crosscutting veins that often contain different poly-
morphs and generations of serpentine. 

In all three boreholes, the first BIO sample obtained
at ~10 m depth was within the weathered, near-sur-
face environment and contained Fe oxides (fre-
quently goethite, and also hematite). Carbonate
minerals (dolomite and aragonite) were also ob-
served in the 10 m thin section from Hole BA4A,
whereas dolomite was detected in the X-ray diffrac-
tion (XRD) pattern for samples from Hole BA1B at 5
and 10 m. Carbonate minerals have not been de-
tected in the other BIO samples investigated thus far.
The oxidized appearance of the samples diminishes
quickly, and by 20 m depth the serpentine is green
and magnetite is the only Fe oxide observed.

The serpentinized dunite and harzburgite generally ex-
hibit mesh and bastite alteration textures after olivine
and orthopyroxene, respectively. Within these ser-
pentinized peridotites we have identified olivine, or-
thopyroxene, clinopyroxene (diopside), serpentine
(mainly lizardite with some chrysotile), chromite, bru-
cite, magnetite, chlorite, garnet, metal sulfides, and oc-
casional amphibole (tremolite-actinolite) and xonotlite
(Ca6Si6O17[OH]2). Quantitative powder XRD results are
shown in Figure F3 for the major mineral components
that could be detected by XRD. The finely dispersed,
opaque metal sulfides are common in mesh cores in
Hole BA1B from ~40 to 200 m and in Hole BA4A below
~50 m but are not encountered in Hole BA3A (Fig. F4).
Though these sulfides are widespread, we have not yet
been able to identify the sulfide minerals present or
their formulae, and they could not be robustly detected
in XRD patterns, suggesting that they may be amor-
phous or the overall bulk abundance may be low. The
sulfide is typically dispersed in Fe-bearing brucite
and/or serpentine (lizardite and chrysotile), which can
be identified by Raman spectroscopy (Fig. F5). 

In many samples there are millimeter-scale colorless
serpentine (chrysotile and lizardite) veins that cross-
cut almost everything and appear very late. These
sometimes bear garnet but not magnetite.

Gabbro veins have been rodingitized, with pla-
gioclase fully replaced by a fine-grained mixture of
serpentine, chlorite, garnet, and sometimes xonot-
lite. Typically, clinopyroxene appears largely unal-
tered, olivine is replaced by mesh-textured serpen-
tine, and plagioclase is replaced by a fine-grained
mixture of serpentine, chlorite, and garnet. 

Fe redox and the role of brucite
Abundant Fe-bearing brucite has been identified in
the Site BA core samples. Brucite is widespread
throughout the BA cores, and the abundance reaches
6–8 wt% in the most brucite-rich samples (Fig. F3).
Optical microscopy and Raman spectroscopy reveal
that brucite is often localized within mesh cores
where olivine has been fully replaced. In cores from
Holes BA1B and BA4A, these cores frequently con-
tain a mixture of brucite and the finely dispersed,
opaque metal sulfides. In Hole BA3A, these cores
contain relatively pure Fe-rich brucite. Additionally,
brucite can be found finely intergrown with serpen-
tine mesh rims and veins. Based on variations in the
Raman spectrum of brucite (the position of the OH-
stretch peak), it ranges from Fe rich to Fe poor, even
at the microscale within a thin section as shown in
Figure F6.

Two trends in brucite abundance can be distin-
guished in Figure F3 and confirmed by optical mi-
croscopy and Raman spectroscopy. First, although
brucite can be abundant in harzburgite, it is gener-
ally more abundant in dunite. This is expected since
the serpentinization of orthopyroxene in harzburgite
releases excess silica, which reduces the amount of
brucite formed from olivine hydration in favor of
serpentine. Second, the abundance of brucite is re-
duced in all three cores shallower than ~100 m
depth. This may reflect more recent breakdown of
brucite during modern water-rock interactions,
which is of direct interest for identifying zones for
localized energy generation and potential microbial
activity.

To further investigate whether brucite may be cur-
rently participating in modern reactions, we exam-
ined samples above and below 100 m depth in Hole
BA3A because the absence of metal sulfides associ-
ated with brucite significantly simplifies measure-
ments of brucite Fe content. The sample from 300 m
in Hole BA3A contains abundant brucite in mesh
cores, and quantitative WDS mapping by electron
microprobe analysis (EMPA) reveals that this brucite
contains as much as 15–20 mol% substitution of Fe
for Mg (Fe/(Fe + Mg) = XFe = 0.15–0.20). This is con-
firmed by Raman spectroscopy, where the position
5



P.B. Kelemen et al. Microbiology 
of the OH-stretch peak has been calibrated for Fe and
is sensitive only to Fe substituted into the brucite
structure, as opposed to minor serpentine or other
Fe-bearing phases that may contribute to mixed
analyses by EMPA. Brucite in the 300 m sample from
Hole BA3A gives an XFe value of 0.16 ± 0.05 by Ra-
man spectroscopy.

In contrast, the sample from 100 m depth in Hole
BA3A contains little brucite and mesh cores are re-
placed with serpentine. Quantitative WDS mapping
reveals that these mesh cores can contain a similar
amount of Fe substitution to the brucite (XFe = 0.15–
0.20). This is quite Fe rich for serpentine and sug-
gests that this serpentine may have replaced preex-
isting brucite with conservation of Fe in a reaction
that would require addition of SiO2 from the fluid.
The redox state of Fe in this Fe-rich serpentine is not
yet known and is a target for investigation in the
near future.

Characterization of garnet
Garnet was found to occur as a widespread minor
component across all lithologies. Garnet also occurs
in many distinct textural contexts. Garnet is abun-
dant in the fine-grained serpentine-chlorite-garnet
assemblage replacing plagioclase in rodingitized gab-
bro and also frequently associated with diopsidite
veins, bastite serpentine, serpentine mesh texture,
and late serpentine veins. The garnet is often very
fine grained and found in a serpentine or xonotlite
matrix (Fig. F7).

Because garnet could record low-temperature alter-
ation processes, EMPA was used to determine the
garnet chemistry and approximate water content on
a subset of samples displaying the various textural
garnet occurrences. All analyzed garnets were hy-
drous andradite-grossular in composition. Garnet re-
placing plagioclase within the rodingitized gabbro
(sample from 250 m in Hole BA1B [BA1B-250 m])
was the most hydrous and the most Al3+ rich of all
garnets observed, with the average formula (hydro-
grossular)

Ca3.03Fe3+
0.61Al1.37(SiO4)2.20(OH)3.16. (1)

Garnets associated with serpentinized peridotite—
occurring within bastite serpentine (Hole BA3A, 170
m), serpentine mesh (Hole BA1B, 140 m), and late-
stage serpentine veins (Holes BA3A, 60 m; BA1B, 140
m)—were more andraditic in composition with a sig-
nificant hydrous component and average formula

Ca3.07Fe3+
1.68Al0.23(SiO4)2.66(OH)1.29. (2)

Hydroandradite in other serpentinizing systems has
been interpreted as a sign of low-temperature alter-
ation, especially when it has been found in paragen-

esis with polyhedral serpentine (Ménez et al., 2012,
2018; Plümper et al., 2014). Andradite may form un-
der strongly reducing conditions, and the incorpora-
tion of Fe(III) is likely to accommodate hydrogen
production. We examined two occurrences of hy-
droandradite in late-stage serpentine veins (Holes
BA3A, 60 m; BA1B, 140 m) by transmission electron
microscopy (TEM) to determine whether polyhedral
serpentine was present in contact with hydroandra-
dite. The serpentine in contact with hydroandradite
in Sample BA3A-60 m was extremely fine grained,
and no positive determination of the serpentine
structure could be made. However, polyhedral ser-
pentine was identified in Sample BA1B-140 m in
contact with hydroandradite, indicating that the
vein was formed during reaction at <230°C.

Biological sulfate reduction rates
Dissimilatory sulfate reduction (SR) is among the
oldest known microbial processes on Earth and it is
the predominant anaerobic microbial process in sul-
fur-rich marine sediments (Canfield and Raiswell,
1999). Recent measurements revealed that sulfate is
available in several of the water-bearing rocky envi-
ronments now known beyond Earth, making SR a
potentially important metabolism in those systems
(Vance et al., 2016). The inferred presence of both
sulfate and peridotite rocks in ophiolites points to-
ward a potential niche for sulfate reducers and high-
lights the need to understand how and under which
conditions SR occurs in serpentinizing systems on
Earth. 

We conducted assays to measure the potential rate of
biological sulfate reduction in the partially ser-
pentinized and sometimes partially sulfurized WRC
subsamples collected by the BIO team. Twenty three
“G” samples have been used so far from Holes BA3A,
BA1B, and BA4A, and they were selected to contrast
potential biological activity as a function of depth
and mineralogical characteristics.

We detected microbial sulfate reduction in almost all
cores at low rates in the range of 3–800 fmol/cm3/d.
In most of the samples, amendment of H2 or CH4 re-
sulted in a slight increase of the turnover rates by a
factor of 2–3 (Fig. F8). Highest rates were found in
the deeper cores of Holes BA1B and BA4A. For exam-
ple, in Hole BA1B a maximum was found at 280 mbs
(meters below surface) target depth, and in Hole
BA4A the maximum sulfate reduction rate was found
at 230 mbs. The uppermost samples of Holes BA1B
and BA4A, as well as most depths of Hole BA3A, ex-
hibited very low sulfate reduction rates that were of-
ten only detectable in the samples amended with H2

or CH4. It appears that the samples where highest
sulfate reduction rates were found correspond to
depth zones with lower pH (alkaline conditions, pH
9–10) and most negative redox potential of the pore
6
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fluids. A deeper analysis of the data set and compari-
son with mineralogical composition and, for exam-
ple, the presence of veins will follow in the future.

Interestingly, the killed control samples also showed
sulfate turnover to a small extent. Although this
turnover was generally significantly lower than in
the biological samples, this result is unexpected. Abi-
otic sulfate reduction at temperatures <100°C or
more is not known. The turnover of sulfate may be
due to very robust microbial endospores that sur-
vived the incubation treatment and may have germi-
nated during preincubation and incubation, but this
possibility will need to be further tested.
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P.B. Kelemen et al. Microbiology
Figure F1. Transmitted light micrographs of drill cuttings from Site BA1 in thin section. Opaque sulfide over-
printing from 50 m depth concentrated in (A) mesh cores (plane polarized light [PPL]) and in (B) mesh rims
(PPL). C, D. Colorless, fibrous texture fragment from 50 m depth (C: PPL, D: cross-polarized light [XPL]. E, F.
Mottled serpentine mesh, diopside, and fibrous texture from 370 m depth (E: PPL, F: XPL).
8



P.B. Kelemen et al. Microbiology
Figure F2. Relative abundance of microbial orders present in 2017 rock samples. Well chips from 54 m depth
and drilling fluid/foam were collected from Site BA1. Hole BT1B serpentine inner and outer core (named
BT1BCont.) were collected as well as inner and outer core samples from Site GT3 gabbro. Fluid from the rock
saw used to cut GT3 cores was sampled (RSawWat.) as an additional contamination control.
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Figure F3. Quantitative powder XRD results for the major mineral components that could be detected by XRD.
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P.B. Kelemen et al. Microbiology
Figure F4. Finely dispersed opaque metal sulfides are common in mesh cores in Hole BA1B at ~40–200 m and
Hole BA4A below ~50 m but are not encountered in Hole BA3A.
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P.B. Kelemen et al. Microbiology
Figure F5. Though these sulfides are widespread, we have not yet been able to identify the sulfide minerals
present or their formulae, and they could not be robustly detected in XRD patterns, suggesting that they may
be amorphous or the overall bulk abundance may be low. The sulfide is typically dispersed in Fe-bearing brucite
and/or serpentine (lizardite and chrysotile), which can be identified by Raman spectroscopy.

Figure F6. Based on variations in the Raman spectrum of brucite (the position of the OH-stretch peak), it ranges
from Fe rich to Fe poor, even at the microscale within a thin section.
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P.B. Kelemen et al. Microbiology
Figure F7. Garnet is often very fine grained and found in a serpentine or xonotlite matrix.

Figure F8. In most of the samples, the amendment of H2 or CH4 resulted in a slight increase of the sulfate re-
duction turnover rates by a factor of 2–3.
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