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Abstract

Serpentinization is a weathering process in which ultramafic rocks react with water, generating a range of
products, including serpentine and other minerals, in addition to H2 and low-molecular-weight hydrocarbons
that are capable of sustaining microbial life. Lipid biomarker analyses of serpentinite-hosted ecosystems hold
promise as tools for investigating microbial activity in ancient Earth environments and other terrestrial planets
such as Mars because lipids have the potential for longer term preservation relative to DNA, proteins, and other
more labile organic molecules. Here, we report the first lipid biomarker record of microbial activity in the
mantle section of the Samail Ophiolite, in the Sultanate of Oman, a site undergoing active serpentinization. We
detected isoprenoidal (archaeal) and branched (bacterial) glycerol dialkyl glycerol tetraether (GDGT) lipids,
including those with 0–3 cyclopentane moieties, and crenarchaeol, an isoprenoidal GDGT containing four
cyclopentane and one cyclohexane moieties, as well as monoether lipids and fatty acids indicative of sulfate-
reducing bacteria. Comparison of our geochemical data and 16S rRNA data from the Samail Ophiolite with those
from other serpentinite-hosted sites identifies the existence of a common core serpentinization microbiome.
In light of these findings, we also discuss the preservation potential of serpentinite lipid biomarker assemblages
on Earth and Mars. Continuing investigations of the Samail Ophiolite and other terrestrial analogues will enhance
our understanding of microbial habitability and diversity in serpentinite-hosted environments on Earth and
elsewhere in the Solar System. Key Words: Lipid biomarkers—Ophiolite—Serpentinization, Biosignatures—
Mars. Astrobiology 20, 830–845.

1. Introduction

The search for biosignatures on Mars and other terres-
trial planets is aided by investigations of analog envi-

ronments on Earth. Modern serpentinite-hosted ecosystems
include both continental and marine settings, such as the
Samail Ophiolite in the Sultanate of Oman (Miller et al.,
2016; Canovas et al., 2017; Rempfert et al., 2017), the Ta-
blelands Complex Ophiolite in Canada (Brazelton et al.,
2012), and the Lost City Hydrothermal Field (LCHF) near the
mid-Atlantic Oceanic Ridge (Kelley et al., 2005; Brazelton
et al., 2006). These ecosystems are of significant scientific

interest because serpentinization reactions are capable of
supporting microbial metabolisms, and they are proposed to
have played an important role in the origin and development
of microbial life on Earth (Sleep et al., 2004; Schulte et al.,
2006; Martin et al., 2008; Russell et al., 2010; McCollom and
Seewald, 2013; Schrenk et al., 2013; Greenberger et al.,
2015).

Serpentinization has long been hypothesized to occur on
terrestrial planets, moons, and other celestial bodies through-
out the Solar System (Holm et al., 2015). Most recently, a
suite of minerals, including serpentine, Mg-carbonate, talc,
and saponite, was detected on Mars by orbital spectral
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imaging, and this suggests the occurrence of ancient ser-
pentinization processes there (Ehlmann et al., 2009, 2010;
Amador et al., 2017, 2018). Amador et al. (2018) used data
from the Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) to investigate the distribution of these
minerals and olivine across the martian surface and near
surface; several locations in the southern highlands, such as
Nili Fossae, Mawrth Vallis, and Leighton Crater, were
deemed regions of interest, but relationships between ser-
pentine and ultramafic bedrock were only identified at Nili
Fossae (Ehlmann et al., 2010; Amador et al., 2018).
Nevertheless, the detection of serpentine exposures in the
martian southern highlands suggests that serpentinization
was likely a widespread process on early Mars (Ehlmann
et al., 2010).

As we continue to explore the martian surface and
subsurface with the current rover, Curiosity, and on future
missions, it will be critical to determine whether and how
serpentinite-hosted sites promote habitability and the
preservation of biological signatures. These investiga-
tions can also inform decisions regarding the selection of
future rover landing sites, as well as samples for return
to Earth.

1.1. Life fueled by serpentinization

Serpentinization is a low-temperature, metamorphic pro-
cess in which mafic and ultramafic rocks undergo hydrous
alteration. During this reaction, reduced iron in olivine and
pyroxene is oxidized through the reduction of water to
produce serpentine and other minerals, as well as high
concentrations of H2 and low-molecular-weight hydrocar-
bons (Neal and Stanger, 1983; Frost, 1985; Klein and Bach,
2009; Klein et al., 2009; McCollom and Bach, 2009; Miller
et al., 2017; Mayhew et al., 2018), as in the following
simplified reactions (Eqs. 1 and 2):

6Fe2þ
2SiO4(olivine) þ 7H2O/3Fe2þ

3Si2O5 OHð Þ4(serpentine)

þ Fe2þ Fe3þ
2O4(magnetite) þ H2:

(1)

24Fe2þ
2SiO4 þ CO2 þ 26H2O/12Fe2þ

3Si2O5 OHð Þ4
þ 4Fe2þ Fe3þ

2O4 þ CH4:

(2)

Despite the high alkalinity and low inorganic carbon
concentrations that are common in serpentinite-hosted eco-
systems, the products of serpentinization reactions—H2 and
methane—can provide substrates to sustain aerobic and
anaerobic microbial metabolisms (McCollom and Seewald,
2013; Schrenk et al., 2013). Moreover, the reducing con-
ditions that result from serpentinization can facilitate the
microbial reduction of sulfate, which, in this case, uses
hydrogen as an electron donor (Schrenk et al., 2013).

Metagenomic analyses of samples collected from a suite
of modern serpentinite-hosted ecosystems on Earth point to
the existence of a common core serpentinization micro-
biome (Woycheese et al., 2015). Clostridia, Bacteroidetes,
and Betaproteobacteria are commonly found in serpentinite-
hosted ecosystems (Daae et al., 2013; Suzuki et al., 2013;

Tiago and Verı́ssimo, 2013; Quéméneur et al., 2015;
Woycheese et al., 2015; Brazelton et al., 2017) and Me-
thanobacterium, a methane-producing genus of archaea, is
also frequently reported (Quéméneur et al., 2015;
Woycheese et al., 2015; Brazelton et al., 2017). These
findings, taken together with biological and biomolecular
evidence, including the determination of isolate physiolo-
gies and transcriptomic and/or proteomic data (Canovas
et al., 2017), suggest an association of microbial metabo-
lisms such as hydrogen oxidation, sulfur cycling, methano-
trophy, and methanogenesis with serpentinization processes
(Woycheese et al., 2015).

Lipid biomarkers afford additional information regarding
the microbial community composition at serpentinite-hosted
sites because they typically reflect organic matter produced
over a longer window of time relative to ‘‘snapshot’’ genetic
surveys and can, thus, represent a cumulative record of
biomass over time (Simoneit et al., 1998). The longevity of
bacterial DNA is on the order of a few million years at most
(Willerslev et al., 2004). Although the longevity of lipid
biomarkers in serpentinite-hosted ecosystems has not been
reported, these lipids can be sustained in carbonates (or
carbonate-bearing sediments) for hundreds of millions of
years or longer (Love et al., 2009; Saito et al., 2015, 2017).
To identify the diversity of lipid biomarkers in serpentinite-
hosted ecosystems on Earth, several studies have recorded
their distribution in marine hydrothermal systems and ter-
restrial seeps (Table 1) (Simoneit et al., 2004; Bradley et al.,
2009a, 2009b; Méhay et al., 2013; Zwicker et al., 2018). For
example, at the LCHF, the presence of archaeal glycerol
dialkyl glycerol tetraethers (GDGTs) suggests the presence
of Thaumarchaeota and Marine Group I–III archaea (Lin-
coln et al., 2013). The detection of archaeol in both active
and inactive vents at the LCHF may suggest the presence of
methanogenic archaea (Bradley et al., 2009b). Furthermore,
the detection of glycerol mono- and diethers at the LCHF
suggests the presence of sulfate-reducing bacteria (Bradley
et al., 2009a, 2009b). The microbial community composi-
tion of the LCHF, as inferred from lipid assemblages, is
largely consistent with DNA-based taxonomy (Kelley et al.,
2005; Brazelton et al., 2006, 2012; Bradley et al., 2009a,
2009b; Lincoln et al., 2013).

1.2. The Samail Ophiolite

One of the largest (>10,000 km2), best exposed, and most
widely studied serpentinite-hosted ecosystems on Earth is
the mantle section of the Samail Ophiolite, located in the
Hajar Mountains in the Sultanate of Oman and the United
Arab Emirates (Glennie et al., 1974; Coleman and Hopson,
1981; Nicolas et al., 2000). This ophiolite, which formed
*96-93 Ma (Tilton et al., 1991; Rioux et al., 2012, 2013,
2016), and was obducted onto the Arabian continental
margin in the late Cretaceous (Coleman, 1981; Hacker,
1994; Rioux et al., 2016), contains a peridotite mantle
composed primarily of olivine, orthopyroxene, and serpen-
tine (Boudier and Coleman, 1981; Godard et al., 2000,
2003; Monnier et al., 2006; Tamura and Arai, 2006;
Hanghøj et al., 2010). Low-temperature alteration of the
peridotite, through interactions with groundwater and/or
atmospheric CO2, has led to the precipitation of carbonate
veins within the ophiolite’s bedrock and calcite-rich
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travertines at its surface (Neal and Stanger, 1983, 1985;
Clark and Fontes, 1990; Kelemen and Matter, 2008; Kele-
men et al., 2011); 14C dating and stable C and O isotopic
analyses suggest that these alteration products formed
within the past 50,000 years (Kelemen and Matter, 2008;
Mervine et al., 2014).

At the ophiolite, active serpentinization is inferred from
alkaline fluid seeps and wells (pH 11–12, fO2 < 10–75 bar)
(Barnes et al., 1978; Neal and Stanger, 1983; Kelemen
et al., 2018) containing high concentrations of Ca2+, H2, and
CH4 [£2.18 mM, £321.27 mM, and £131.62mM, respec-
tively, Canovas et al. (2017); see also Schrenk et al. (2013);
Paukert Vankeuren et al. (2019)], and low concentrations of
dissolved inorganic carbon (£5.17 mM) (Canovas et al.,
2017). Host rocks have gradients in vein area and vein type
related to the current erosional surface, indicative of ongo-
ing weathering, and they contain highly reduced Fe-Ni-Cu-S
minerals preserving fO2 < 10–70 bar, consistent with the
composition of present-day borehole fluids (Lorand, 1988;
Eslami et al., 2018; Kelemen et al., 2018). All of these
characteristics are consistent with geochemical models of
serpentinization (Barnes et al., 1978; Bruni et al., 2002;
Paukert et al., 2012), and with the inference that serpenti-
nization is ongoing.

To date, only a few studies have investigated microbial
diversity at the Samail Ophiolite (e.g., Bath et al., 1987;
Miller et al., 2016; Rempfert et al., 2017; Fones et al.,
2019). Miller et al. (2016) collected samples from wells
drilled into peridotite in the mantle section of the ophio-
lite and found 16S rDNA evidence for the presence of
sulfate reducing taxa (e.g., Meiothermus and Thermo-
desulfovibrionaceaea), methane-producing archaea (e.g.,

Methanobacterium sp.), and methane oxidizing bacteria
(e.g., Methylococcales). Despite the utility of molecu-
lar biogeochemical research, there has been limited in-
vestigation of the lipid biomarker record at terrestrial
serpentinite-hosted sites.

In this study, we investigate the lipid biomarker record
from the carbonate veins and travertines at the Samail
Ophiolite in Oman. Based on lipid biomarker assessments
from the LCHF and other serpentinite-hosted ecosystems
(Bradley et al., 2009a, 2009b; Zwicker et al., 2018), we
expected to find a similarly diverse lipidome at the Samail
Ophiolite. Specifically, we report distributions of membrane-
spanning isoprenoidal (archaeal) and branched (bacterial)
GDGTs, as well as monoalkyl glycerol monoethers (MAGE)
and fatty acids, considered to be derived from sulfate-
reducing bacteria.

2. Materials and Methods

2.1. Sample collection, preparation, and X-ray
diffraction

Samples were collected in 2012 from vein carbonates,
travertines, and host rocks in the Samail Ophiolite in the
Oman mountains, located in the Sultanate of Oman (Fig. 1,
Table 2, and Supplementary Fig. S1). These were broken
from outcrops with a hammer, untouched, and double
wrapped in aluminum foil at each site of sampling to min-
imize contamination. In the laboratory, samples were first
cleaned with deionized water and ground into a fine powder
with a puck and mill. The mineral composition of each
sample was evaluated by powdered X-ray diffraction (XRD)
analysis on a PANalytical X’Pert Pro XRPD (PANalytical,

Table 1. Current Record of Lipids Identified in Serpentinite-Hosted Ecosystems, Probable Source

Microbes, and Associated Microbial Metabolisms

Lipids recorded
in Samail
Ophiolite
samples

Lipids
reported

at the
LCHFa

Lipids
reported at

the Chimaera
Ophioliteb

Lipids
reported at

the Rainbow
Fieldc

Probable source
microbes for lipidsd

Associated processes/
environmental
significanced

Isoprenoidal
GDGTs 0–4

+ Anaerobic methanotrophic archaea
(but also Crenarchaeota, Thaumarchaeota,
and methanogenic archaea)

Methanotrophy

Crenarchaeol + Thaumarchaeota (e.g., Nitrososphaerales) Nitrification
Archaeol + + Methanogenic archaea (e.g.,

Methanobacterium)
Methanogenesis

Branched
GDGTs

+ Soil microbes (e.g., Acidobacteria),
unknown sources

Unknown

Glycerol
monoethers
(MAGE)

+ + Sulfate-reducing bacteria (e.g., Firmicutes,
Thermodesulfovibrionaceaea)

Sulfate reduction

Fatty acids + + Sulfate-reducing bacteria (e.g., Firmicutes,
Thermodesulfovibrionaceaea)

Sulfate reduction

1,2-Alkyl diols Nonmarine alkaliphilic bacteria Thermal/alkaline
environments

(+) denotes lipid is present at serpentinite-hosted ecosystem; blank spaces denote lipid was not measured and/or discussed in the
literature.

aReferences for lipids found at the LCHF, Mid-Atlantic Oceanic Ridge: Bradley et al. (2009b), Lincoln et al. (2013), and Méhay et al.
(2013).

bReference for lipids found at the Chimaera Ophiolite, Turkey: Zwicker et al. (2018).
cReference for lipids found at the Rainbow Field, Mid-Atlantic Ridge: Simoneit et al. (2004).
dRefer to in-text citations for associated references.
GDGT, glycerol dialkyl glycerol tetraether; LCHF, Lost City Hydrothermal Field; MAGE, monoalkyl glycerol monoethers.
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Almelo, the Netherlands) at the Center for Materials Science
and Engineering at MIT (Cambridge, MA). XRD spectra
were collected from 5� to 90� and analyzed with the com-
puter software program HighScore Plus (Malvern Panaly-
tical, Malvern, United Kingdom). Samples were categorized
into subsets A and B, according to mineral composition and
biomarker distribution (see Section 3).

2.2. Lipid extraction

Before solvent extraction, powdered samples were spiked
with 1mg of the following quantification standards: 3-
methylheneicosane and epiandrosterone. All samples were
ultrasonically extracted three times with dichloromethane
(DCM):methanol (MeOH), 9:1 (v/v). Samples were then

FIG. 1. Samail Ophiolite field locations (stars), where samples G2–G14 were collected. Map was generated using ArcGIS
Online. Sources: Esri, HERE, Garmin, FAO, NOAA, USGS. HERE, HERE Technologies; FAO, Food and Agriculture
Organization; NOAA, National Oceanic and Atmospheric Administration; USGS, United States Geological Survey.

Table 2. List of Samail Ophiolite Samples Collected and Analyzed

with Corresponding Site Descriptions and GPS UTM Coordinates

Sample
subset

Sample
name Sample description Carbonate phase(s) presenta

GPS coordinates
(WGS84, UTM zone 40)

Easting Northing

Subset A G2 Layered carbonate *20 cm above
ultramafic contact

Aragonite, calcite, dolomite 0608435 2525955

G3 Carbonate at ultramafic contact Calcite, dolomite 0608435 2525955
G7 Apron travertine down flow from pool Calcite 0487340 2576126

Subset B G11 Carbonate vein in what might be dunite Aragonite, calcite, magnesite 0675494 2529793
G12 Host rock for G11 Calcite 0675494 2529793
G13 Carbonate vein in peridotite Aragonite, calcite, dolomite,

magnesite
0675494 2529793

G14 Host rock for G13 Dolomite 0675494 2529793

aCarbonate phases were identified by X-ray diffraction (see Section 2).
GPS, Global Positioning System; WGS84, World Geodetic System; UTM, Universal Transverse Mercator System.
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centrifuged at 3,000 rpm for 30 min, and extracts from each
sample were combined and concentrated to a small volume
(<1 mL) by using N2. The total lipid extract (TLE) was then
passed through filter columns (containing combusted so-
dium sulfate and sand) to remove particulate impurities.
Copper pellets (activated with 12N HCl, neutralized with
DCM-washed water, and then washed 3 · with MeOH,
DCM, and hexane) were added to the TLEs and left over-
night to facilitate the removal of elemental sulfur. The TLEs
were filtered through a second pipette column packed with
quartz wool and transferred to 2 mL GC vials with inserts.
Due to limited sample volume and low lipid recovery for
some samples, compound-specific isotopic analyses were not
performed.

2.3. Gas chromatography–mass spectrometry

An aliquot (33.3%) of each TLE was transferred into a 2-
mL vial, dried with N2, and finally derivatized with 50 mL
N,O-bis(trimethylsilyl) trifluoro-acetamide (BSTFA +1%
trimethylchlorosilane) and 50 mL pyridine at 60�C for
30 min. A total of 1 mL aliquots were injected in splitless
mode to an Agilent 7890A gas chromatograph coupled to an
Agilent 5975C mass spectrometer (GC–MS). Separation of
compounds was achieved by using a DB5-MS capillary
column (60 m · 0.25 mm, 0.25 mm film thickness; Agilent,
Santa Clara, CA). Initial temperature of the column was set
to 70�C, followed by a ramp of 10�C/min until a maximum
oven temperature of 325�C was reached. Concentrations of
fatty acids and alkyl diols were determined by using the
internal standard, 3-methylheneicosane; concentrations of
MAGE were determined by using the internal standard,
epiandrosterone. Additional rock material from samples
G11 and G13 was solvent extracted, using the same methods
as described in section 2.2, and the positions of fatty acid
unsaturations were determined by dimethyl disulfide ad-
duction (see Nichols et al., 1986; O’Reilly et al., 2017, their
supporting methods).

2.4. High-performance liquid chromatography

One-third of each TLE sample was analyzed with high-
performance liquid chromatography-MS on an Agilent 1260
Infinity series LC coupled to a 6130 quadrupole mass
spectrometer via an atmospheric pressure chemical ioniza-
tion (APCI) interface in positive mode. Samples were
measured by selected ion monitoring (SIM) and separated
with two Acquity UPLC BEH HILIC Amide columns
(2.1 · 150 mm, 1.7 mm; Waters, Milford, MA) maintained at
50�C. The method was adapted from the work of Becker
et al. (2013), and the sample injection volume was 10 mL.
Using a constant flow rate of 0.5 mL/min, we eluted the
samples with a solvent gradient program of a linear change
from 3% B to 20% B in 20 min, then a linear increase to
50% B at 35 min, and a linear increase to 100% B at
45 min, holding for 6 min, and then a decrease to 3% B for
9 min to re-equilibrate the column, where A was n-hexane
and B was n-hexane/isopropanol (90:10). APCI source
conditions were positive ion mode, drying gas (N2) tem-
perature 350�C, vaporizer temperature 380�C, drying gas
flow rate 6 L/min, nebulizer gas (N2) pressure 30 psi,
capillary voltage 2000 V, and corona current 5 mA. GDGTs
were detected by both full scans and SIM, and they were

quantified by [M+H]+ (where M is the molecular ion) with
an extraction window of individual ion chromatograms.
Samples were spiked with C46 GTGT (glycerol trialkyl
glycerol tetraether) to determine the concentration of
GDGTs (Huguet et al., 2006).

3. Results

3.1. Carbonate mineralogy

XRD analyses were conducted to determine the mineral
composition of the Samail Ophiolite samples. Layered car-
bonate and travertine samples (G2, G3, and G7) were
composed of magnesian calcite (Table 2 and Supplementary
Fig. S2), and samples G2 and G3 also contained aragonite
and/or dolomite. Magnesite was found exclusively in vein
samples (G11 and G13), which were also composed of
magnesian calcite and aragonite; dolomite was also present
in sample G13. Host rock samples (G12 and G14) contained
either calcite or dolomite (Table 2). See Supplementary
Fig. S2 for a list of all minerals found in Samail Ophiolite
samples.

3.2. Isoprenoidal glycerol tetraethers

Isoprenoidal GDGTs (iGDGTs; see Fig. 2 for lipid
structures), which include GDGTs 0–4 with 0 to 4 moieties,
and crenarchaeol (and its putative regio-isomer) with four
cyclopentane moieties and one cyclohexane moiety were
found in all solvent extracted samples, with the highest
concentrations measured at 2 ng/g of dried rock (Fig. 3 and
Supplementary Table S1). We categorize our samples into
two main groups, based on ratios of GDGT-0/crenarchaeol:
GDGT-0 was the dominant iGDGT in all subset A samples
(G2, G3, and G7), which is reflected by high ratios of
GDGT-0/crenarchaeol (1.3–5.0; Fig. 3, Supplementary
Fig. S3, and Supplementary Table S1). In contrast, cre-
narchaeol was the dominant iGDGT in all subset B samples
(G11, G12, G13, and G14), with comparatively lower ratios
of GDGT-0/crenarchaeol (<1, Fig. 3, Supplementary Fig. S3,
and Supplementary Table S1).

3.3. Branched glycerol tetraethers

Branched GDGTs (brGDGTs; see Fig. 2 for lipid struc-
tures) were present in all samples and included brGDGTs I,
II, and III, which contain methyl substituents and no cy-
clopentane moieties, and brGDGTs Ib–IIIb, and Ic–IIIc with
one or two cyclopentane moieties, respectively, and their
methylated substituents. Concentrations of brGDGTs ranged
up to 10 ng/g of dried rock, and brGDGT I, II, and III were
the most highly concentrated in all samples relative to
brGDGTs with cyclopentane substituents (Fig. 3 and Sup-
plementary Table S1).

3.4. Archaeol

Archaeol, an isoprenoidal diether lipid (see Fig. 2 for lipid
structure), was also present in all samples with the exception
of G14. This lipid had the highest concentrations in subset A
samples (40, 1, and 1 ng/g of dried rock in G2, G3, and G7,
respectively) relative to subset B samples (<1 ng/g of dried
rock in G11, G12, and G13) (Fig. 3 and Supplementary
Table S1).
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3.5. Monoalkyl glycerol monoethers

Samples G2 through G13 contained a suite of MAGE
lipids (see Fig. 2 for representative lipid structure) with C15

through C18 straight-chain, branched, and monosaturated
hydrocarbons. MAGE were identified based on the charac-
teristic base peak at m/z 205, which is produced from
cleavage between C1 and C2 of the glycerol for tri-
methylsilyl (TMS) ether derivatives. Other characteristic
ions include m/z 117, 147, 130, 133, [M-15]+, [M-90]+, and
[M-103]+ (Hernandez-Sanchez et al., 2014; Grossi et al.,
2015; Wang and Xu, 2016). MAGE isomers were also
identified according to the characteristic elution orders for

saturated, monounsaturated, and methyl-branched isomers
on nonpolar GC columns. C16:0 and C18:0 MAGE were most
abundant throughout all samples, ranging in mass up to 13
and 11 ng of lipid/g of dried rock, respectively (found in
sample G13; Supplementary Table S2).

3.6. Fatty acids

Unesterified fatty acids (see Fig. 2 for representative lipid
structure) were present in all samples, and they were iden-
tified as TMS derivatives with a characteristic fragment ion
at m/z 117, as well as by comparison to the NIST database

FIG. 2. Structures of lipid biomarkers detected at the Samail Ophiolite and discussed in the text. Isoprenoidal and
branched tetra- and diether lipids are shown, as well as representative structures of a derivatized monoether, fatty acid, and
alkyl diol.
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(National Institute of Standards and Technology, Gaithers-
burg, MD). Positions of fatty acid unsaturation were iden-
tified for samples G11 and G13 (see Section 2), and the
locations of unsaturation for the other samples were deter-
mined by comparison of relative retention times. Samples
G2 and G13 contained the greatest abundance and most
diverse suite of fatty acids per gram of dried rock (i.e., C10

through C30 saturated, unsaturated, branched, and straight-
chain fatty acids) relative to the other samples (Supple-
mentary Table S3). Concentrations of fatty acids ranged
from below detection to 299 ng/g of dried rock (Supple-
mentary Table S3). Across all samples, C16 and C18

straight-chain saturated fatty acids were the most abundant,
ranging up to 222 and 147 ng/g of dried rock, respectively

FIG. 3. iGDGT, brGDGT, and archaeol concentrations in (A) subset A (G2–G7) and (B) subset B (G11–G14) Samail
Ophiolite samples. GDGT, glycerol dialkyl glycerol tetraether; brGDGT, branched GDGT; iGDGT, isoprenoidal GDGT.
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(for sample G13; Supplementary Table S3). Methyl-
branched fatty acids were identified in all samples with the
exception of G14, but they were only detected in appre-
ciable amounts in G2, G11, and G13 (Supplementary
Table S3). Carbon chain lengths ranged from 10 to 25 and
the most commonly identified branching positions were at
the iso (o-1) and anteiso (o-2) positions. Mono-
unsaturated fatty acids were detected in trace amounts in
all samples apart from G13. The major monounsaturated
fatty acids were C16 and C18 with o9 and o7 unsaturations
(Supplementary Table S3).

3.7. Alkyl diols

A series of 1,2-alkyl diols (see Fig. 2 for representative
lipid structure) were detected in the Samail Ophiolite sam-
ples and identified by comparison with published spectra
(Zeng et al., 1992; Wait et al., 1997) (Supplementary
Table S4). Carbon chain lengths ranged from 18 to 20, and
hydroxyl moieties were located at positions 1 and 2 on the
carbon chain. All 1,2-alkyl diols contained methyl branches
that were likely at the 2- and 3-positions (Wait et al., 1997)
but, in the absence of authentic standards, could not be es-
tablished with certainty. The overall highest concentrations
of 1,2-alkyl diols were found in samples G11 and G13, with
values ranging in each sample from 2 to 12 and 9 to 48 ng/g
of dried rock, respectively (Supplementary Table S4). Re-
latively lower concentrations of 1,2-alkyl diols were present
in samples G2 and G12, with values ranging from 1 to 6 and
1 to 3 ng/g of dried rock, respectively (Supplementary
Table S4). Only two 1,2-alkyl diols were detected in sample
G3 (17-methyloctadecan-1,2-diol and 18-methylnonadecan-
1,2-diol), and these were also found in low concentrations
(up to 3 ng/g of dried rock); 1,2-alkyl diols were absent from
samples G7 and G14 (Supplementary Table S4).

4. Discussion

4.1. Potential sources of lipid biomarkers in the Samail
Ophiolite samples

4.1.1. Isoprenoidal glycerol tetraethers. The distribution
of iGDGTs in subset A samples (G2, G3, and G7) (Fig. 3
and Supplementary Table S1) is typical of those found in
low-temperature marine sediments, which are dominated by
both GDGT-0 and crenarchaeol (Schouten et al., 2002) and
reflect a substantial contribution from Thaumarchaeota.
These ammonia-oxidizing archaea have been shown to fix
inorganic carbon in culture (Könneke et al., 2005). Addi-
tional sources of iGDGT 0–4 in these samples likely include
Crenarchaeota (Thurl and Schäfer, 1988; Trincone et al.,
1992; Völkl et al., 1993; Boyd et al., 2011) and methano-
trophic Euryarchaeota (Pancost et al., 2001; Zhang et al.,
2003; Blumenberg et al., 2004). For all samples in subset B
(G11, G12, G13, and G14), crenarchaeol was the dominant
iGDGT, and it comprised >65% of all iGDGTs in these
carbonates (Fig. 3 and Supplementary Table S1). This dis-
tribution is characteristic of alkaline soil environments
(Weijers et al., 2006), and iGDGTs found in subset B
samples may reflect substantial contributions from soil
Thaumarchaeota and/or other terrestrial archaeal species.

At the LCHF (an oceanic setting, devoid of terrestrial soil
input), the co-occurrence of crenarchaeol and nucleic acids

of Marine Group I Thaumarchaeota indicates a likely product–
source relationship between the two (Lincoln et al., 2013,
2014). Rempfert et al. (2017) reported ribosomal DNA se-
quences for Thaumarchaeota in some Samail Ophiolite well
samples, supporting the identification of these archaea as the
primary source of crenarchaeol in this study. Cultivated
members of the phylum Thaumarchaeota are capable of
ammonia oxidation (Könneke et al., 2005), and amoA, the
gene that codes for this metabolic process, has been corre-
lated with Thaumarchaeotal abundance and crenarchaeol
concentrations (Leininger et al., 2006). Concentrations of
total ammonia in Samail Ophiolite hyperalkaline spring
waters have been shown to range up to 0.12 mM, but
these values may be considerably lower in surface waters
(Canovas et al., 2017) [ammonia concentrations in end-
member fluids at the LCHF are less than 6 mM (Lang et al.
2013)]. This may be adequate to support Thaumarchaeota
because isolates such as Nitrosopumilus maritimus are
known to grow under ammonia limitation due to their high
substrate affinity for ammonia (Martens-Habbena et al.,
2009). Moreover, Canovas et al. (2017) demonstrated that
there is a substantial energy supply from ammonia oxidation
in fluids from the Samail Ophiolite.

Differences in the distribution of iGDGTs across samples
(Fig. 3 and Supplementary Table S1) can be explained by
the environments in which these samples were formed
(Table 2 and Supplementary Fig. S2). The travertine and
layered carbonates (subset A samples) were composed of
calcite, dolomite, and aragonite, which suggests that these
may have originated from the surface outflow of serpenti-
nized fluids that were rich in Ca2+ and OH- (Kelemen and
Matter, 2008; Paukert et al., 2012). In contrast, magnesite
was found exclusively in vein samples (G11 and G13), and
this mineral was likely formed by interactions between pe-
ridotite and meteoric or surface waters in subsurface envi-
ronments (Neal and Stanger, 1985; Kelemen and Matter,
2008; Paukert et al., 2012). Surface and subsurface habitats
differ in composition, water:rock ratios, and state of reaction
progresses, and this may account for some of the differences
observed between sample subsets. Although sample mineral
composition may have also played a role in the preserva-
tion of iGDGTs, we were unable to identify specific min-
eralogical effects unrelated to the environment of sample
formation (surface vs. subsurface) or type of sample (trav-
ertine, vein, host rock, etc.). Moreover, it is likely that the
lipid biomarker record presented here reflects contributions
from both modern, endolithic microbes and microbial ac-
tivity at the time of carbonate formation. Microbial com-
munities that were present during early carbonate formation
likely depended on fundamentally different metabolic stra-
tegies relative to modern endolithic microbes at Oman, and
this may also contribute to variations in iGDGT distribu-
tions observed in the current study.

4.1.2. Branched glycerol tetraethers. Initially, brGDGTs
were considered to be exclusively of nonmarine origin be-
cause these lipids are frequently found in soil and peat bogs,
and they are associated with the presence of Acidobacteria
(Weijers et al., 2009). However, brGDGTs have also been
found in marine (Peterse et al., 2009) and lacustrine (Sin-
ninghe Damsté et al., 2009; Tierney and Russell, 2009;
Tierney et al., 2010) environments, suggesting a more global
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distribution for these lipids. In this study, we suggest that
brGDGTs in subset A samples are likely derived from non-
soil sources, whereas brGDGTs in subset B samples are
likely synthesized by soil bacteria (see discussion on
iGDGTs and alkyl diols for additional differences between
sample subsets). BrGDGTs have also been found in marine
hydrothermal systems such as the LCHF (Lincoln et al.,
2013), the Southwest Indian Ridge [Eastern Pacific Ocean;
Pan et al. (2016)], and the southern Mid-Atlantic Ridge (Li
et al., 2018), providing additional evidence for the wide-
spread production of these lipids, though their specific
sources are not currently known.

4.1.3. Archaeol. The presence of archaeol in six of our
seven samples is consistent with a scenario of methanogenesis
at the Samail Ophiolite. Indeed, the methane-producing ar-
chaeon, Methanobacterium, has been reported in subsurface
fluids at the ophiolite (Miller et al., 2016; Rempfert et al.,
2017) in conjunction with methane concentrations of up to
4.3% volume (Schrenk et al., 2013). Moreover, the elevated
ratios of GDGT-0/crenarchaeol in subset A samples may
suggest methanogenic activities (Pan et al., 2016). However,
archaeol can also be synthesized by a variety of non-
methanogenic archaea, including anaerobic methane oxi-
dizers, halophiles, miscellaneous Crenarchaeota (Koga and
Morii, 2005; Lipp and Hinrichs, 2009), and Thaumarchaeota
(Elling et al., 2017), and abiogenic processes, such as
Fischer-Tropsch and Sabatier reactions, can also contribute
to methane generation (Etiope and Sherwood Lollar, 2013;
Etiope, 2017). Thus, the origin of methane at the Samail
Ophiolite, as in other serpentinizing environments, remains
poorly constrained.

Isotopic compositions of methane at the ophiolite provide
no clear clues to its source. Miller et al. (2016) reported
methane greatly enriched in 13C in Samail Ophiolite fluids,
outside previously defined ranges for biogenic, abiotic, and
thermogenic methane. They discuss explanations for ex-
treme carbon isotopic enrichment that do not exclude a bi-
ological origin, including carbon limitation. Alternatively,
methane may be formed through low-temperature abiolog-
ical processes that use chromitite or ruthenium as a catalyst
(Etiope and Sherwood Lollar, 2013). Future work investi-
gating the carbon isotopic composition of archaeol, as well
as other lipids not identified in the current set of samples,
but associated with both methanogenesis and serpentinization
processes [e.g., isoprenoidal diethers; Bradley et al. (2009b)],
would enhance our understanding of methane production at
the Samail Ophiolite and in analog serpentinite-hosted eco-
systems.

4.1.4. MAGE and fatty acids. MAGE with varying sat-
urated and unsaturated C15–C18 side chains are believed to
be primarily derived from sulfate-reducing bacteria (Lang-
worthy et al., 1983; Rütters et al., 2001; Vinçon-Laugier
et al., 2016, 2017), even though they have also been re-
corded in a number of other bacterial taxa (Grossi et al.,
2015; Yang et al., 2015). Hernandez-Sanchez et al. (2014)
demonstrated that branched MAGE are commonly found in
suboxic/anoxic marine sediments, whereas water column
particulates typically contain lower relative abundances.
Iso-, anteiso-, and mid-chain methyl branched fatty acids are
also present in our samples, and they are similarly attributed

to sulfate-reducing bacteria. However, numerous other
taxa could also contribute to these fatty acids (O’Reilly
et al., 2017). Nevertheless, 16S rRNA data have dem-
onstrated the universality of sulfur cycling bacteria, for
example, Desulfonatronum, Thiobaccilus, and Firmicutes,
at serpentinite-hosted ecosystems (Daae et al., 2013;
Woycheese et al., 2015), and lipid evidence for sulfate re-
duction at other serpentinite-hosted ecosystems has been
reported (Bradley et al., 2009b; Klein et al., 2015). The
occurrence of Thermodesulfovibrionaceae, a family of
sulfate-reducing bacteria, at the Samail ophiliolite (Miller
et al., 2016; Rempfert et al., 2017) may suggest a contri-
bution of sulfate-reducing bacteria to MAGE and fatty acid
production in our samples.

4.1.5. Alkyl diols. Relatively high concentrations of 1,2-
alkyl diols were restricted to subset B samples (i.e., G11 and
G13). 1,2-alkyl diols are rarely reported in environmental
samples and based on evidence at present appear to be re-
stricted to thermal and/or alkaline spring environments
(Zeng et al., 1992; Pancost et al., 2005) and cultures of
thermophilic bacteria (Pond et al., 1986; Wait et al., 1997;
Van der Meer et al., 2002). If our interpretation of the
iGDGT distribution in our samples is correct, then the high
occurrence of 1,2-alkyl diols in subset B samples may
originate from nonmarine alkaliphilic bacteria. However, a
higher plant signal cannot be ruled out (Buschhaus et al.,
2013).

4.1.6. Potentially diagnostic lipids not reported in the
current study. Due to the limited sample volume and low
recovery of some lipids (see Section 3), we did not screen
for bacteriohopanepolyols (BHPs), which can be synthe-
sized by methanotrophic bacteria (Talbot et al., 2001; van
Winden et al., 2012), methanogen-derived hydroxyarchaeol
(Koga et al., 1993), and intact polar lipids (IPLs). IPLs, in
particular, are prone to rapid degradation during early dia-
genesis, and although these lipids can aid in the character-
ization of living microbial communities, their utility in the
reconstruction of ancient records is, at best, limited (e.g.,
Logemann et al., 2011). Despite the absence of data on
BHPs, hydroxyarchaeol, and IPLs in this study, we do not
rule out the possibility of the presence of these lipids in the
Samail Ophiolite samples, and the potential for their inclu-
sion in the serpentinization lipidome (Table 1). Moreover,
we did not detect steroid biomarkers in the Samail Ophiolite
samples, but we suggest that these may also be important
lipids at other serpentinite-hosted ecosystems.

4.1.7. Summary of lipid biomarkers and their sources.
We categorize the Samail Ophiolite samples into two dis-
tinct subsets, as determined by sample mineralogies and
lipid biomarker distributions. Subset A samples were likely
formed in serpentinite-hosted surface environments and re-
cord lipids derived primarily from marine microorganisms;
subset B samples were likely formed in subsurface envi-
ronments due to interactions with surface waters and record
lipids derived primarily from soil bacteria and other terrestrial
sources. The presence of archaeol in subset A samples, in
addition to elevated GDGT-0/crenarchaeol ratios, may sug-
gest active methanogensis at the Samail Ophiolite. This is
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consistent with rRNA evidence of methane-producing ar-
chaea there (Miller et al., 2016). The presence of MAGE and
fatty acids in these samples likely suggests the occurrence of
sulfate-reducing bacteria at the ophiolite.

4.2. Implications for the preservation and detection
of lipids in ancient environments on Mars

This study reconstructs microbial activity in a modern
serpentinite-hosted ecosystem on Earth as inferred from the
lipid biomarker record of recently formed carbonates
(<50,000 years) (Kelemen and Matter, 2008; Kelemen et al.,
2011; Mervine et al., 2014). Lipids present in the Samail
Ophiolite samples that are consistent with rRNA results,
such as crenarchaeol (likely derived from Thaumarchaeota),
archaeol (possibly derived from archaea of the class Me-
thanobacteria), and fatty acids and monoethers (likely de-
rived from sulfate-reducing bacteria), may have been
formed by modern and/or recent microbial activity. Lipid
synthesis during early carbonate formation (*50,000 ka)
likely also contributed to the total lipid reservoir at Oman,
though relative contributions from modern and ancient
sources cannot be constrained by the methods used in this
study. However, if lipid biomarkers are, indeed, preserved
on Mars, they were likely produced billions of years ago,
during the Noachian and/or Hesperian Periods (4.1–3.7 and
3.7–3.0 Gyr, respectively) because the warmer and wetter
climate during these Periods (Cabrol and Grin, 1999; Moore
and Howard, 2005; Fassett and Head, 2008; Warner et al.,
2010; Andrews-Hanna and Lewis, 2011; Ehlmann et al.,
2011; Halevy and Head, 2014; Goudge et al., 2016) may
have supported microbial life (Cabrol and Grin, 1999;
Warner et al., 2010; Ehlmann et al., 2011). Thus, the im-
plications of this study for the detection of lipid biomarkers
in ancient environments on Earth and Mars are discussed
next.

An important consideration in the search for ancient
biosignatures is the potential of these molecules for long-
term preservation. Although the preservation potential of the
serpentinization lipidome remains poorly constrained, evi-
dence from the sedimentary rock record on Earth suggests
that the long-term preservation of lipids is a common oc-
currence. The earliest reported evidence of ether lipids on
Earth, which includes archaeol, non-isoprenoidal monoethers
and diethers, and their diagenetic products (biphytanes), is
from the early to mid-Triassic (Saito et al., 2015, 2017) and
the late Carboniferous (Birgel et al., 2008). However, labo-
ratory studies have demonstrated the ability of these archaeal
lipids to tolerate high levels of thermal maturation (Koop-
mans et al., 1995, 1996; Pease et al., 1998), highlighting their
potential for even longer-term preservation than has been
previously reported (Saito et al., 2015, 2017). This, combined
with the ability of some archaea to tolerate extreme envi-
ronmental conditions, such as exposure to UV radiation and
perchlorates (Oren, 2014; see later discussion in section 4.2),
make archaeal lipids excellent candidates for detection on
Mars. Moreover, slower weathering rates on Mars relative to
Earth and conditions of rapid organic burial (Hays et al.,
2017) would likely facilitate the long-term preservation of
archaeal lipids if, in fact, they were produced on Mars.

Fatty acids and alkyl diols have comparatively longer
records of preservation relative to ether lipids in the rock

record on Earth, and they have been reported in sediments
that are hundreds of millions to billions of years old (Han
and Calvin, 1969; Van Hoeven et al., 1969). However, these
studies were conducted before the widespread prevalence of
contamination of ancient sediments from contemporary
microbes was appreciated, and thus, further investigation
into the longevity of these lipids is warranted. Nevertheless,
these studies suggest that fatty acids, alkyl diols, and other
bacterially derived lipids have the potential for long-term
preservation on timescales consistent with the potential
evolution of life on Mars.

Due to inorganic carbon limitation in serpentinizing sys-
tems (McCollom and Seewald, 2013; Schrenk et al., 2013)
and the low concentrations of some lipids reported in this
study (see Section 3), the successful identification of lipids in
these habitats is likely reflective of lipid structural quality,
rather than total lipid abundance. On Earth, early diagenetic
processes can alter lipids, and they can form molecular fossils
with notable patterns of degradation (Van Vleet and Quinn,
1979; Haddad et al., 1992; Reiche et al., 2018). For example,
ether lipids are commonly preserved in the fossil record as
biphytane hydrocarbons, which are the diagenetic products of
GDGTs. The preferential degradation of unsaturated, meth-
ylated, and low-molecular-weight fatty acids relative to their
higher molecular weight and saturated counterparts can also
occur during early diagenesis, and later diagenetic effects can
result in an alteration of fatty acid carbon chain length
( Johnson and Calder, 1973; Matsuda and Koyama, 1977; Van
Vleet and Quinn, 1979; Haddad et al., 1992). This suggests
that the ability of lipids to persist through time as molecular
fossils in the martian subsurface may be of paramount im-
portance to their successful identification and recovery by
future missions to Mars.

Here, we identify the solvent extractable organic com-
pounds present in carbonate samples from the Samail
Ophiolite. However, lipids can also be absorbed onto, or
entrained within, minerals and/or preserved in recalcitrant
macromolecular material (kerogen) during diagenesis due to
the replacement of functional and/or other organic groups
with cross-linked, insoluble components (Gobé et al., 2000;
Pancost et al., 2008; Vandenbroucke and Largeau, 2007).
Methods involving the chemical or thermal cleavage of
organics from the macromolecular material, such as hy-
dropyrolysis (Love et al., 1997; Maroto-Valer et al., 1997),
have been utilized in the detection of kerogen-bound alkanes,
steranes, hopanes (Murray et al., 1998), and archaeal lipids
(Pancost et al., 2008) on Earth. These methods may be espe-
cially useful in extracting organic material from sediments that
would otherwise generate low lipid yields. Thus, future in-
vestigations of macromolecular-bound products at the Samail
Ophiolite and in other serpentinite-hosted environments on
Earth will be critical to inform the planning for future rover
missions to Mars with sample return.

A substantial challenge to the preservation of lipids on
Mars is its inhospitable surface environment. Lipids may be
altered or completely destroyed by chemical oxidation in
high-energy environments, due to the prevalence of per-
chlorates in the martian regolith and exposure to ionizing
radiation (Hays et al., 2017). Serpentinite-hosted environ-
ments would facilitate better preservation of lipids and other
biosignatures than surface sediments because these are be-
low the zone affected by solar and cosmic radiation. Moreover,
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these ecosystems efficiently buffer fluids to extremely low-
oxygen fugacities, even within millimeters of Earth’s oxidizing
surface conditions. In addition to lipids, subsurface environ-
ments on Mars have the potential to preserve a suite of other
biosignatures, including microbial structures and textures,
isotopic signatures, and trace elements (Hays et al., 2017).

With the identification of alteration minerals throughout
the martian southern highlands, it is likely that serpentini-
zation was a common and widespread process on early Mars
(Ehlmann et al., 2009, 2010; Amador et al., 2017, 2018). If,
indeed, these regions are determined to have hosted ancient
serpentinization processes, we suggest their potential as
important locations for the long-term preservation of lipid
biomarkers. Based on evidence from this study, we also
highlight the diversity of lipids produced in serpentinite-
hosted environments.

5. Conclusions

Here, we present one of the first lipid biomarker records
of a terrestrial serpentinite-hosted ecosystem, contributing to
a growing understanding of the role of serpentinization
processes in sustaining microbial life on Earth. The distri-
butions of isoprenoidal and brGDGTs, MAGE, and fatty
acids found at the Samail Ophiolite show strong similarities
to those of biomarker assemblages identified at the subma-
rine, serpentine-hosted LCHF, providing evidence for
a common core serpentinization lipidome that includes
sulfate-reducing and ammonia-oxidizing bacteria, metha-
nogens, and methanotrophs. Continuing investigations of the
Samail Ophiolite and similar serpentinite-hosted ecosystems
on Earth will help to build a robust molecular toolkit needed
to identify and interpret putative biosignatures in serpenti-
nizing systems on Mars and other terrestrial planets.
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Méhay, S., Früh-Green, G.L., Lang, S.Q., Bernasconi, S.M.,
Brazelton, W.J., Schrenk, M.O., Schaeffer, P., and Adam,
P. (2013) Record of archaeal activity at the serpentinite-
hosted Lost City Hydrothermal Field. Geobiology 11:570–
592.

Mervine, E.M., Humphris, S.E., Sims, K.W.W., Kelemen, P.B.,
and Jenkins, W.J. (2014) Carbonation rates of peridotite in
the Samail Ophiolite, Sultanate of Oman, constrained through
14C dating and stable isotopes. Geochim Cosmochim Acta
126:371–397.

Miller, H.M., Matter, J.M., Kelemen, P., Ellison, E.T., Conrad,
M.E., Fierer, N., Ruchala, T., Tominaga, M., and Templeton,
A.S. (2016) Modern water/rock reactions in Oman hyper-
alkaline peridotite aquifers and implications for microbial
habitability. Geochim Cosmochim Acta 179:217–241.

Miller, H.M., Mayhew, L.E., Ellison, E.T., Kelemen, P., Kubo,
M., Templeton, A.S. (2017) Low temperature hydrogen
production during experimental hydration of partially-
serpentinized dunite. Geochim Cosmochim Acta 209:161–
183.

Monnier, C., Girardeau, J., Le Mée, L., and Polvé, M. (2006)
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Abbreviations Used

APCI¼ atmospheric pressure chemical ionization
BHP¼ bacteriohopanepolyol

DCM¼ dichloromethane
GDGT¼ glycerol dialkyl glycerol tetraether

iGDGT¼ isoprenoidal GDGT
IPL¼ intact polar lipid

LCHF¼Lost City Hydrothermal Field
MAGE¼monoalkyl glycerol monoethers
MeOH¼methanol

SIM¼ selected ion monitoring
TLE¼ total lipid extract
TMS¼ trimethylsilyl
XRD¼X-ray diffraction
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