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Abstract

Low-temperature serpentinization is a critical process with respect to Earth’s habitability and the Solar System.
Exothermic serpentinization reactions commonly produce hydrogen as a direct by-product and typically produce
short-chained organic compounds indirectly. Here, we present the spectral and mineralogical variability in rocks
from the serpentine-driven Lost City Hydrothermal Field on Earth and the olivine-rich region of Nili Fossae on
Mars. Near- and thermal-infrared spectral measurements were made from a suite of Lost City rocks at wavelengths
similar to those for instruments collecting measurements of the martian surface. Results from Lost City show a
spectrally distinguishable suite of Mg-rich serpentine, Ca carbonates, talc, and amphibole minerals. Aggregated
detections of low-grade metamorphic minerals in rocks from Nili Fossae were mapped and yielded a previously
undetected serpentine exposure in the region. Direct comparison of the two spectral suites indicates similar min-
eralogy at both Lost City and in the Noachian (4–3.7 Ga) bedrock of Nili Fossae, Mars. Based on mapping of these
spectral phases, the implied mineralogical suite appears to be extensive across the region. These results suggest that
serpentinization was once an active process, indicating that water and energy sources were available, as well as a
means for prebiotic chemistry during a time period when life was first emerging on Earth. Although the mineral-
ogical assemblages identified on Mars are unlikely to be directly analogous to rocks that underlie the Lost City
Hydrothermal Field, related geochemical processes (and associated sources of biologically accessible energy) were
once present in the subsurface, making Nili Fossae a compelling candidate for a once-habitable environment on
Mars. Key Words: Mars—Habitability—Serpentinization—Analogue. Astrobiology 17, 1138–1160.

1. Introduction

The search for habitable environments in our solar
system is commonly driven by evidence for environ-

ments with liquid water. However, water alone is not suffi-
cient to sustain life. Temperature and pH gradients, nutrients,
and a source of biologically accessible energy are also critical.
Environments with active serpentinization, which involves the
interaction of water with ultramafic rock, can host ecosystems
driven predominantly by chemical energy harnessed from
these alteration processes (e.g., Kelley et al., 2001, 2005; Früh-
Green et al., 2004; Russell et al., 2010). Serpentinization has
been documented in several Earth settings, including the deep-
sea hydrothermal vent system of the Lost City Hydrothermal
Field (Kelley et al., 2001, 2005; Früh-Green et al., 2004) and
the high-temperature Rainbow and Logatchev Hydrothermal
Fields (Holm and Charlou, 2001; Petersen et al., 2009) on the

Mid-Atlantic Ridge, as well as at numerous ophiolite com-
plexes (e.g., Barnes et al., 1978; O’Hanley, 1996; Früh-Green
et al., 2004). Spectroscopic studies of Mars have also shown
evidence for serpentine-bearing surfaces, implying that ser-
pentinization was an active process at some point in the
planet’s history (e.g., Ehlmann et al., 2009, 2010).

This study characterizes the spectral and mineralogical
variability in mafic bedrock samples and their alteration
products from beneath the Lost City Hydrothermal Field on
the Mid-Atlantic Ridge and compares these results with
mineralogically similar exposures at Nili Fossae, Mars.
Results are placed into a geochemical and astrobiological
context for processes that operated on Mars with implica-
tions for existing and future measurements acquired by or-
bital and landed spacecraft on Mars. Results from this study
may also inform future science and instrumentation for as-
trobiologically relevant missions to Mars.
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1.1. Serpentinization

Serpentinization is an exothermic, volume-increasing re-
action caused by the reduction of H2O by ferrous iron in
ultramafic rocks (Reactions 1–3) (O’Hanley, 1996; Evans,
2010). The reaction enriches altered fluids in H2 and CH4

and other low-molecular-weight hydrocarbons that can be
metabolically exploited by microorganisms (Abrajano et al.,
1988; Kelley et al., 2001, 2005; Proskurowski et al., 2006,
2008; Brazelton et al., 2010; Lang et al., 2010; Etiope et al.,
2011; Klein and McCollom, 2013). The reactions occur over
a wide range of conditions that include penetration by me-
teoric and marine fluids, and at 200�C to >500�C tempera-
tures (Evans, 1977; Früh-Green et al., 2004).

The serpentinization process is ideally composed of three
reactions:

Reaction 1

Fayaliteþwater! magnetiteþ aqueous silicaþ hydrogen

3Fe2SiO4þ 2H2O! 2Fe3O4þ 3SiO2þ 2H2

Reaction 2

Forsteriteþ silicaþwater! serpentine

3Mg2SiO4þ SiO2þ 4H2O! 2Mg3Si2O5 OHð Þ4

Reaction 3

Forsteriteþwater! serpentineþ brucite

2Mg2SiO4þ 3H2O! Mg3Si2O5 OHð Þ4þMg OHð Þ2

Subsequent production of methane is also common in
serpentinizing systems but requires introduction of a carbon
source (e.g., Kelley and Früh-Green, 1999; Charlou et al.,
2002; Früh-Green et al., 2004; Proskurowski et al., 2008),
for example:

Reaction 4

4H2þCO2 ! CH4þ 2H2O

Ultramafic rocks are dominated by olivine with lesser
orthopyroxene minerals; these phases are thermodynami-
cally stable at high temperatures and pressures, as in the
mantle. However, when these rocks are brought to the near
surface, as at some tectonic margins or as komatiites, for
example, they are unstable and consequently readily react
with aqueous fluids (e.g., Evans, 1977; Früh-Green et al.,
2004; Schulte et al., 2006). Because the reactions are exo-
thermic and result in an increase in the rock volume by up to
55% (O’Hanley, 1996), serpentinization may result in en-
hanced fracturing that promotes fluid flow and alteration
(e.g., Kelley et al., 2001, 2005; Lowell and Rona, 2002;
Vance et al., 2007; Denny et al., 2016).

Serpentinization produces hydrous Fe/Mg-serpentine
phases that may be represented by the general formula (Mg,
Fe2+)3(Si2O5)(OH)4. The three most common polymorphs
are the Mg-rich phases antigorite, chrysotile, and lizardite.
Other mineralogical products include magnetite and brucite.
The reactions produce highly alkaline fluids due to an in-

crease in OH- from the dissolution of olivine and pyroxene;
these fluids commonly lead to the precipitation of carbonate
from both meteoric and marine solutions (O’Hanley, 1996;
Früh-Green et al., 2003; Palandri and Reed, 2004; Ludwig
et al., 2006).

Most relevant to astrobiology, the oxidation of Fe2+

(mostly from fayalite, the Fe-olivine end-member) is re-
sponsible for the production of highly reducing molecular
hydrogen (H2) (e.g., Neal and Stanger, 1983; Neubeck et al.,
2014), which is then biologically accessible for microbial
metabolic pathways, such as methanogenesis (Früh-Green
et al., 2004). Zones of active serpentinization, therefore,
create habitable environments where other energy sources
may not be available (e.g., solar or volcanic) and promote
ecosystems driven by the direct products of these geo-
chemical reactions. Serpentinization is likely to have oc-
curred throughout much of Earth’s history and may have
potentially created environments suitable for the origin of
life on early Earth (Kelley et al., 2005; Martin et al., 2008;
Russell et al., 2010, 2014; Stüeken et al., 2013; Sojo et al.,
2016). Given the common association of liquid water in
direct contact with olivine-rich bedrock on Earth, similar
geochemical environments are likely present across the
Solar System, including the icy satellites of Jupiter and
Saturn. These moons likely have olivine-rich mantles in
contact with liquid-water oceans and are compelling sites
to visit for potential extant life in our solar system (e.g.,
Malamud and Prialnik, 2013; Russell et al., 2014).

Products of serpentinization can be detected with infrared
spectrometers (e.g., Brown et al., 2005; Bishop et al., 2008;
Ehlmann et al., 2010), including instrumentation on air-
planes and orbital spacecraft. Planetary surfaces with
serpentine-bearing phases have unique spectral absorptions
in near-infrared (NIR) reflectance and thermal-infrared
(TIR) emissivity (defined here as *1.0–3.0 mm and 5.0–
50.0 mm, respectively) spectra, allowing for the confident
identification of serpentine (e.g., Ehlmann et al., 2010).
Furthermore, given that serpentine is created via reactions
that typically produce H2 in the presence of liquid water,
the identification of serpentine phases is a unique indicator
for two of the three components commonly assumed nec-
essary for a habitable environment: an energy source (H2), a
solvent (liquid water), and nutrients (e.g., Domagal-Goldman
and Wright et al., 2016). Other phases associated with ser-
pentinization, such as talc, also have spectral characteris-
tics in the NIR and TIR portions of the spectrum. In
concert, analyses that span the NIR and TIR provide a more
complete understanding of the full range of compositions
present in a rock or planetary surface and clues about the
paleoenvironment present during their formation and alter-
ation history.

1.2. The Lost City Hydrothermal Field, Earth

1.2.1. Geology. The Lost City Hydrothermal Field is a
submarine hydrothermal venting system located near the
summit of the Atlantis Massif, *15 km west of the slow-
spreading Mid-Atlantic Ridge near 30�N (Kelley et al.,
2001, 2005). The Atlantis Massif is part of a larger ultra-
mafic oceanic core complex composed of uplifted, serpen-
tinized mantle peridotites (e.g., Denny et al., 2016). The
terrain is highly fractured with a complex tectonic history
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not uncommon for sites located near slow- and ultra-slow-
spreading centers (Kelley et al., 2005; Karson et al., 2006;
Denny et al., 2016). The Lost City was serendipitously
discovered in 2000 (Kelley et al., 2001) and includes nu-
merous actively venting limestone monoliths that rise 30–
60 m above the surrounding seafloor. It has been active for
at least 150,000 years (Ludwig et al., 2011) and hosts a
robust microbial community driven by hydrothermal fluids
whose chemistry is determined by serpentinization reactions
in the subsurface (Schrenk et al., 2004; Kelley et al., 2005;
Brazelton et al., 2006, 2010; Proskurowski et al., 2008). It is
one of only a few detected carbonate-dominated hydro-
thermal systems, where the alteration of the olivine-rich
protolith provides biologically viable energy for microbial
life (e.g., Schrenk et al., 2004; Brazelton et al., 2006, 2010).

Faulting of the Atlantis Massif exposes massive serpen-
tinite with lesser gabbro in the bedrock that underlies the
Lost City Hydrothermal Field and in adjacent cliffs. In this
area, >70% of the exposed rocks are variably altered and
deformed serpentinized harzburgites, an ultramafic igneous
rock composed primarily of olivine and low-Ca pyroxene
(Boschi et al., 2006; Karson et al., 2006; Denny et al.,
2016). Serpentine mineral assemblages are predominantly
lizardite, with or without chrysotile and trace amounts of
antigorite (Boschi et al., 2006). Talc, chlorite, and tremolite
are also found in association with the serpentine phase
(Boschi et al., 2006). The summit of the massif is capped by
pelagic carbonate (Kelley et al., 2001; Früh-Green et al.,
2003; Denny et al., 2016). The field is enclosed by a halo of
carbonate rubble from chimneys associated with the active
and extinct vents (Kelley et al., 2005; Ludwig et al., 2006;
Denny et al., 2016).

The Lost City Hydrothermal Field serpentinites, and as-
sociated alteration products, are produced by the hydration
and oxidation of the underlying ultramafic rocks (Kelley
et al., 2001, 2005; Boschi et al., 2006; Delacour et al.,
2008). Isotopic analyses indicate that the fluid/rock inter-
actions typically occur at temperatures <150�C (Früh-Green
et al., 2003; Proskurowski et al., 2006) and produce pH 9–11
vent fluids enriched in H2, CH4, and other low-molecular-
weight hydrocarbons (e.g., ethane (C2H6), ethylene (C2H4),
and propane (C3H8)) (Kelley et al., 2001, 2005; Proskur-
owski et al., 2006, 2008; Lang et al., 2010). When the al-
kaline fluids mix with seawater, carbonate ions combine
with Ca2+ ions, resulting in the precipitation of aragonite
(Früh-Green et al., 2003; Ludwig et al., 2006). The Mg-rich
mineral brucite also precipitates. During aging of the struc-
tures, brucite is lost, and the metastable aragonite converts
to calcite (Ludwig et al., 2006, 2011). Dating of the lime-
stone deposits indicates that the field has been active for
>120,000 years (Ludwig et al., 2011).

1.2.2. Biodiversity. A thriving microbial ecosystem was
discovered at the Lost City Hydrothermal Field, presumably
sustained by the geochemical products of serpentinization,
hydrothermal flow, and mixing with seawater (Kelley et al.,
2001, 2005; Schrenk et al., 2004; Brazelton et al., 2006,
2010). Extensive biofilms are developed on mineral surfaces
within the carbonate structures (e.g., Kelley et al., 2001;
Schrenk et al., 2004; Brazelton et al., 2011). Microbial
communities representing all three domains of life (Bra-
zelton et al., 2006, 2010; López-Garcia et al., 2007) are

found throughout the chimneys, from the mesophilic
(*25�C), aerobic surfaces to the (hyper)thermophilic (50–
90�C), anaerobic zones of the chimney interiors (Kelley
et al., 2001; Schrenk et al., 2004). The resident microbial
communities are stimulated by the abundant chemical en-
ergy available from serpentinization (Brazelton et al., 2011).
This energy is approximately twice that available at basalt-
hosted black smokers due to the higher concentration of H2

(McCollom and Seewald, 2007) in serpentinization-driven
systems.

1.3. Nili Fossae, Mars

The Nili Fossae are a set of concentric graben-forming
fractures to the west of the Isidis Basin and to the north of
the Syrtis Major volcanic complex (Fig. 1). The fractures
and faulting likely formed due to flexure and unloading
associated with the Isidis Basin–forming impact (Wichman
and Schultz, 1989; Schultz and Frey, 1990), which occurred
*3.9 billion years ago (Frey, 2003). This mid-Noachian
impact event occurred during a period when hydrous alter-
ation of crustal rocks was occurring globally on Mars (e.g.,
Carr and Head, 2010). Extensive exposures of olivine-rich
bedrock occur within, and in proximity to, Nili Fossae (e.g.,
Hoefen et al., 2003), which is observable from orbit (Ruff
and Christensen, 2002).

A diverse range of both primary and alteration minerals
have been documented in the region (e.g., Poulet et al.,
2005; Bibring et al., 2006; Mangold et al., 2007; Mustard
et al., 2007, 2009; Ehlmann et al., 2008, 2009, 2010; Tor-
nabene et al., 2008), including an assemblage of phases
associated with low-grade metamorphism (e.g., Ehlmann
et al., 2009, 2010; Brown et al., 2010; Viviano et al., 2013).
These include serpentine, which has been identified by
spectroscopic measurements in several locations across
Mars (Ehlmann et al., 2010; Viviano-Beck and Murchie,
2014). However, the presence of serpentine phases in Nili
Fossae is unique because they are found within a well-
defined stratigraphic context. The eastern Nili Fossae bed-
rock is composed of three major bulk compositions. Moving
from bottom to top of the section, the lowermost unit is com-
posed of an olivine-poor basalt with an Fe/Mg-phyllosilicate
component consistent with nontronite, followed by an olivine-
rich basalt that has been variably altered to Mg carbonate,
serpentine, and talc and/or saponite, and an olivine-poor ba-
saltic capping unit with localized hydration and alteration re-
sulting in an elevated bulk-silica composition (Amador and
Bandfield, 2016) (Fig. 1).

2. Approach

Fifteen variably altered and deformed serpentinites, gab-
bros, fault rocks, and carbonate samples from the Lost City
Hydrothermal Field were selected for spectral analysis from
a set collected by the human-occupied vehicle Alvin during
an oceanographic cruise in 2003 funded by the National
Science Foundation (Kelley et al., 2001; Table 1 and Fig. 2).
The 15 samples were classified into six rock-type groups:
‘‘serpentinite,’’ ‘‘carbonate,’’ ‘‘gabbro,’’ ‘‘talc-rich fault
rock,’’ ‘‘amphibole-rich fault rock,’’ and ‘‘pelagic top-
layer.’’ Mineralogical and compositional analyses for the
non-carbonate samples have been described by Boschi et al.
(2006), Delacour et al. (2008), and Karson et al. (2006) and
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for carbonate deposit samples by Ludwig et al. (2006, 2011)
(Table 1) using petrographic and bulk rock geochemical
methods: no NIR or TIR spectral characterizations of these
rocks had been performed previously. Handheld rock de-
scriptions for the 15 samples used for this study are provided
in Table 1.

Spectral characterization of rock samples has several
benefits; first, it allows for a nondestructive method of de-
termining the mineral constituents of the rocks, unlike (for
example) preparing thin sections for electron microprobe
analysis, which only provides elemental abundances. Sec-
ond, little sample preparation is needed, saving time and
resources. Third, spectral characterization provides a library
from this specific hydrothermal environment using mea-
surements directly comparable to those acquired of other
planetary surfaces. Near- and thermal-infrared spectral
measurements have been collected by numerous spacecraft
throughout the Solar System, including Mars (e.g., CRISM/
TES/THEMIS), Ceres/Vesta (Dawn VIR), Pluto (New
Horizons RALPH), and Jupiter (Galileo NIMS), and they
are planned for future robotic missions. These measure-
ments are particularly useful because they can be made re-
motely from orbit and because they can provide a wealth of
information at global, regional, and local scales. With these
benefits in mind, we measured the TIR emissivity and NIR
reflectance properties for Lost City samples and compared
them to measurements of low-grade alteration minerals on
the surface of Mars in Nili Fossae (e.g., Ehlmann et al.,
2009; Brown et al., 2010; Viviano et al., 2013), which were
detected with NIR reflectance measurements. These mea-

surements also serve as a spectral library for future orbital
and landed spacecraft with these measurement capabilities.

2.1. Laboratory spectral measurements

2.1.1. Thermal infrared. Thermal-infrared emissivity
measurements can provide an understanding of the bulk
mineralogical composition for a given rock sample. This is
possible because most rock-forming minerals have major
absorptions in the 200–2000 cm-1 (5.0–50.0mm) range (e.g.,
Thomson and Salisbury, 1993). Because of the implications
for serpentinization and hydrothermal mineral identification,
the spectral characteristics for silicate hydroxides and car-
bonates are of particular relevance to this work. Reststrahlen
band absorptions occur between 833 and 1250 cm-1 (8.0 and
12.0 mm) due to vibrational motions associated with Si-O
stretching modes—the exact minima for this feature depend
on the mineral structure and composition (e.g., Hunt and
Salisbury, 1971). Additional absorptions due to Si, O, and Al
stretching and bending motions occur at longer wavelengths
between 250 and 833 cm-1 (40.0 and 12.0mm) (Hunt, 1980).
Hydroxide-bearing minerals have characteristic spectral fea-
tures due to fundamental bending modes of OH-metal ions
(Hunt, 1980). Carbonate minerals have strong absorption
features due to CO3 vibrational modes in the 1250–1666 cm-1

(6.0–8.0mm) range (Hunt and Salisbury, 1971).
Thermal-infrared emissivity measurements allow for

quantitative mineral abundances to be calculated from the
whole rock spectrum. The high absorption coefficient of
typical rock-forming minerals in the TIR spectral range

FIG. 1. Nilo-Syrtis Major colorized eleva-
tion map with THEMIS Global Day IR mo-
saic used for shading centered around 76.6�E,
22.4�N. Inset image shows typical Nili Fossae
stratigraphy in CTX image DO1_027691_
2025_XN_22N_282W.
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results in a spectrum that can be approximated by a linear
combination of each individual mineral spectrum of the
measured surface, weighted by the areal abundance of the
mineral (e.g., Thomson and Salisbury, 1993; Ramsey and
Christensen, 1998). The TIR spectral measurements there-
fore serve to (a) determine the bulk mineralogy of the Lost
City samples and (b) provide an understanding of the variety
of TIR spectral characteristics specific to this type of hy-
drothermal system. The latter can be used for future data
analysis and instrumentation selection on orbital and landed
missions to Mars and other silicate-bearing bodies.

Thermal-infrared emissivity spectra were collected at the
Thermal Emission Spectroscopy Laboratory at Arizona State
University. A modified Nicolet Nexus 670 FTIR interfero-

metric spectrometer was used to collect emission measure-
ments between 200 and 2500 cm-1 (4.0 and 50.0mm). For
details regarding the instrument setup, measurement, and
calibration procedures, see the work of Ruff et al. (1997).
Rock samples were heated to *80�C for several hours in an
oven and then transferred to an N2-purged environmental
chamber where the radiance was measured via the emission
port of the spectrometer. Several measurements, each with a
spot size of *1 cm2, were made for all 15 rock samples.
Different rock faces were exposed to the detector in order to
capture any heterogeneity in mineralogy.

Mineral abundances were determined by using a linear de-
convolution method applied to the measured TIR emissivity.
This method has been shown to successfully model the

Table 1. Lost City Hydrothermal Field Samples with Descriptions

Sample
number Rock type

Boschi et al.
(2007) Table 1.

Description

Delacour et al.
(2008) Table 2.

Description

Karson et al.
(2006) Table 1.

Description Reference ID*
Rock description

(this study)

1 Serpentinite Serpentinite None Serp+amph+chl.
Veins of late
calcium
carbonate

3872-1136 Dark-toned, heterogeneous
coloring, mesh-textured,
small fractures

2 Gabbro Gabbro None Medium-grained
gabbro

3876-1117 Dark-toned, heterogeneous,
large fractures

3 Talc-rich
fault rock

Talc-rich
fault rock

None Serpentinite/talc-
amph schist

3873-1124 Light-toned, heterogeneous
coloring, soapy feeling
to touch

4 Serpentinite None None Serpentinite 3873-1245 Massive, dark-toned,
heterogeneous coloring,
microfractures,
mesh-textured

5 Gabbro Mylonitic
gabbro

None None 3867-1254 Dark-toned, fractures filled
with light-toned material

6 Serpentinite Serpentinite None None 3877-1344 Heterogeneous, highly
fractured with light-toned
material, mesh-textured,
soapy feeling to touch

7 Amphibole-rich
fault rock

Amphibole-rich
fault rock

None None 3877-1313 Light-toned, heterogeneous,
marbled texture

8 Serpentinite None Serpentinite None 3877-1307 Heterogeneous, highly
fractured with light-toned
filling, mesh-textured

9 Serpentinite Serpentinite
(local
metasomatism)

None None 3877-1158 Heterogeneous, highly
fractured, fractures, large
alteration veins, soapy
feeling to touch

10 Pelagic
top-layer

None None None 3867-1116 Brecciated fragments in a
fine-grained carbonate
matrix

11 Carbonate None None None 3881-1132B Porous, fine-grained, bright
white, friable

12 Carbonate None None None 3867-1308 Brown colored, porous,
fine-grained, fossils, friable
*Described in Ludwig
et al. (2006)

13 Carbonate None None None 3869-1446 Porous, fine-grained, bright
white, friable, some
reddish discoloration
*Described in Ludwig
et al. (2006)

14 Pelagic
top-layer

None None None 3862-1549 #6 Brown-colored, porous,
fine-grained, friable, fossils

15 Carbonate None None None 3864-1537 Bright white, friable porous,
fine-grained

*Reference ID is used across studies by others working with these samples. Sample number is used for this study only.
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mineralogy for coarse particulate mixtures and rocks (Ramsey
and Christensen, 1998; Feely and Christensen, 1999; Hamilton
and Christensen, 2000; Rogers and Aharonson, 2008). As stated
previously, this method allows for a nondestructive analysis of
mineralogy with a *5–7 vol % detection limit under optimal
conditions (e.g., no interfering factors due to small particle sizes
and the end-member spectral library has all the correct phases
present) (Ramsey and Christensen, 1998; Feely and Chris-
tensen, 1999; Hamilton and Christensen, 2000) and a fairly
rapid sample-preparation, measurement, and modeled mineral-
ogy turnaround time. This method separates the input emissivity
spectrum into its constituent mineral components using a non-
negative linear least-squares fitting routine and a library of
known laboratory spectral end-members (e.g., Rogers and
Aharonson, 2008). Given that the modeled spectrum is depen-
dent on the spectral library used, if a mineral present in the
experimental sample is not included in the spectral library, then
the modeled mineralogy will not be consistent with the sample’s
actual mineralogy. Because of this, a large spectral library was
used, with care to use multiple polymorphs for expected end-
members. A total of 73 library spectral end-members, including
six separate serpentine spectra, were used for this study (Sup-
plementary Table S1; Supplementary Data are available online
at www.liebertonline.com/ast). It should be noted that the
spectral library will likely never contain the full range of spectral
end-members within the measured sample, given the potential
diversity of compositions.

2.1.2. Near-infrared. Near-infrared reflectance mea-
surements are sensitive to a broad range of hydroxylated and
hydrated mineral phases, carbonates, and Fe-bearing phases.
Absorptions due to OH- and H2O generally occur near
*1.40 and 1.90mm for most hydrated phases and are typi-

cally not diagnostic of a specific phase. However, metal
cation-OH absorptions are present at slightly longer wave-
lengths (*2.10–2.40mm), and their shape and wavelength
absorption center can commonly be used to uniquely identify
specific phases. For example, the reflectance spectra for the
Mg-rich polymorphs of serpentine have a unique shallow
2.10–2.12mm absorption with an asymmetric absorption
centered at 2.35mm. The identification of these absorption
features in NIR reflectance spectra, in combination with the
1.40/1.90mm OH-/H2O hydration absorptions, can be used to
uniquely identify and distinguish the presence of serpentine
from other hydrated phases (e.g., Ehlmann et al., 2010).

Visible and near-infrared reflectance spectra were col-
lected at the Department of Earth and Space Sciences at the
University of Washington with a portable FieldSpec4 HiRes
spectroradiometer with a spectral range of 0.35–2.50mm.
Radiance was collected with a 25� full conical angle fiber-
optic cable mounted to a pistol grip aimed *2 cm from the
sample. Samples were illuminated by a standard heat lamp
to increase the measured signal, and stray light was limited
by covering laboratory windows and acquiring measure-
ments after sunset. Similar to the acquisition of the TIR
emitted radiance, measurements were taken from multiple
spots of *2 mm2 due to sample heterogeneity at that spatial
scale (e.g., Fig. 2). Data were calibrated using a spectralon
calibration target, and reflectance was calculated with RS3

Spectral Acquisition and ViewSpec Pro software.

2.2. Mars data set from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM)

CRISM is a hyperspectral visible and near-infrared im-
ager on board the Mars Reconnaissance Orbiter with 544

FIG. 2. Photographs of the Lost City Hydrothermal Field samples used for this study.
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spectral bands between *0.4 and 4.0 mm (Murchie et al.,
2007). CRISM has multiple observation modes with several
spectral and spatial samplings. The alteration phases we are
interested in for this study have been identified by using full-
resolution short and targeted (FRS and FRT) images with a
spatial sampling of *20 m/pixel and half-resolution short
and long (HRS and HRL) images with a spatial sampling of
*40 m/pixel. For this study, we focused on examining
CRISM images in locations where previous studies have
identified serpentine-bearing phases, as well as other low-
grade alteration phases. Furthermore, we performed automated
factor analysis, similar to principal component analysis, and
target transformation analyses (Malinowski, 1991; Bandfield
et al., 2000; Thomas and Bandfield, 2017) on all CRISM FRT,
FRS, HRL, and HRS images acquired after 2011 (80 in total;
see Supplementary Table S2 for list of images), as these im-
ages have not yet been described by previous studies with
respect to phases associated with serpentinization. The use of
factor analysis and target transformation allows for the rapid
identification of the dominant spectral end-members within an
image and reduces random noise. These techniques have been
shown to be useful for these types of studies with CRISM data
(e.g., Thomas et al., 2014; Thomas and Bandfield, 2017).

Although TIR measurements from the Thermal Emission
Spectrometer (TES) on board the Mars Global Surveyor
spacecraft have been acquired of the martian surface at high
enough spectral resolutions to identify serpentine, and re-
lated phases, the spatial footprint for a single measurement
taken by this instrument is approximately 3 · 6 km. The
surface exposures in Nili Fossae of interest are significantly
smaller than can be resolved with TES data. Because of this,
the present study focused exclusively on CRISM NIR re-
flectance measurements.

CRISM images were corrected for atmospheric gas ab-
sorptions by using the scaled volcano-scan method described
by McGuire et al. (2009) with additional atmospheric cor-
rection techniques adapted from the current CRISM Analysis

Tool (CAT) v.7.2.1. Spectral index maps were created in a
manner similar to that described by Pelkey et al. (2007) and
Viviano-Beck et al. (2014). Spectral indices map the strength
of specific spectral features that are indicative of particular
phases across a CRISM image, allowing for the rapid analysis
of the data. Areas of interest within a given image were then
further investigated by evaluating I/F (the radiance observed
by the CRISM detector divided by the solar irradiance at the
top of the martian atmosphere and is equivalent to reflectance)
spectra and spectral ratios to confirm the presence or absence
of the spectral feature (or features) of interest. Spectral ratios
were created by taking a pixel average of I/F values for an area
of interest and dividing it by the I/F average for a region
considered spectrally neutral (or spectrally known) within the
same image columns, to reduce the effects of image striping
on the spectral ratios.

3. Measurements and Observations

3.1. Lost City Hydrothermal Field measurements

3.1.1. Thermal-infrared measured emissivity. Measured
TIR emissivity spectra for the Lost City samples show well-
defined absorption features consistent with the basic bulk
mineralogy for most of the samples and clearly separate the
previously defined rock types from one another (Figs. 3–5).
Most spectra indicate a mixed mineralogy, with multiple
phases present.

‘‘Carbonate’’ rock type spectra show a broad absorption
with an emissivity minimum near 262 cm-1 (*38.2mm), a
distinct narrow absorption at 864 cm-1 (*11.6mm), and a broad
and flat-bottomed absorption near 1512 cm-1 (*8.7mm). This
spectral shape is most consistent with a rock dominated by
aragonite based on the shapes of the measured 1512 and
262 cm-1 absorptions (Fig. 3). The ‘‘pelagic top-layer’’ rock type
has low signal-to-noise emissivity spectra due to the low thermal
conductivity of the fine-grained porous samples. Samples show
weak absorptions near 320 cm-1 (*31.3mm) and a weak,
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FIG. 3. Thermal-infrared emissivity measurement for ‘‘carbonate’’ and ‘‘pelagic top-layer’’ samples compared to end-
member library spectra for calcite and aragonite. ‘‘Carbonate’’ measurements match best with library calcite spectra, while
‘‘pelagic top-layer’’ measurements match best with library aragonite spectra.
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FIG. 4. Deconvolution results for non-‘‘serpentinite’’ Lost City samples. Any mineral group with abundances calculated
to less than 5% have been grayed out. Spectra shown for each rock type are representative of the multiple spectra measured
for each rock.
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narrow absorption near 886 cm-1 (*11.2mm). These absorp-
tions are more consistent with calcite compared to the other
carbonate phases within our spectral library (e.g., magnesite,
dolomite) (Fig. 3).

Emissivity spectra for the ‘‘talc-rich fault rock’’ have three
apparent absorptions with minima at 1035, 673, and 467 cm-1

(*9.6, 14.8, 21.4 mm). This spectrum is similar to laboratory
spectra of talc, with the exception of the 1035 cm-1 ab-
sorption. Talc has an emissivity minimum shifted to longer
wavenumbers, 1062 cm-1, consistent with a mixed end-
member spectrum (Fig. 4A). ‘‘Gabbro’’ rock–type spectra
(e.g., Sample #2) show two broad absorptions, one centered
near 1071 cm-1 (*9.3 mm) and the other centered near
492 cm-1 (*20.3 mm), broadly consistent with amphibole
and feldspar phases (Fig. 4B).

Emissivity spectra for the ‘‘amphibole-rich fault rock’’ type
show two broad absorptions and two minor absorptions. A broad
asymmetric absorption occurs at high wavenumbers, with an
emissivity minimum of *996 cm-1 (10.0mm), two minor ab-
sorptions at 757 and 684 cm-1 (*13.2 and 14.6mm), and a broad
absorption with an emissivity minimum at 529 cm-1 (18.9mm).
The emissivity spectrum for the ‘‘amphibole-rich fault rock’’
closely matches tremolite spectra from our library (Fig. 4C).

Lost City ‘‘serpentinite’’ rock types show the most TIR
spectral variability. Five different spectral types are distin-
guished across the five different ‘‘serpentinite’’ rock sam-
ples (Fig. 5). Samples #1, 6, 8, and 9 show ‘‘serpentinite’’
spectral type A, which has three broad absorptions centered
near 978 cm-1 (*10.2 mm), 632 cm-1 (*15.8mm), and
455 cm-1 (*22.0 mm). Different surfaces of Sample #4 show
spectral types B and C. Type B has three dominant ab-
sorptions, a narrow absorption near 1035 cm-1 (*9.7 mm),
a minor absorption near 641 cm-1 (*15.6 mm), and a deep
absorption near 471 cm-1 (*21.23mm). Type C has two
dominant absorptions, one near 1031 cm-1 (*9.7 mm) and the
other near 455 cm-1 (*22.0 mm). Only Sample #8 shows
spectral type D, with three major absorptions: the first, a wide
absorption centered near 983 cm-1 (*10.2 mm), followed by
two narrow absorptions near 620 and 455 cm-1 (*16.1 and
22.0 mm). Lastly, Sample #9 shows spectral type E with a
broad, flat-bottomed absorption near 1017 cm-1 (*9.8 mm)
and three absorptions near 616, 540, and 455 cm-1 (*16.2,
18.5, and 22.0 mm). This variability in ‘‘serpentinite’’-type
rocks may be attributed in particular to mineralogical het-
erogeneity at the scale of the spectrometer’s field of view
(*1 cm2). The ‘‘serpentinite’’ rocks are characterized by
large veins of differing composition, gradational alteration,
and variable textures (Table 1 and Fig. 2). All measurements
show absorptions consistent with the presence of serpentine
phases with only minor differences from the serpentine end-
members in our spectral library.

3.1.2. Thermal-infrared deconvolution modeling of mineral
abundances. Thermal-infrared deconvolution modeling
was performed to determine mineral abundances for appro-
priate emissivity spectra. Deconvolution modeling was not
performed on the ‘‘carbonate’’ or ‘‘pelagic top-layer’’ rocks
because they were fine-grained and porous. Fine-particulate
surfaces can create particle size effects in TIR emissivity
spectra that cannot be modeled by using the linear decon-
volution model and therefore do not produce quantitatively
useful mineral abundances (e.g., Lyon, 1965; Ramsey and

Christensen, 1998; Lane, 1999). However, their apparent
absorptions allow for qualitative comparison to spectral li-
brary end-member samples, and the emissivity spectra can
still be used to identify major phases. ‘‘Carbonate’’ rocks are
clearly dominated by aragonite (Fig. 3) as the shape and
emissivity minimum for the low and high wavenumber ab-
sorptions match those of aragonite library spectra. Likewise,
‘‘pelagic top-layer’’ rocks are dominated by calcite (Fig. 3).

All other TIR emission spectra were suitable for linear de-
convolution modeling to determine quantitative bulk-rock
mineral abundances. There are two different approaches to
looking at these results. First, the results can be viewed in terms
of the dominant contributing mineral groups (e.g., feldspar,
amphibole, phyllosilicate) (Figs. 4–5) for a given spectrum. For
this study, serpentine phases (e.g., antigorite, chrysotile, and
lizardite) have been separated from the phyllosilicate group and
are their own stand-alone serpentine mineral group.

The data can also be viewed in terms of individual end-
member abundances (Table 2). To an extent, this allows us
to understand what particular phases are contributing to the
mineral group abundances observed (e.g., whether lizardite
or antigorite is the dominant phase contributing to the ser-
pentine group abundance for a particular rock sample). In
general, the discriminability between mineral phases under
optimal conditions is between 5 and 7 vol % (Ramsey and
Christensen, 1998); however, associated errors and the
model’s ability to discriminate between mineral phases are
impeded when spectral end-members have shallow, nonde-
script absorptions and/or when phases have similar spectral
shapes. The model’s ability to distinguish end-members
within a given group is less than that of distinguishing be-
tween the different groups themselves, but these quantitative
results still provide a first-order look into what particular
phases are likely contributing to the rock’s spectrum.

In general, the deconvolution modeling of measured
spectra show that the Lost City rock samples include variable
mineralogy but that they are typically dominated by one to
two phases. The dominant end-member spectra for the non-
carbonate samples are serpentine, tremolite (amphibole),
labradorite (feldspar), and talc (Figs. 4–5 and Table 2). Mi-
neral deconvolution results are typically in agreement with
the rock types identified by previous studies (e.g., Karson
et al., 2006; Boschi et al., 2006; Delacour et al., 2008).

Deconvolution results for the ‘‘talc-rich fault rocks’’ gen-
erally match previous descriptions of the samples, (i.e., a
mixture of serpentine, talc, and amphibole Karson et al.,
2006; Boschi et al., 2006]). Mineral deconvolution shows that
the measured spectra can be modeled by *63 vol % phyl-
losilicate (excluding serpentine phases) and *19 vol % ser-
pentine phases, with nearly equal spectral contributions from
all three polymorphs (Table 2). Talc and saponite are the
largest phyllosilicate contributors with approximately 42 vol
% talc and 21 vol % saponite. Karson et al. (2006) described
this sample as a ‘‘serpentinite/talc-amph schist’’ (Table 1);
however, the deconvolution results did not include amphibole
as a dominant contributor within our detection limits, though
all other dominant end-members were confirmed.

Similarly, deconvolution modeling of the ‘‘gabbro’’-type
rocks had good fits with the measured emissivity spectra.
These spectra are dominated by feldspar (specifically in the
form of labradorite) and amphibole (in the form of tremolite
and hornblende); this is consistent with metamorphic alteration
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of the original gabbroic rock (Fig. 4B, Table 2). The ‘‘gabbro’’
spectrum also has minor spectral contributions from chrysotile
(*7 vol %) (Table 2). The estimated 9 vol % sulfate may also
be consistent with the observations of sulfate in Lost City
hydrothermal fluids (Kelley et al., 2005) and sulfur found in
underlying mantle rocks (Delacour et al., 2008).

The ‘‘amphibole-rich fault rock’’ spectra were indeed
dominated by 40 vol % amphibole phases, primarily in the
form of tremolite and actinolite. The modeled spectrum has
significant contributions from iron oxide phases (*25 vol
%) and pyroxene and phosphate phases (*7 and 10 vol %,
respectively). However, the model fit to the measured
emissivity spectra was not ideal, especially for the broad
asymmetric absorption near 996 cm-1 (*10.0 mm), imply-
ing that our spectral library is somewhat incomplete and
does not contain all specific phases present within this
sample. The overall shape of this absorption is consistent
with tremolite emissivity spectra, but the measured spec-
trum is shifted to slightly lower wavenumbers (Fig. 4C).

Lastly, the deconvolution results for the ‘‘serpentinite’’
samples show that all samples were dominated by serpen-
tine phases but have variability in terms of the specific
serpentine phases present and other mineral contributors
(Fig. 5). The modeled fit for ‘‘serpentinite’’ Type A spec-
trum is composed of *89 vol % serpentine, with nearly
equal contributions from lizardite and antigorite end-
member spectra. ‘‘Serpentinite’’ Type B modeled spectrum
is composed of 58 vol % serpentine, mostly in the form of
lizardite, but with minor contributions from both chrysotile
and antigorite, and *20 vol % mica. Spectral type C for the
‘‘serpentinite’’ samples shows an elevated abundance of
iron oxides (*39 vol %) in the modeled spectrum. Ser-
pentine is the second largest mineral group contributor, with

a modeled abundance of *25 vol %, mostly in the form of
antigorite. Lastly, deconvolution results show *12 vol %
saponite (phyllosilicate group). Deconvolution results for
‘‘serpentinite’’ spectral type D show *86 vol % serpentine,
primarily composed of lizardite and antigorite (*55 and
*31 vol %, respectively). The modeled fit lacks the fine
spectral structure in the measured spectrum within the broad
1000 cm-1 (*10.0 mm) absorption but fits well at lower
wavenumbers near *450 cm-1 (*22.2 mm) and with the
overall shape of the measured spectrum. Lastly, the modeled
spectrum for ‘‘serpentinite’’ spectra Type E is composed of
58 vol % serpentine in the form of lizardite and antigorite
(*40 and *15 vol %, respectively) and *25 vol % iron
oxides. In this case, the modeled spectrum has minor
spectral features that are not present in the measured spec-
trum but matches well with the overall shape of the mea-
sured spectrum.

Overall, the measured emissivity spectra for the Lost City
rocks are consistent with the bulk-rock compositions for
these samples. In addition, the deconvolution modeling
showed the range of phases within a given rock type. For
example, serpentine phases were found within all the silicate
rock-types. Specifically, when serpentine phases were
present in deconvolution results for the non-‘‘serpentinite’’
rock types (i.e., the ‘‘talc-rich fault rock,’’ ‘‘amphibole-rich
fault rock,’’ and the ‘‘gabbro’’), they typically contained a
higher concentration of chrysotile (Table 2). The ‘‘serpen-
tinite’’ rock types were predominately composed of lizardite
followed by antigorite. In addition, the ‘‘gabbro’’ would be
better defined as a metagabbro given its alteration miner-
alogy. See Section 4.1.3 for detailed discussion of mineral
results with respect to phases expected from theoretical
serpentinization reaction (Reactions 1–3).

Table 2. Thermal-Infrared Deconvolution Model Results for the Non-Carbonate

Rocks Used for This Study

Group End-member

Talc-rich
fault rock Gabbro

Amphibole-rich
fault rock Serp A Serp B Serp C Serp D Serp E

Normalized abundance (%) for abundances above 4% detection limit

Serpentine Antigorite 6.08 — — 43.09 6.3 22.38 31.02 14.98
Chrysotile 6.98 7.22 6.08 — 7.54 — —
Lizardite 5.98 — — 45.46 44.66 — 55.03 40.48

Phyllosilicate Talc 41.87 — — — — — —
Saponite 20.64 — — — — 12.43 —

Iron Oxide Ilmenite — — — — — — — 7.94
Hematite 6.9 — 12.97 — 5.44 26.55 — 5.84
Goethite — 6.03 7.94 — — 12.78 — 10.72

Feldspar Labradorite — 24.44 — — — — —
Anorthite — — — 4.57 — — —

Amphibole Tremolite — 17.27 26.08 — — — —
Hornblende — 11.01 — — — — —
Anthophyllite — 5.43 — — — — —
Actinolite — 11.73 — — — —

Sulfate Gypsum — 6.9 4.56 — — — —
Phosphate Pyromorphite — — 9.88 — — — —
Clinopyroxene Hedenbergite — — 7.05 — — — —
Mica Chlorite — — — — 9.58 — —

Biotite — — — — 9.38 — —
Opal Opal-CT — — — — 5.26 — —
Carbonate Dolomite — — — — — 6.5 —
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3.1.3. Near-infrared measured reflectance. Near-infrared
reflectance spectra of the bedrock Lost City samples show
absorptions typical of ultramafic and mafic rock types and
minerals associated with serpentinization. All spectra show
clear 1.4 and 1.9 mm absorptions indicative of either struc-
turally bound or adsorbed OH- and H2O (Fig. 6).

Reflectance spectra for the ‘‘carbonate’’ and ‘‘pelagic
top-layer’’ samples also show 1.4 and 1.9 mm hydration
absorptions, a broad *2.3 mm absorption, and part of an
absorption centered near 2.5 mm (Fig. 6). The combination
of 2.3 and 2.5 mm absorptions are overtones and combina-
tions due to C-O stretching and bending fundamental crystal
lattice vibrations in carbonates (e.g., Gaffey, 1987). The
wavelength minima of the 2.5 mm absorption can typically
be used to identify the specific major metal cation (e.g., Mg
or Ca), but given that this absorption is not fully sampled by
the spectral range of the laboratory spectrometer, we are
unable to identify the associated cation from these spectra
alone. However, our TIR spectral analysis (Section 3.1.1), as
well as previous studies, identifies these samples as domi-
nated by aragonite and calcite (Ca carbonates) (Fig. 3).

Near-infrared reflectance spectra measured for the ‘‘talc-
rich fault rock,’’ ‘‘amphibole-rich fault rock,’’ and the
‘‘gabbro’’ show similar spectral absorptions with only minor
differences (Fig. 6). The ‘‘talc-rich fault rock’’ has the
deepest absorptions (highest spectral contrast) compared to
the other two phases. Reflectance spectra for this sample, a
compositional mixture dominated by serpentine, talc, and
saponite, as confirmed by the TIR measurements and anal-
ysis, show a weak 2.1 mm absorption (consistent with ser-
pentine) and two longer-wavelength absorptions at 2.31 and
2.38 mm. The latter two absorptions can be attributed to talc,

saponite, or amphibole (e.g., actinolite and/or tremolite), as
these phases are difficult to distinguish spectrally at these
wavelengths (e.g., Brown et al., 2010; Viviano et al., 2013)
(Fig. 7). However, the analysis of the TIR spectra confirms
the presence of both talc and saponite phases in the ‘‘talc-
rich fault rock’’ with small amounts of amphibole.

Both the ‘‘amphibole-rich fault rock’’ and the ‘‘gabbro’’
samples show the same two long-wavelength absorptions
near 2.31 and 2.38 mm as the ‘‘talc-rich fault rock’’ (Fig. 6).
Library spectra for amphibole (e.g., tremolite) reflectance
measurements show that these two absorptions would also
be expected for these amphibole group phases (Fig. 7). The
reflectance spectra for these three rock types look extremely
similar in the NIR wavelength region. Without the confir-
mation of bulk mineralogy derived from the TIR measure-
ments, they would be difficult to distinguish.

Rocks that were described as ‘‘serpentinites’’ in previous
works, and confirmed as such by TIR emissivity analysis,
show diagnostic absorptions associated with Mg-serpentine
phases (i.e., lizardite, antigorite, and chrysotile) in their re-
flectance spectra. A unique 2.10–2.12mm absorption in as-
sociation with a sharp, asymmetric 2.33 mm Mg-OH
combination band clearly indicates the presence of serpen-
tine phases (Fig. 6). Mg-serpentine phases also typically
have a 2.52mm absorption, but given the limited spectral
range of the measurements, this absorption could not be
fully characterized for these samples. A negative slope in
the reflectance at wavelengths >2.45 mm is present and
likely due to this expected absorption.

FIG. 6. Near-infrared reflectance measurements for Lost
City rock samples.

FIG. 7. Near-infrared library spectra for serpentine,
tremolite (amphibole), talc, and saponite. Serpentine can be
uniquely identified by an absorption *2.1 mm. Amphibole,
talc, and saponite are difficult to distinguish spectrally in
this wavelength region.
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3.2. Mars observations: Low-temperature
serpentinization mineral assemblage
in Nili Fossae, Mars

In the present study, we aggregated all observations of
mineral phases in Nili Fossae associated with low-temperature
serpentinization processes on Earth (Fig. 8). Previous studies
have documented the presence of olivine-rich basalts (Hoefen
et al., 2003; Hamilton and Christensen, 2005), carbonates
(Ehlmann et al., 2008; Thomas and Bandfield, 2017), and three
low-grade metamorphic alteration mineral phases: serpentine,
talc, and/or saponite (Ehlmann et al., 2009, 2010; Brown et al.,
2010; Viviano et al., 2013). We also included additional ob-
servations of serpentine, talc/saponite, and Mg carbonate using
automated factor analysis and target transformation techniques
(Thomas and Bandfield, 2017) (Supplementary Table S3). The
following section describes where these phases are observed
and their diagnostic spectral characteristics at NIR wave-
lengths, and these spectral observations will be directly com-
pared with Lost City NIR measurements.

Olivine: Serpentine, talc/saponite, and Mg carbonates
have been identified in regional proximity with an extensive
olivine-rich basalt unit (e.g., Ehlmann et al., 2009; Viviano
et al., 2013). The largest exposures of the olivine-rich basalt
span an approximately 150 · 300 km2 region to the northeast
of the Nili Fossae troughs, though smaller exposures are
observed to the west and south of the main troughs. Quan-
titative deconvolution analyses of emission spectra from the

Mars Global Surveyor TES data indicate that this olivine-
rich basalt unit contains between 20 and 30 wt % olivine
with compositions ranging from Fo68 to Fo75, indicating a
Mg-rich olivine end-member (Hoefen et al., 2003; Hamilton
and Christensen, 2005; Koeppen and Hamilton, 2008; Ed-
wards and Ehlmann, 2015).

The Mg content of the olivine is also confirmed by NIR
spectral data from the OMEGA (Observatoire pour la Mi-
néralogie, l’Eau, les Glaces et l’Activité; Bibring et al., 2004)
and the CRISM instruments (e.g., Ody et al., 2013). CRISM
ratioed I/F spectra for this unit show a broad absorption be-
tween *1.1 and 1.9mm due to the ferrous component of
olivine, typical of an olivine-rich basalt (Fig. 9).

Carbonates: Mg-carbonate spectral signatures have been
observed within some exposures of the olivine-rich basalts and
occupy the same stratigraphic unit as the olivine (e.g., Ehl-
mann et al., 2008). CRISM ratioed I/F spectra for these ex-
posures include a broad 1.10–1.85mm absorption consistent
with the presence of olivine, a 1.9mm combination overtone
from structural H2O, an asymmetric narrow 2.3mm absorption,
and a broader 2.5mm absorption (e.g., Ehlmann et al., 2008)
(Fig. 9). The wavelength minimum for the 2.5mm absorption is
consistent with Mg carbonate (Ehlmann et al., 2008).

Serpentine: Three serpentine-bearing exposures have been
identified in the region, two by Ehlmann et al. (2009) and one
by authors of the present study (CRISM FRT0002AE17_01).
As for the Mg-carbonate exposures, these exposures are
found within the olivine-rich stratigraphic unit. CRISM

FIG. 8. Alteration mineral distribution
map for Nili Fossae on THEMIS Global
Day IR mosaic background centered on
75.7�E, 20.8�N. CRISM stamp colors indi-
cate the identification of one, or multiple,
alteration phases of interest within that gi-
ven CRISM image. Identifications made in
the present study and by Ehlmann et al.
(2009), Viviano et al. (2013), and Thomas
and Bandfield (2017). Bold black arrow
indicates CRISM image FRS0002AE17_01
shown in detail in Fig. 10.
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ratioed I/F spectra of serpentine-bearing surfaces contain a
broad short-wavelength absorption consistent with olivine-
bearing material; 1.39 and 1.90mm absorptions consistent
with hydration (bound OH- and H2O); and a series of longer
wavelength absorptions, including a weak 2.10–2.12mm ab-
sorption and 2.32mm (Mg-OH), 2.38mm, and 2.50mm ab-
sorptions (Fig. 9). The combination of the 1.38, 2.10–2.12,
2.32, and 2.50mm absorptions are unique to Mg-serpentine
(e.g., Ehlmann et al., 2010). The 2.38mm absorption is con-
sistent with the presence of other Mg phyllosilicates, like talc
and saponite—or potentially amphibole (e.g., Brown et al.,
2004).

Talc/Saponite/(Amphibole?): Lastly, a phase consistent
with talc or possibly saponite has been identified in isolated
areas across the Nili Fossae region (e.g., Brown et al., 2010;
Viviano et al., 2013). These are typically found near Mg-
carbonate-bearing exposures, but not necessarily co-spatially
(Fig. 8). Spectra for these exposures typically contain a nar-
row 1.38mm absorption, a broad asymmetric 1.90 mm OH-/
H2O absorption, a strong narrow 2.32 mm absorption, and a
weaker absorption at 2.38mm (Fig. 9). It should be noted that,
as with the NIR laboratory spectra described in Section 3.1.3,
it is not possible to distinguish talc/saponite from amphiboles
like tremolite or actinolite by using reflectance spectra at
these wavelengths (Figs. 6 and 7). As such, it is unclear
whether surfaces with these spectral characteristics represent
a single phase or various combinations of these spectrally
ambiguous phases.

There is one CRISM image that contains all four spectral
types (olivine, serpentine, carbonate, and talc/saponite/am-
phibole) within a single scene: FRS0002AE17_01 (Fig. 10;
Table 3). The ratioed I/F spectra for the serpentine-bearing
exposures in this image show a clear absorption near 2.11mm,
in addition to absorptions near 1.90 and 2.32 mm. A phase with
two absorptions, *2.30 and *2.40 mm, may be consistent
with talc, saponite, and/or amphibole but was only weakly
identified by the D2300 index, likely because its 2.32 mm
absorption is relatively shallow compared to the carbonate
and other Fe/Mg-smectite phases found within the image. The
2.30/2.40mm spectral type found in this image is less con-
sistent with a pure talc/saponite spectral end-member, which
typically has wavelength absorption centers closer to 2.32 and
2.38 mm; however, this may be due to the limited spatial scale
of this exposure or partial alteration leading to more com-
plicated mineralogy.

4. Discussion

4.1. Laboratory measurements

4.1.1. Usefulness of thermal-infrared measurements.
Through this nondestructive analytical method, the miner-
alogy of rock types from the Lost City Hydrothermal Field
is in agreement with past studies and has been useful in
providing a detailed description of the mineralogy. This has
been particularly illuminating with the ‘‘serpentinite’’ rock
types, which show considerable variability in their emis-
sivity spectra.

Five different spectral types were documented within the
‘‘serpentinite’’ rocks. Characterization of types A and B are
reproduced well with the spectral end-member library used
for deconvolution modeling (Fig. 5), implying that the
majority of phases present within those rock samples were
also found in our spectral end-member library. Deconvolu-
tion modeling for ‘‘serpentinite’’ spectral types C, D, and E
shows general agreement with the emissivity measurements
for those rocks, but the modeling either added or missed
minor absorptions. In these cases, the spectral end-member
library was likely incomplete and did not include the full
range of phases present within the rock samples.

Serpentine is a particular case where there is a great deal
of expected variability both in terms of mineral phases and
spectral characteristics (e.g., Wicks and O’Hanley, 1988). A
search for TIR emissivity spectra of lizardite, antigorite, and
chrysotile across spectral libraries (e.g., the U.S. Geological
Survey Spectral Library [Clark et al., 2007], the Arizona
State University Spectral Library [Christensen et al., 2000])
shows a wide range of spectral characteristics for these
phases (Fig. 11), all with similar general shapes but variable
detail. Similarly, our serpentinite samples, all from the same
low-T hydrothermal system, show a range of observed
emissivity spectra, though the overall shapes are still con-
sistent with known serpentine spectra. Therefore, in addition
to confirming that these samples are indeed serpentinites,
these spectra serve as spectral end-members and demon-
strate the spectral variability for this particular low-T ser-
pentinizing environment.

4.1.2. Observed patterns in thermal-infrared measure-
ments. Thermal-infrared emissivity measurements show
several patterns of dominant Mg-serpentine polymorphs
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FIG. 9. CRISM ratioed I/F spectral measurements for
the spectral suite associated with low-temperature ser-
pentinization found in Nili Fossae. Olivine and Mg-
carbonate spectra from CRISM image FRT00003E12_07
(Ehlmann et al., 2008), Mg-serpentine spectrum from
CRISM image FRT0000ABCB_07 (Ehlmann et al.,
2009), and talc/saponite spectrum from CRISM image
FRT0000A053_07 (Viviano et al., 2013). (See Table 3 for
pixel locations.)
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within the different Lost City rock samples. The three Mg-
rich serpentine polymorphs are lizardite, chrysotile, and
antigorite. Lizardite is expected to form in low-temperature
serpentinizing environments where fluid temperatures are
typically between 50�C and 300�C, and the typical co-

products are magnetite and H2 (+/- brucite) (Evans, 2004,
2010). Consistent with the low-temperature regime that
they form in, the predominate serpentine polymorph in the
Lost City ‘‘serpentinites’’ is lizardite, apart from serpentine
spectral type C.

FIG. 10. CRISM image FRS0002AE17_01 (black arrow in Fig. 8) with new detections of serpentine, carbonate, and talc/
saponite in association with the olivine-rich basalt unit. Note that the overall shape of the talc/saponite spectrum appears to be
affected by a pyroxene phase likely due to subpixel mixing. False-color IR image projects CRISM wavelengths 2.53, 1.50, and
1.08mm as red, green, and blue, respectively. The OLINDEX, D2300, BD2500 indices each show colorized maps indicating
the intensity of spectral features associated with olivine, Fe/Mg phyllosilicates, and Mg carbonates, respectively. The green
box in the D2300 index indicates the surfaces used for the CRISM serpentine-bearing spectrum shown to the right, the blue
box in the D2300 index indicates the surfaces used for the CRISM talc-bearing spectrum shown to the right, and the purple box
in the BD2500 index indicates the surfaces used for the CRISM Mg-carbonate-bearing spectrum shown to the right. See
Table 3 for exact CRISM pixel locations for displayed spectra.

Table 3. CRISM Sample and Line Numbers for Spectra Shown in Figures 9 and 10

Figure Number CRISM Image ID Label Numerator (column; row) Denominator (column; row)

9 FRT00003E12_07 Olivine-rich (133–137; 274–278) (133–137; 258–262)
Mg-carbonate-bearing (136–140; 103–107) (136–140; 211–215)

FRT0000ABCB_07 Mg-serpentine-bearing (253–257; 60–62) (253–257; 17)
FRT0000A053_07 Talc/saponite-bearing (104–108; 409–413) (104–108; 416–421)

10 FRS0002AE17_01 CRISM talc (151–156; 175–181) (151–156; 155–147)
CRISM serpentine (79–82; 129–131) (79–82; 142–143)
CRISM carbonate (489–497; 120–126) (489–497; 107–113)
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Similar to lizardite, chrysotile growth is favored at low
fluid temperatures but typically under isotropic stress at the
micro scale; this generally begins after the active hydration
of olivine has ended (Evans, 2004). Hence, lizardite is the
initial stable form of serpentine in low-temperature ser-
pentinizing regimes but is typically recrystallized to chrys-
otile when under stress, as in a tectonically active setting
(e.g., Boschi et al., 2006; Denny et al., 2016). Again, con-
sistent with their tectonic and alteration history, chrysotile is
typically the predominant serpentine phase in the fault rocks
and metagabbro, as those rocks presumably underwent ex-
tensive tectonic stress and deformation. These results are
consistent with past studies (e.g., Boschi et al., 2006).

Lastly, antigorite typically forms at temperatures >250�C
with brucite, when rates of MgFe diffusion in olivine are
orders of magnitude faster than in the low-temperature
systems, such as in mantle fore-arc wedges (Evans, 2004,
2010). These increased reaction rates limit the amount of
magnetite and H2 produced (Evans, 2004). We observe
modeled antigorite in several ‘‘serpentinite’’ spectral types
in the Lost City samples; however, they are never the pre-
dominant serpentine polymorph. The absence of significant
antigorite has been described by others who have studied
these rocks previously (e.g., Früh-Green et al., 2004).

4.1.3. Observed phases compared to theoretical serpen-
tinization reactions. Our deconvolution results of TIR
emissivity measurements are generally in agreement with
expected mineral phases from theoretical serpentinization
reactions (Reactions 1–3). However, notably missing from
our derived mineralogy are brucite (Mg hydroxide) and
magnetite (Fe oxide). Both phases were included in our end-
member spectral library, but neither was modeled in the
deconvolution results. There are several reasons why those
phases might not be reflected in the modeled mineralogy.
Magnetite has high emissivity values in the TIR with shal-
low absorptions near 600 and 300 cm-1. As such, it is dif-
ficult to detect magnetite with this technique. Conversely,
brucite has distinct spectral absorptions in the TIR. Brucite
in previous studies was found within the carbonate-bearing
rocks (Ludwig et al., 2006), but we were unable to use the

deconvolution model to determine mineral abundances for
these samples due to textural effects.

Deconvolution models of the Lost City rock samples in-
dicate significant talc. Though not a direct product of ser-
pentinization, talc-rich rocks are commonly found in
association with serpentinites and are present within the
Lost City highly metasomatized ultramafic rocks (e.g., Früh-
Green et al., 2004). On Earth, the most abundant occurrence
of talc is in metamorphosed ultramafic rocks (Evans and
Guggenheim, 1988), similar to what is observed at Lost
City. Talc forms as a product of the alteration of serpentine
by dissolved silica (e.g., Moore and Rymer, 2007) and tends
to break down at *800�C (Evans and Guggenheim, 1988).
A recently discovered talc-dominated hydrothermal system
off the Mid-Cayman Spreading Center also informs about
the generation of this mineral in mafic to ultramafic envi-
ronments (Hodgkinson et al., 2015).

4.1.4. Near-infrared spectral ambiguity. A notable dif-
ference between the NIR and TIR measurements is their
ability to distinguish between the different rock types and
the spectral variability within a given rock type. For ex-
ample, the ‘‘serpentinite’’ rock types show five different
spectral types in the TIR (Fig. 5), all consistent with a
serpentine-rich rock, but with notable variability. The five
‘‘serpentinite’’ rocks measured in the NIR have consistent
spectral absorptions with limited variability; the serpentine
spectrum in Fig. 6 is representative of all NIR measurements
for ‘‘serpentinite’’ rocks. The three Mg-serpentine poly-
morphs that make up the ‘‘serpentinite’’ rocks are distin-
guishable and identifiable in the TIR but appear spectrally
ambiguous in the NIR portion of the spectrum. King and
Clark (1989) showed that some distinctions between Mg-
serpentine polymorphs can be made from the exact wave-
length center and shape of the relatively weak 1.4 mm OH-

absorption, when samples are pure. Our work further dem-
onstrates the importance of having both measurements to
properly characterize the suite of minerals within this set of
bulk-rock samples.

Similarly, the ‘‘talc-rich fault rock,’’ ‘‘amphibole-rich
fault rock,’’ and the ‘‘gabbro’’ have nearly identical spectral
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FIG. 11. Near-infrared reflectance and thermal-infrared emissivity spectra for the three Mg-rich serpentine polymorphs.
The polymorphs have nearly indistinguishable spectral absorptions in the near-infrared while having unique spectral shapes
and contrast in the thermal-infrared.
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characteristics in the NIR portion of the spectrum. Talc and
amphibole are known to contain similar, deep spectral ab-
sorptions in the NIR portion of the spectrum (Fig. 7). In the
case of the ‘‘gabbro,’’ the observed absorptions are likely due
to the *35 vol % amphibole and serpentine phases modeled
in the rock composition (Table 2). The TIR emissivity mea-
surements were used to determine the specific composition
for these three rock types, and the NIR measurements indicate
the presence of H2O/OH- and OH- stretch and Mg-OH-

bending modes (e.g., in Mg phyllosilicates or from hydroxyl
in amphiboles).

4.2. Mars observations: Compositions
as described by CRISM

As presented by past studies, the mineral assemblages de-
tected in Nili Fossae are consistent with low-temperature hy-
drothermal alteration of an ultramafic protolith (e.g., Viviano
et al., 2013). In particular, the spectral detection of phases
consistent with serpentine and magnesite are unambiguous and
clearly indicate their presence within the rock record in Nili
Fossae. The detection of a phase with absorptions near 1.4, 1.9,
2.3, and 2.4mm (Figs. 9 and 10) has been attributed to the Mg-
rich smectite saponite (e.g., Ehlmann et al., 2009; Brown et al.,
2010) and to talc (e.g., Brown et al., 2010; Viviano et al.,
2013). As we have shown in earlier sections, talc, saponite,
hydroxylated/hydrated amphibole are spectrally ambiguous in
the NIR portion of the spectrum (Fig. 7). Viviano et al. (2013)
argued that talc and saponite are not spectrally ambiguous and
that it is possible to differentiate the two phases based on the
shape and spectral contrast of the 2.3/2.4mm absorptions, and
they argued that the surfaces in question in Nili Fossae are talc-
bearing. Viviano et al. (2013) also argued that the presence of
talc is consistent within the greater mineralogical context of
the region in that it can form through the carbonation of ser-
pentine to form talc and magnesite (e.g., Viviano et al., 2013).

Despite this spectral conundrum, the spectral ambiguities
observed in Nili Fossae are similar to those in the Lost City
rocks. Mg-rich saponite typically forms via the hydrother-
mal alteration of basalt (Evans and Guggenheim, 1988).
Given that olivine-poor basalt is regionally abundant in Nili
Fossae within the same stratigraphic column as the observed
talc/saponite exposures, it is possible that saponite formation
could occur. In addition, talc and saponite have been shown
to form within mixed-layered structures at submarine hy-
drothermal sites on Earth (Cuadros et al., 2008; Michalski
et al., 2015), making their spectral disambiguation even more
difficult and showing that the two phases do form together.
Similarly, our analyses of Lost City rock samples show that
talc and saponite can both be significant constituents of rocks
that form in serpentinizing systems as is the case with the
‘‘talc-rich fault rock’’ (Table 2). So while the distinction of
whether this spectral signature in Nili Fossae is due to talc or
saponite has specific implications for the alteration trajectory
of these rocks, we have shown that these phases are not
mutually exclusive and are both well represented within low-
temperature serpentinizing systems on Earth.

Lastly, it is important to note that, with the CRISM NIR
data alone, it is not possible to determine whether the am-
biguous 1.4/1.9/2.3/2.4mm spectral signature is due to am-
phibole phases like tremolite or actinolite. As we have shown
with the Lost City rock samples, the ‘‘talc-rich fault rock’’

and ‘‘amphibole-rich fault rock’’ look nearly identical in NIR
measurements. Amphiboles have been detected in martian
meteorites (e.g., Williams et al., 2014) and are possibly
present on the surface of Mars. They are potentially present as
spectral mixtures of saponite and hornblende (Carter et al.,
2013) but otherwise have not been discussed extensively in
the martian literature. In the case of Nili Fossae, Viviano
et al. (2013) noted the spectral ambiguity between talc and
actinolite but argued that the presence of amphibole within
the context of the mineral assemblage observed in the region
is unlikely. While we agree that talc and/or talc + saponite are
likely to be at least partially responsible for the ambiguous
spectral signature in Nili Fossae given the nearby presence of
magnesite, it is important to note that amphibole does fit into
the common assemblage of minerals formed during serpen-
tinization, as shown by the Lost City rock samples.

4.3. Spectral differences between measurements
from the Lost City Hydrothermal Field
and Nili Fossae, Mars

There are some clear differences between the spectral
characteristics and mineralogy of the Lost City rock samples
and the surface exposures in Nili Fossae, Mars. First, the
Nili Fossae assemblage has abundant olivine still present
within the stratigraphic section. The fact that abundant ol-
ivine remains, unaltered to serpentine (or magnesite), indi-
cates that the serpentinization reactions in the area never
went to completion, perhaps indicating limited alteration
and/or water volume. Comparatively, the Lost City ser-
pentinites and associated rocks used for this study show few
signs of their unaltered protolith. The most mafic of the
samples acquired is still an extensively altered metagabbro.
However, cores drilled from the southern wall of the At-
lantis Massif during the 2016 IODP Expedition 357 show
evidence for variable serpentinization with depth (Früh-
Green et al., 2016).

Another mineralogical difference between the Lost City
rocks used in this study and Nili Fossae surface exposures is
the presence of different major-metal cations in their re-
spective carbonates. The Lost City carbonates are domi-
nated by either Ca-rich calcite or aragonite. Rocks formed
via the accumulation of pelagic material (‘‘pelagic top-layer
rocks’’) are dominated by calcite. However, the young hy-
drothermal chimneys are dominated by aragonite derived
from mixing of high-pH hydrothermal fluids and seawater
(‘‘carbonates’’). Because aragonite is metastable, aragonite
in the chimneys reverts to calcite over time (Ludwig et al.,
2006). The Nili Fossae carbonate-bearing exposures are Mg-
rich and spectrally consistent with magnesite.

There are several potential scenarios for the formation of
the martian carbonate in Nili Fossae; one is via the direct
alteration of the Mg-rich olivine in the area by near-surface
water (Ehlmann et al., 2008), which could also lead to the
formation of talc as in the talc carbonation of komatiite
layers preserved in the Archean greenstone sequences on
Earth (Brown et al., 2010). Another potential formation
mechanism is the carbonation of the serpentine-bearing
rocks (Viviano et al., 2013). This process would not only
produce the Mg-rich magnesite but also produce talc, which
is also observed near the Mg carbonates in the region. The
formation of carbonates detected in Nili Fossae and directly
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observed and sampled in Lost City was likely produced by
different processes. Formation of Lost City carbonates was
through mixing of high pH hydrothermal fluids exiting the
seafloor with seawater. In contrast, the carbonates produced
in Nili Fossae, Mars, were likely produced during subsur-
face hydrothermal alteration of the bedrock by meteoric
waters. This is one clear example of where the environ-
mental analogue between the Lost City and Nili Fossae is
not as strong, given the evidence currently at hand.

4.4. Implications for serpentinization
in Nili Fossae, Mars

4.4.1. Physical characteristics of Nili Fossae and its sus-
ceptibility to serpentinization. The Nili Fossae region is one
of several extensive exposures of olivine-rich basalt on Mars
(e.g., layers in Valles Marineris, Terra Tyrrhena, the rim of
Argyre Basin) and has the highest olivine concentration,
*40 vol % (Ody et al., 2013). Of the other olivine-enriched
regions, it is the only one that shows spectral evidence for
serpentine in association with other mineral phases known
to form in a serpentinizing system. There are several factors
that may have contributed to serpentinization in this area
beyond just the necessary olivine-rich protolith. For example,
the formation of the Nili Fossae likely occurred in associa-
tion with the Isidis Basin impact event, creating a highly frac-
tured terrain. In addition to the large, regional-scale fractures
that make up the main Nili Fossae troughs, the basement
phyllosilicate-bearing unit shows abundant local-scale ridges
and fractures. They are typically hundreds of meters long
and tens of meters wide and appear to be the source of the Fe/
Mg-phyllosilicate spectral signatures (Mangold et al., 2007;
Mustard 2007, 2009; Ehlmann et al., 2009, 2010).

Saper and Mustard (2013) showed that the orientation of
most of the small-scale ridges and fractures lines up with
the larger orientation of the main Nili Fossae troughs, im-
plying that these ridges were emplaced by the same mech-
anism as the large-scale graben, around the same time.
These local-scale faults, fractures, and dikes, in addition to
the regional-scale fossae, would have allowed for substantial
fluid circulation pathways. Additionally, there has likely
been a long-lived heat-source in the region, induced by both
the Isidis Basin impact event and formation of the Syrtis
Major volcanic province. This early fractured bedrock, com-
bined with the olivine-rich protolith, would have created an
environment suitable for the initiation of serpentinization.
Therefore, this region was likely susceptible to serpentinization
reactions due to (1) the olivine-enriched protolith, (2) the Isidis
impact event, which created fractured terrain and provided a
heat source, and (3) proximity to the Syrtis Major volcano,
which may have also provided an additional regional heat
source. It is important to note, however, that the extensive
remnants of olivine in the region imply that the serpentinization
reactions did not go to completion and that water was likely a
limiting resource in driving these reactions forward.

4.4.2. Mineralogical evidence for serpentinization. The
spectra acquired from Nili Fossae are similar to those
measurements acquired from rocks collected at the Lost City
Hydrothermal Field. As noted by McSween et al. (2015),
rather than looking for a single mineral that might be a
‘‘smoking gun’’ for a particular geochemical environment,

the search for specific mineralogical assemblages can pro-
vide greater constraints on the environment in question and
narrow the search for once-habitable environments. Fur-
thermore, the observation of a suite of minerals indicative of
a formation environment provides greater confidence that
the environment was indeed present. Reliance on the de-
tection of a singular spectral signature indicative of just one
mineral phase is not as robust a result since the interpreta-
tion can be more easily confounded by spectral ambiguities
and data artifacts.

At both the Lost City Hydrothermal Field and Nili Fos-
sae, analyses conducted in this study documented Mg-
serpentine phases; carbonate phases; and talc, saponite, and/
or amphibole. Additionally, in Nili Fossae abundant olivine
has been documented as well as a geological setting (de-
scribed in Section 4.4.1) that would favor the transport and
circulation of hydrothermal fluids. With the exception of
serpentine, the other phases documented in Nili Fossae could
form under non-serpentinizing conditions. For example, the
Mg carbonate could be the direct product of near-surface
aqueous alteration of the olivine-rich basalt. Similarly, sap-
onite can form via the hydrothermal alteration of olivine-poor
basalt. However, the presence of all these phases within the
same stratigraphic unit, and within the same CRISM image,
likely implies a connected geochemical story consistent
with hydrothermal alteration of an olivine-rich protolith in
the eastern portions of the Nili Fossae. Fluid circulation
resulted in serpentinization at the subsurface interface be-
tween the olivine-rich basalt and underlying olivine-poor,
phyllosilicate-bearing basalt. The serpentinite bedrock was
subsequently altered by carbonation to talc and magnesite,
consistent with their co-spatial occurrence across the eastern
region of the Nili Fossae.

Though there is only one case of serpentine, Mg car-
bonate, and talc/saponite in the same CRISM scene
(FRS0002AE17_01), given the wide distribution of all three
phases across the Nili Fossae region (Fig. 8) within expo-
sures of the olivine-rich basalt unit, these phases are likely
related to each other. The limited number of CRISM scenes
where all three phases are concurrent may be an observa-
tional bias due to limited exposures beneath the cap unit.
The paucity of serpentine detections in general is consistent
within the context of the observed mineral suite and the
hypothesis of serpentine carbonation to form talc and
magnesite. Lastly, as described in the previous paragraph,
magnesite and saponite (which cannot be distinguished from
talc from these observations) can form independently of
serpentine; therefore, it may be that across the Nili Fossae
region these phases originated from slightly different pro-
cesses, all involving the alteration of olivine. Only locally,
where the spectral evidence for serpentine is observed, can
one confidently invoke serpentinization processes.

An important consideration is the timing of the serpen-
tinization reactions. The alteration must have occurred
subsequent to the emplacement of the olivine-rich basalt
unit at approximately 4 Ga (Wichman and Schultz, 1989).
According to the model put forward by Viviano et al.
(2013), the suite of alteration minerals described here likely
formed prior to the emplacement of the Hesperian-aged
Syrtis lava flows, at approximately 3.7 Ga. The altered
olivine-rich unit has subsequently been eroded by episodic
aqueous processes, evidenced by channel networks that cut
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through the Hesperian-aged lava flows, and atmospherically
driven processes (e.g., dunes and dust abrasion) that resulted
in exposure of the suite of alteration minerals as seen today.

4.4.3. Implications for habitability of Nili Fossae, Mars.
We have shown that the spectral signatures and mineral-
ogical suites present at the Lost City Hydrothermal Field on
Earth are similar to those documented in the Nili Fossae
region of Mars. This suite of minerals is unique to serpen-
tinization where the reduction of H2O in the presence of
Fe2+ generates H2. Molecular hydrogen is particularly in-
teresting from an astrobiological standpoint because it is a
strong electron donor that can drive the synthesis of organic
molecules in Fischer-Tropsch-type reactions (e.g., Holm and
Charlou, 2001; McCollom and Seewald, 2007; Proskur-
owski, et al., 2008). Organic compounds such as various
hydrocarbons, formate, and acetate are present at elevated
concentrations in Lost City fluids (Proskurowski et al.,
2008; Lang et al., 2010). The abiotic production of organic
compounds is significant because they can be used as pre-
cursors to important biological polymers, and hydrothermal
chimneys such as those at Lost City can act as efficient
incubators and reaction vessels (Stüeken et al., 2013;
Kreysing et al., 2015).

Furthermore, H2 is directly used as an electron donor in
the metabolism of many chemoautotrophic organisms (e.g.,
Nealson et al., 2005; Schulte et al., 2006; Stüeken et al.,
2013). For example, methanogens, which are abundant in
Lost City chimneys (Schrenk et al., 2004; Brazelton et al.,
2011), use H2 to fix CO2 and produce CH4 and H2O. This
pathway is thought to be one of the most ancient metabolic
strategies (Fuchs, 2011), and the catalytic cores of enzymes in
this pathway resemble minerals found in hydrothermal sys-
tems (Russell and Martin, 2004). These minerals can catalyze
some steps of carbon fixation on their own without the
scaffolding provided by enzymes, suggesting potential links
to prebiotic chemistry (Cody, 2004; Stüeken et al., 2013).

Many of the key pieces necessary for life are produced in
rock-hosted serpentinizing systems: liquid water, an energy
source, reducing power, and abiotically produced hydro-
carbons. Given the evidence for serpentinization in Nili
Fossae, it is possible that it could have had a habitable
subsurface environment at some point in its history. Ad-
ditionally, the fractured nature of the Nili Fossae terrain
would have provided local-scale, high-permeability path-
ways that promoted fluid flow. Interaction of these fluids
with the bedrock would likely have resulted in formation of
H2 and low-order organics, similar to fluids currently vent-
ing from chimneys at the Lost City Hydrothermal Field. The
remnants of these fractures and faults would be compelling
places to search for potential biosignatures from any hypo-
thetical life in the past, or simply to better understand the
range of abiotically produced organic compounds on Mars.

It should be acknowledged that it is known that serpentine
can form without the production of H2 (Reactions 2 and 3);
however, in a natural setting with non–end-member olivine
compositions (i.e., fayalite versus forsterite), it is unlikely
that only Reactions 2 and 3 would occur without Reaction 1.
In particular, given the known olivine composition in Nili
Fossae (Fo68–75; Hoefen et al., 2003; Hamilton and Chris-
tensen, 2005; Koeppen and Hamilton, 2008; Edwards and
Ehlmann, 2015), we expect Reactions 1–3 to take place. To

confirm the occurrence of H2 production during serpentini-
zation, future studies should search for the presence of
magnetite or other Fe3+ phases (e.g., Fe3+-bearing brucite) in
association with the serpentine, as these cannot be detected
from current orbital data sets.

For many geological, chemical, physical, and biological
reasons, serpentinite-hosted hydrothermal vent systems have
been discussed as compelling environments for key steps in
the origin of life on Earth before *3.5 Ga (e.g., Russell
et al., 2010, 2014; Stüeken et al., 2013; Sojo et al., 2016).
The results of this study provide further evidence that sim-
ilar geochemical systems would have been active on Mars
during the same time period in our solar system’s evolution.

5. Conclusions

The present study draws mineralogical and geochemical
parallels between the Lost City Hydrothermal Field on Earth
and the Nili Fossae region on Mars. There is abundant ev-
idence that serpentinization occurred in the Nili Fossae re-
gion during an important time period on our own planet
when life was first emerging. It is not possible to determine
whether life inhabited serpentinizing systems on Mars from
the remote sensing data alone. However, it is clear that
habitable environments promoted by serpentinization pro-
cesses may have been present.

There are several major geological and geochemical dif-
ferences between the Lost City and Nili Fossae. For example,
the initial fluid compositions were likely quite different. In
addition, the Lost City Hydrothermal Field is located at a water
depth of *800 m and *15 km away from a slow-spreading
oceanic ridge. In contrast, serpentinization occurring at Nili
Fossae would likely have taken place in the subsurface with a
limited or variable water source. Regardless, the fact that ser-
pentinization reactions require such readily available starting
materials, and produce biologically accessible by-products, is
what makes them so compelling for astrobiological study.

The presence of serpentine in Nili Fossae indicates that
fluid-rock reactions took place, likely implying that H2 and
abiotically produced organic compounds were produced in
the subsurface. As such, Nili Fossae, specifically where the
local grouping of the mineralogical suite presented here was
documented, is a compelling site to search for evidence of
past life on Mars. Equally compelling is the opportunity to
study a martian site that formed during the same time when
similar geochemical sites on Earth likely led to the origin of
life. Insights as to whether life inhabited these sites on Mars
will have important implications for our understanding of
how and why life evolved on our own planet.
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Abbreviations Used

CRISM¼Compact Reconnaissance Imaging
Spectrometer for Mars

FRS¼ full-resolution short
FRT¼ full-resolution targeted
HRL¼ half-resolution long
HRS¼ half-resolution short
NIR¼ near-infrared
TES¼Thermal Emission Spectrometer
TIR¼ thermal-infrared
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