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Serpentinization of olivine-rich ultramafic rocks is recognized to have been widespread across the solar
system throughout its history, with substantial implications for the chemical and physical properties of
planetary lithospheres, atmospheric compositions, and astrobiology. One especially significant product of
serpentinization is molecular hydrogen (H2), whose generation is closely linked to the oxidation of Fe as
serpentinization proceeds. While numerous experimental simulations of serpentinization have been con-
ducted over the years, these studies have been performed almost exclusively using reactant minerals that
contain relatively high Mg and low Fe contents representative of terrestrial mantle rocks. In contrast, very
few studies have been conducted with the more Fe-enriched mineral compositions that may predomi-
nate on other solar system bodies. In this study, an experiment was conducted to investigate mineral
alteration and H2 generation during serpentinization of Fe-rich olivine (hortonolite; Fo�62) at 230 �C
and 35 MPa. After 3500 h of reaction, �55 % of the hortonolite reacted to secondary minerals composed
of serpentine (chrysotile) and magnetite. Chrysotile contained proportionally less Fe than the original
hortonolite, reflecting the partitioning of some Fe into magnetite; however, it contained substantially
more Fe than serpentine precipitated from alteration of Mg-rich, Fe-poor terrestrial mantle olivine
(Fo�90) under the same reaction conditions. Reaction of hortonolite also produced more than four times
as much magnetite as Mg-rich olivine. Generation of H2 occurred steadily throughout the experiment,
with more than five times as much H2 generated per mole of hortonolite reacted than observed for Fe-
poor olivine at the same conditions. The results suggest that serpentinization of Fe-rich ultramafic rocks
on Mars and other planetary bodies may have a substantially greater capacity to generate H2 and to pre-
cipitate magnetite than their Fe-poor terrestrial counterparts, which would enhance their potential to
support H2-based biological communities, contribute to atmospheric warming, and augment local mag-
netic signatures in planetary lithospheres.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Serpentinites are rocks that primarily form through the aqueous
alteration of olivine-rich ultramafic rocks. For the most part, they
form at low temperatures (<400 �C) in relatively shallow subsur-
face environments (Evans et al., 2013). Serpentinites have long
been recognized to compose a significant fraction Earth’s oceanic
lithosphere (Cannat et al., 2010: Merdith et al., 2020), and are also
prominent components of ophiolites and other subaerial terranes
(Coleman, 1977). Over the last couple of decades, serpentinites
have also gained increasing attention as components of the rocky
mantles of Mars and of icy moons such as Enceladus and Europa
(e.g., Vance et al., 2007, 2016; Milliken and Rivkin, 2009;
Ehlmann et al., 2010; Michalski et al., 2013; Bultel et al., 2015;
Hsu et al., 2015; Glein et al., 2015; Amador et al., 2018; Sekine
et al., 2015; Waite et al., 2017; Vance and Melwani Daswani,
2020; Glein and Zolotov, 2020).

Much of the recent focus on serpentinites from planetary
scientists is motivated by the observation that reduced volatile
compounds, including molecular hydrogen (H2) and methane
(CH4), are commonly generated in abundance as by-products of
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the serpentinization process. On Earth, these compounds are rec-
ognized to support the growth of microbial communities in the
absence of sunlight (Schrenk et al., 2013; McCollom and Seewald,
2013; Ménez, 2020) and can contribute to greenhouse warming
of planetary atmospheres (Wordsworth and Pierrehumbert,
2013; Ramirez et al., 2014; Chassefière et al., 2016; Wordsworth
et al., 2021). In addition, serpentinization can affect subduction
dynamics and intraslab seismicity (e.g., Wada et al., 2008), and
can result in precipitation of the mineral magnetite, which can
make a significant contribution to magnetic signatures of planetary
lithospheres (e.g., Toft et al., 1990; Quesnel et al., 2009; Klein et al.,
2014; Lasue et al., 2015; Szitkar et al., 2017).

The process of serpentinization, and the production of H2, CH4,
and magnetite that are formed as part of the process, has been the
subject of numerous experimental and theoretical studies over the
last several decades (e.g., Martin and Fyfe, 1970; Wegner and Ernst,
1983; Berndt et al., 1996; McCollom and Seewald, 2001; Seyfried
et al., 2007; McCollom and Bach, 2009; Klein et al., 2009,
2013,2015; Jones et al., 2010; Marcaillou et al., 2011; Okamoto
et al., 2011; Malvoisin et al., 2012; Shibuya et al., 2015; Grozeva
et al., 2017; McCollom et al., 2016, 2020a,b). These studies, how-
ever, have focused almost exclusively on serpentinization of the
Mg-rich ultramafic rocks that dominate the terrestrial mantle. In
contrast, few studies have examined serpentinization of more Fe-
rich rock compositions like those that may occur in the litho-
spheres of Mars, icy moons, and other planetary bodies (e.g.,
Moody, 1976; Tutolo et al., 2019; McCollom et al., 2022).

Serpentinization is commonly represented by the simplified
reaction:

OlivineþH2O ! Serpentine� Brucite� Magnetiteþ H2 ð1Þ
However, this simple reaction does not accurately reflect the sub-
stantial variability in product minerals and their chemical composi-
tions that can occur under different circumstances. Serpentinization
of olivine can be represented in somewhat more comprehensive
terms by the reaction:

ðMg; FeÞ2SiO4 olivine½ � þ vH2O ! w Mg; FeII; FeIII
� �

3
Si; FeIII

� �
2

O5 OHð Þ4 serpentine½ � � x Mg; FeII
� �

OHð Þ2 brucite½ �
� yFeIIFeIII2 O4 magnetite½ � þ zH2

ð2Þ

which reflects the extensive solid-solution mixing that occurs in oli-
vine and the product minerals serpentine and brucite. The stoi-
chiometry of the reaction, as reflected in the coefficients v-z, and
the compositions of individual product minerals can be highly vari-
able depending on reaction conditions and reactant mineral compo-
sitions (e.g., McCollom and Bach, 2009; Klein et al., 2009, 2013;
McCollom et al., 2016, 2022). Production of H2 during the reaction
is coupled to the oxidation of ferrous Fe (FeII) to ferric Fe (FeIII),
which can be expressed in general as:

2½FeIIO� þH2O ! ½FeIII2 O3� þ H2 ð3Þ
where [FeIIO] and [FeIII2 O3] represent components of olivine and sec-
ondary minerals, respectively. The H2 generated can potentially react
with CO2 to form CH4 and other organic compounds through reac-
tions such as:

CO2 þ 4H2 ! CH4 þH2O ð4Þ
(e.g., Proskurowksi et al., 2008; Klein et al., 2019), although kinetic
inhibitions may prevent such reactions from proceeding under
many circumstances (McCollom and Seewald, 2007; McCollom,
2013, 2016).

The ultramafic rocks that are the precursors for most terrestrial
serpentinites contain minerals with relatively Mg-rich
compositions, which is evidently the result of partitioning of large
99
amounts of Fe into Earth’s core (Agee, 1993). For example, the
mantle-derived peridotites that are the most common precursor
of terrestrial serpentinites contain forsteritic olivine with composi-
tions around Mg# = 90 [where Mg# = Mg/(Mg + Fe) on a molar
basis]. In contrast, the olivine that may serve as the precursor for
serpentine minerals on other planetary bodies may have composi-
tions that are substantially more enriched in Fe. For example,
olivine in most martian rocks has high Fe contents relative to the
terrestrial mantle, with typical Mg# values in the 50–70 range
(Koeppen and Hamilton, 2008; Papike et al., 2009; Hicks et al.,
2014), and the martian mantle is thought to be substantially
enriched in Fe relative to Earth’s (Khan and Connolly, 2008;
Yoshizaki and McDonough, 2020). Olivine in meteorites have
widely variable Fe contents, but in many instances they also have
substantially higher Fe contents than those of terrestrial mantle
rocks (e.g., McSween, 1977; Rubin, 1990; Keller and Buseck,
1990; Hanowski and Brearley, 2001; Velbel et al., 2012, 2015).
The compositions of rocks in the interiors of icy moons are
unknown but, depending on the extent of core formation and other
factors, they may also have mineral compositions that are substan-
tially more Fe-rich than terrestrial mantle rocks, similar to the
interior of Mars (e.g., Vance and Melwani Daswani, 2020).

It is to be expected that serpentinization of Fe-rich olivine
should result in secondary mineral products that have higher Fe
contents and, thus, generate greater amounts of H2 than would
occur during reaction of Fe-poor olivine. However, it is not imme-
diately evident how the higher Fe contents will be distributed
among the mineral products of serpentinization, or how much pro-
duction of H2 will increase as a function of olivine Fe content. It has
been observed, for instance, that the Fe content of serpentine min-
erals across individual meteorites is nearly uniform regardless of
the Fe content of adjacent olivine crystals (e.g., Hanowski and
Brearley, 2001; Velbel et al., 2012, 2015). This observation might
indicate that the amount of Fe partitioned into serpentine is largely
independent of the initial olivine composition, resulting in a pro-
portional increase in the amount of Fe that precipitates in other
reaction products. Alternatively, geochemical models that assume
thermodynamic equilibrium among the products of serpentiniza-
tion predict that the Fe content of serpentine should increase stea-
dily with increasingly higher Fe contents in olivine (Klein et al.,
2013; McCollom et al., 2022). These models also predict generally
increasing H2 production as well as increased amounts of Fe in bru-
cite and magnetite for higher Fe contents in olivine, but the relative
abundances of these products are also predicted to be strongly
dependent on reaction temperature. If valid, the thermodynamic
model predictions suggest that serpentinization of ultramafic rocks
on other planetary bodies may have a substantially greater capac-
ity to support H2-based biological activities, enhance greenhouse
warming, and effect the magnetic properties of lithospheres.

The accuracy of the thermodynamic model predictions,
however, remains untested for Fe-rich olivine compositions. More-
over, it remains uncertain whether thermodynamic equilibrium or
some other factor exerts the predominant control on mineral com-
position and H2 generation during serpentinization. Over the years,
various different environmental factors have been proposed to
exert a strong influence on the relative abundance and chemical
composition of secondary minerals during serpentinization,
including factors such as the prevailing activity of silica, the evolv-
ing oxidation state of the system, fluid pH, reaction kinetics, attain-
ment of thermodynamic equilibrium between the reacting olivine
and resulting serpentine, and thermodynamic equilibrium among
the reaction products including minerals and dissolved species
(e.g., Moody, 1976; Evans and Trommsdorf, 1972; Frost and
Beard, 2007; Seyfried et al., 2007; Evans, 2008; McCollom and
Bach, 2009; McCollom et al., 2016, 2020a,2022; Syverson et al.,
2017; Mayhew and Ellison, 2020). Thus, experimental study is
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needed to further assess the accuracy of thermodynamic models
and determine their applicability to serpentinization of Fe-rich
ultramafic rocks.

Accordingly, a laboratory experiment was conducted to investi-
gate serpentinization of an Fe-rich olivine variety, hortonolite
(Mg# = 62). The conditions and methods used in the experiment
were designed to parallel those employed in a previous set of
experiments performed with relatively Fe-poor, Mg-rich terrestrial
mantle olivine (Mg# = 90; McCollom et al., 2016, 2020a). The par-
allel reaction conditions allow for direct comparisons among
experimental results in order to examine the effect of Fe content
on reaction products, including both fluid chemistry and secondary
minerals. The study focused in particular on the impact of the
higher Fe contents on H2 generation and partitioning of Fe among
the product minerals. The results show enhanced production of H2

and magnetite from hortonolite relative to more Mg-rich olivine
compositions, consistent with thermodynamic predictions (Klein
et al., 2013; McCollom et al., 2022).
2. Methods

The laboratory experiment (designated Hortono230) was con-
ducted by heating finely powdered hortonolite with a solution ini-
tially containing 485 mmol kg�1 NaCl. The experiment consisted of
8.3 g hortonolite and 48.3 g fluid, and was heated for 3500 h (146
d) at 230 �C and 35 MPa. The reaction conditions were nominally
selected to represent serpentinization in the shallow subsurface
of a planetary body. On Earth, serpentinization takes place over a
wide range of temperatures from < 100 �C to > 400 �C (e.g.,
Evans et al., 2013; Klein et al., 2014; Templeton et al., 2021). How-
ever, the upper temperature limit for serpentinization of olivine
decreases with increasing Fe content (McCollom et al., 2022),
which restricted the possible temperature range to <300 �C at
the experimental pressure. The reaction temperature of 230 �C
was selected for Hortono230 as an intermediate between the
upper limit and lower temperatures where reactions would be
too slow to observe substantial reaction on laboratory timescales.
In addition, performing the experiment at 230 �C allows for direct
comparison with a suite of previous experiments performed with
Mg-rich olivine at this temperature using the same methodology
Table 1
Chemical compositions of starting minerals and reaction products determined by EMPA.

Oxide
(wt.%)

Hortonolite (n = 16) Opxy (n = 1) Cp

SiO2 36.3 (1.0) 54.7 52
TiO2 b.d. 0.08 0.2
Al2O3 b.d. 0.43 1.1
Cr2O3 b.d. 0.13 0.2
FeO# 32.8 (1.9) 18.0 7.2
Fe2O3 – – –
MgO 29.5 (1.8) 25.6 15
MnO 0.48 (0.05) 0.43 0.2
CaO 0.06 (0.01) 1.05 21
Na2O b.d. b.d. 0.2
K2O b.d. b.d. b.d
NiO 0.39 (0.04) 0.06 0.0
CoO b.d. b.d. b.d
Cl b.d. b.d. b.d
Total 99.6 (1.4) 100.5 98
Mg# 62 (3) 72 79
(Mg + Fe):Si* 1.97 0.97 0.5

Data for reaction products are average values (n = number of analyses) with standard de
0.1 wt%.
*Molar ratio.

# Total Fe reported as FeO except for magnetite.
y Present as trace components in hortonolite reactant. ‘‘–‘‘ = no data.
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(McCollom et al., 2016; 2020a, 2020b). The reaction temperature
of 230 �C is also close to the temperature thought to prevail in
the subsurface reaction zone of the Lost City deep-sea hydrother-
mal system, a well-studied site of serpentinization on Earth
(Proskurowksi et al., 2006; Foustoukos et al., 2008).

Production of dissolved H2 and other changes in fluid composi-
tion were monitored at intervals throughout the experiment.
Solids were recovered at the end of the experiment and analyzed
for their mineralogy and chemical composition. Methods used to
prepare the reactants and to analyze the fluids and solid reaction
products are summarized below, with additional details provided
as supplemental materials.

The experiment was conducted in a flexible-cell hydrothermal
apparatus using a gold reaction cell with titanium fittings (Supple-
mental Fig. S1; Seyfried et al., 1987). The reaction cell was con-
tained within a stainless steel pressure housing, with water used
as the external pressurizing medium. An external valve connected
to the reaction cell with a capillary tube allowed fluids to be sam-
pled and analyzed during the experiment. The flexibility of the gold
reaction cell allowed fluids to be sampled at experimental condi-
tions, and also eliminated the presence of a vapor headspace so
that reactions were confined to the aqueous phase. The titanium
fittings were heated in air for >24 h at 450 �C prior to use in order
to form a relatively inert TiO2 surface layer.

The experiment used hortonolite extracted from a hortonolite
dunite from the type locality at the O’Neil Mine in Monroe, Orange
County, NY. The dunite was predominantly composed of hortono-
lite, but also contained minor impurities that included magnetite,
Cr-rich spinel (Cr-spinel), ilmenite, chalcopyrite, amphibole
(actinolite-tremolite), diopside, orthopyroxene, and serpentine
(Fe-rich lizardite). The hortonolite has an average composition of
Mg1.24Fe0.76SiO4, which equates to Mg# = 62 or, equivalently,
Fo62 when expressed on the percent forsterite endmember scale
(Table 1).

Extensive efforts were made to purify the hortonolite as much
as possible prior to the experiment, employing a combination of
hand picking under a microscope and repeated separation using
a sodium polytungstate high-density liquid (GeoLiquids, Prospect
Heights, IL) and a magnetic separator (Frantz, Tullytown, PA).
Despite these efforts, the materials used in the experiment con-
xy (n = 2) Cr-spinely

(n = 3)
Hortono230
Chrysotile
(n = 11)

Hortono230
Magnetite
(n = 4)

.6 0.03 32.4 (1.7) 6.1
3 2.3 b.d. 0.08

9.5 b.d. b.d.
9 41.2 b.d. 0.74

38.7 10.5 (0.8) 27.4
– – 60.8

.0 2.0 26.3 (1.8) 0.67
1 0.47 0.37 (0.05) 0.50
.6 b.d. 0.08 (0.02) 0.29
6 b.d. 0.10 (0.14) b.d.
. b.d. b.d. b.d.
7 0.15 0.32 (0.12) 0.30
. b.d. b.d. –
. b.d. 0.42 (0.23) b.d.
.6 94 71 (4) 96.8

– 82 (1) –
4 – 1.48 –

viation in parentheses where appropriate. b.d. = below detection of approximately
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tained small amounts of contaminating phases (<2 vol% based on
point counts of images of the prepared reactant obtained using
scanning electron microscopy coupled with electron dispersive
X-ray spectroscopy). The contaminants were predominantly Cr-
spinel and clinopyroxene (Cpx) along with trace amounts of
orthopyroxene (Opx). The chemical compositions of the contami-
nating minerals are included in Table 1.

Following separation, the minerals were washed in acetone and
then sonicated several times in deionized water (18.2 X). Prior to
the experiment, the separated minerals were pulverized in an
agate mortar and pestle, and sieved to obtain a fine powder
(<53 lm). The small grain size was utilized in order to promote a
significant degree of reaction on a reasonable time scale as well
as to allow direct comparison with other serpentinization experi-
ments conducted at the same temperature that also utilized finely
powdered starting materials (McCollom et al., 2016, 2020a).

At intervals throughout the experiment, several fluid aliquots
(0.3–1 g each) were obtained through the sample valve directly
into gas-tight glass syringes and analyzed for the abundance of:
(1) dissolved H2, (2) total dissolved CO2 (RCO2 = CO2(aq) + HCO3

– +
CO3

2–), CH4, and C2-C6 hydrocarbons, (3) room temperature pH
(pH25�C), and (4) dissolved rock-forming elements. Analytical
methods followed those described previously (McCollom et al.,
2016, 2020a). Briefly, volatile compounds were analyzed by gas
chromatography (GC) using a combination of thermoconductivity
detection (TCD) and Flame Ionization Detection (FID), with esti-
mated analytical errors ± 5 %. The pH25�C was measured using a
Ross micro combination electrode at room temperature with an
uncertainty of approximately ± 0.1 units of the reported value. Dis-
solved SiO2 was measured by photospectrometry immediately
after sampling, while total dissolved Na, Ca, Mg, Fe, Al, and K were
analyzed by Inductively Coupled Plasma – Optical Emission Spec-
troscopy (ICP-OES) on a fluid aliquot acidified with HNO3.

At the termination of the experiment, the solids were removed,
filtered, and rinsed several times with ethanol in an effort to
remove any remaining experimental fluid that might leave behind
salt deposits when dried. Several methods were employed to char-
acterize the solid products, including scanning electron microscopy
coupled with electron dispersive X-ray spectroscopy (SEM/EDS),
electron microprobe analysis (EMPA), X-ray diffraction (XRD), con-
focal Raman spectroscopy, thermogravimetric analysis (TGA),
Mössbauer spectroscopy (MS), magnetization, and visible-near
infrared spectroscopy (VNIR). Details of the analytical methods
are provided in the Supplemental Materials.

Reaction path models and fluid speciation calculations were uti-
lized to aid in the interpretation of the experimental data. The
models were performed with the software package EQ3/6, version
8.0a (Wolery and Jarek, 2003). The thermodynamic database used
for the calculations is described in McCollom and Bach (2009) and
Klein et al. (2013), and is the same as that used by McCollom et al.
Table 2
Fluid compositions during experiment Hortono230.

Time
(h)

Temp
(�C)

H2

(m)
CO2

(m)
CH4

(l)
Na
(m)

Cl
(m)

Si
(l)

Fe
(l)

0 230 Start of experiment
21 230 0.31 0.44 5.2 470 – 210 56
742 230 24.6 – – 460 – 51 58
1580 230 60.0 – – 383 – 53 61
2372 230 79.3 0.14 450 – 41 150
3500 230 88.5 0.10 450 – 41 70
3525 25 Cooled to room temperature
3526 25 – – – 440 – 34 25

Concentrations in mmol kg�1 (m) or lmol kg�1 (l). ‘‘–‘‘ = not measured.
# Hydrogen generated per gram of reactant hortonolite.

y Amount of fluid in reaction cell at time of sampling.

101
(2022). The database was constructed for a constant pressure of
35 MPa and includes solid solution models for a number of miner-
als including serpentine and brucite. Most solid solutions assume
ideal mixing; however, the serpentine solid solution assumes ideal
mixing with a site parameter of 2.5 with three endmembers (chry-
sotile, greenalite, and cronstedtite) (Klein et al., 2013) to account
for mixing on two sites and incorporation of both FeII and FeIII.
An ideal mixing model was used for olivine with two endmembers
(forsterite and fayalite) and a site parameter equal to two to reflect
mixing of Mg and Fe on two sites. The thermodynamic database
used in the calculations is provided as supplemental materials
(Dataset1).

Fluid speciation calculations were performed to estimate in situ
pH, utilizing the program EQ3. The calculations were performed in
two steps. First, the fluid was speciated at 25 �C using the mea-
sured fluid compositions and room temperature pH, adjusting for
charge balance with Cl. The adjusted Cl abundance from the
25 �C calculation was then used with other measured concentra-
tions to respeciate the fluid at 230 �C, with charge balance on H+

determining the in situ pH.
Reaction path models were constructed using EQ6 to simulate

serpentinization of hortonolite for comparison with the experi-
mental results, using methods similar to those employed by
McCollom et al. (2020b, 2022). The reaction path model simulates
incremental dissolution of hortonolite and equilibrium precipita-
tion of secondary minerals from the solution (Bethke, 2008). The
output of the model is a prediction of the evolving compositions
of secondary minerals and the co-existing fluid as the reaction pro-
ceeds, assuming thermodynamic equilibrium is maintained among
the fluid and solid products. At the conditions of the experiment,
olivine is thermodynamically unstable relative to the products of
serpentinization (e.g., Klein et al., 2013; McCollom et al., 2022);
consequently, it reacts irreversibly and cannot equilibrate with
the reaction products. The model was constructed using the same
starting mineral and fluid compositions as the experiment, and
with the same water:rock ratio.
3. Results

3.1. Fluid chemistry

Measured fluid compositions during Hortono230 are listed in
Table 2, and the evolution of selected fluid components during
the experiment are displayed in Fig. 1. Also shown in Fig. 1 for
comparison are results from two other olivine serpentinization
experiments that were performed with Mg-rich olivine as the min-
eral reactant rather than hortonolite (i.e., Oliv230fine and
Oliv230pH; McCollom et al., 2016, 2020a). The olivine used in
these other experiments is derived frommantle xenoliths (San Car-
los, AZ, USA) and has a Mg# � 90 (referred to here as SC olivine).
Mg
(l)

Ca
(l)

Al
(l)

K
(l)

pH
25 �C

pH
in situ

H2 gen.#

(lmol/g)
Fluidy

(g)

110 120 b.d. 130 7.1 5.7 7.8 48.6
b.d. 120 b.d. 130 10.0 7.8 129 43.6
b.d. 120 b.d. 130 10.3 7.4 197 39.4
b.d. 130 b.d. 130 10.3 7.4 381 35.9
80 120 b.d. 130 10.3 7.4 417 32.3

44 120 b.d. 130 – – – 25.0



Fig. 1. Fluid composition during Hortono230, with results of two other serpen-
tinization experiments performed at similar conditions but using Mg-rich olivine
(Mg# = 90) shown for comparison (Oliv230fine and Oliv230pH; McCollom et al.,
2016, 2020a). (a) Total amount of H2 generated per g of reactant olivine. (b)
Measured room temperature pH (pH25�C) and calculated in situ pH (pHin situ). (c)
Dissolved RSiO2 concentration.
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Both of these other experiments were conducted at the same tem-
perature (230 �C) and used the same grain size (<53 lm) as Hor-
tono230, and were performed with the same experimental
procedures. However, the initial reactant fluid for Oliv230fine con-
tained 20 mmol kg�1 NaHCO3 in addition to NaCl, while the fluid
for Oliv230pH was augmented with 38 mmol kg�1 NaOH in order
to raise the pH of the experiment and the NaHCO3 concentration
was reduced to 3 mmol kg�1.

As seen in Fig. 1a, production of H2 commenced immediately
after initiation of heating of Hortono230 and continued throughout
the experiment. The rate of H2 production appeared to be constant
during the first �1600 h of the experiment, but it tapered off
slightly at the last measurement. Throughout Hortono230, H2

production was substantially higher than either of the Mg-rich oli-
102
vine experiments performed under similar conditions (Fig. 1a).
Note that the amounts of H2 in the figure are expressed in terms
of lmoles generated per g reactant olivine in order to account
for differences in the relative amounts of olivine and fluid used
in the experiments.

The room-temperature pH (pH25�C) of the fluid was circumneu-
tral at the beginning of Hortono230, but increased to moderately
alkaline conditions (pH25�C � 10) by the time of the second sample
at 742 h (Fig. 1b). The pH25�C then remained essentially constant for
the remainder of the experiment. The calculated in situ pH
(pHin situ) of Hortono230 was moderately alkaline with values
around 7.4 throughout most of the experiment (Fig. 1b; neutral
pH at the experimental conditions is �5.5). The concentration of
total dissolved silica (RSiO2) rose to 210 lmol kg�1 at the first
sample, but then decreased and remained essentially constant at
40–53 lmol kg�1 for the remainder of the experiment (Fig. 1c).
TheRSiO2 concentration during most of Hortono230 was very sim-
ilar to that in Oliv230fine, but substantially lower than that
observed in Oliv230pH. The higher RSiO2 concentration in
Oliv230pH is largely attributable to increased abundance of HSiO3

-

at the higher pH of the experiment (McCollom et al., 2020a). Most
dissolved cations (Fe, Ca, K, and Mg) maintained essentially steady
concentrations throughout the experiment at levels between 60
and 130 lmol kg�1, while Al was below detection (Table 2).

3.2. Solid products

Inspection of the solids by SEM following the experiment iden-
tified only serpentine and magnetite as reaction products (Fig. 2),
and these were also the only products identified by XRD (Supple-
mental Figure S2). The serpentine has a fibrous texture consistent
with chrysotile (Fig. 2a), and the Raman spectrum is also indicative
of chrysotile (Supplemental Figure S3). The chrysotile has an Mg# =
82 (Table 1), indicating it is depleted in Fe relative to the original
hortonolite (Mg# = 62). Magnetite contains several wt.% SiO2

(Table 1). Some of this SiO2 may be accounted for by chrysotile
fibers intergrown with the magnetite, but the lowMg content indi-
cates that a significant amount of SiO2 may be incorporated into
the magnetite structure. Minor cation substitution in the mag-
netite is consistent with a slight lowering of the observed Curie
temperature (TC = 779 K) from its value for pure magnetite
(TC = 848 K) and the absence of the Verwey transition for magnetite
at 120 K (Supplemental Figure S4).

In addition to serpentine and magnetite, the reacted solids also
contained substantial amounts of unreacted hortonolite and small
amounts of Cr-spinel (Fig. 2). The Cr-spinel showed no evidence
that it reacted during the experiment. In some cases, remnant Cr-
spinel crystals were surrounded by a layer of magnetite, but the
absence of Cr and Al in the magnetite layer indicated that it had
precipitated directly from solution rather than forming as an alter-
ation product of the Cr-spinel (Supplemental Fig. S5). Furthermore,
small amounts of Cr and Al might be expected to occur in serpen-
tine if some Cr-spinel had dissolved (Andreani et al., 2013); how-
ever, these elements were below detection (<0.1 wt%) in the
chrysotile from Hortono230, even in the immediate vicinity of
relict Cr-spinel. Scattered crystals of relict Cpx were also observed
among the solids and showed little apparent evidence of reaction,
while no remaining Opx was found.

Two distinct zones were evident in the solid reaction products,
one of which was dark grey in tone and the other light grey. The
dark grey toned material comprised the predominant fraction of
the bulk products (�80 vol%). Inspection of the zones by SEM indi-
cated that the light grey zones contained fewer and smaller rem-
nant olivine crystals than the dark grey areas (Fig. 2).
Magnetization measurements indicated that the light grey zones
contain a somewhat higher weight fraction of magnetite (19.8 wt



Fig. 2. Back-scattered electron (BSE) images of reaction products from Hortono230. (a) Grain mount showing relict hortonolite (Hor) embedded in a dense mat of chrysotile
serpentine fibers (Srp) and magnetite (bright spots). The dentate features on the surfaces of the hortonolite are typical for olivine dissolution (e.g., Velbel, 2009; Malvoisin
et al., 2012; McCollom et al., 2016). The inset shows a magnified view of chrysotile fibers (scale bar is 30 lm). (b) Image of polished thin section illustrating the differences in
mineral distribution between light- and dark-grey toned zones in the bulk solid products, with the dashed white line marking the sharp boundary between the zones. (c,d)
Enlarged views of light- and dark-toned zones. In (d), there are many small crystal-shaped regions outlined by accumulations of chrysotile, a few of which are identified by
white arrows. These are probably voids left behind by the removal of small hortonolite crystals during polishing. Except for the large Cr-spinel crystals (Crsp) identified in (d),
virtually all bright minerals in images are magnetite.

Fig. 3. Results of thermogravimetric analysis of reacted solids from Hortono230,
with results of two experiments performed at similar conditions using SC olivine
(Mg# = 90) shown for comparison (Oliv230fine, Oliv230pH; McCollom et al., 2016,
2020a). Mass loss between 270 �C and 430 �C is attributed to brucite, while that
between 450 and 730 �C is attributed to chrysotile serpentine (Viti, 2010). Separate
measurements were made on the dark-grey and light-grey zones in the Hortono230
products.
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%) than the dark zones (14.7 wt%; average of two measurements
for each zone). Chemical analyses of the serpentine and magnetite
by EMPA did not reveal any differences in the chemical composi-
tions for the secondary minerals in the two zones. The presence
of these distinct zones contrasts with other olivine serpentiniza-
tion experiments conducted using the same methods, where the
products have typically been found to be highly homogenous
throughout the sample (e.g., McCollom et al., 2016, 2020a). The
cause of the zonation is undetermined at this time.

Thermogravimetric analysis of the reacted solids exhibited
weight loss only for chrysotile (Fig. 3). The total loss attributable
to decomposition of chrysotile is 4.8 wt% in the darker-toned solids
and 6.0 wt% for the lighter-toned solids (Table 3). When combined
with the amount of magnetite produced, these weight losses
equate to approximately 52 % and 67 % hortonolite reaction for
the dark and light zones, respectively, since OH constitutes
�12 wt% of serpentine for Mg# = 82 (Table 3). Based on the esti-
mate that the darker materials comprise �80 % of the bulk solids,
these results indicate approximately 55 % of the original hortono-
lite reacted during the experiment.

To obtain additional information on the partitioning of Fe
among secondary phases, Mössbauer spectroscopy (MB) was per-
formed on the reaction products (Supplemental Figure S6). In order
to focus on the state of Fe in chrysotile, the analysis was performed
on materials that had been processed to remove magnetite and
increase the chrysotile:hortonolite ratio. During this process, the
reacted solids were lightly crushed, combined with ethanol in a
glass vial, and sonicated. The suspended fraction was then
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removed with a pipette and evaporated, and the residue was
retained for the MB analysis. A strong magnet placed next to the
glass vial during removal of the ethanol excluded magnetite from
the suspended fraction.



Table 3
Results of thermogravimetric analyses and magnetization measurements.

Hortono230
Dark

Hortono230
Light

Oliv230fine* Oliv230pH*

TGA weight loss (%):
Serpentine 4.8 6.0 3.0 8.1
Brucite 0 0 0.9 2.3

Secondary minerals (wt.%):
Serpentine 39 49 23 64
Brucite 0 0 3.0 7.6
Magnetite# 15 20 1.75 1.6

Total reaction (%)y 52 67 25 69
Duration (h) 3500 3500 4293 2972

* Results from McCollom et al. (2016, 2020a).
# From magnetization measurements.

y Estimated percent of total primary minerals reacted, by mass. See Supplemental Materials for details of the calculation.

Fig. 4. Isomer shift (IS) versus quadrupole splitting (QS) fromMössbauer analysis of
serpentine produced in Hortono230 (red triangles) along with data for the original
hortonolite (blue triangle). Also shown are data for several relevant reference
minerals (crosses; from Dyar et al., 2006) and for serpentine produced during other
olivine serpentinization experiments (green circles; McCollom et al., 2016, 2020a).
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Mössbauer parameters for the processed sample are summa-
rized in Table 4 and displayed in Fig. 4. Also shown in Fig. 4 are
MB parameters for reference minerals and for serpentine from sev-
eral previous olivine serpentinization experiments. The MB results
indicate that both FeII and FeIII are present in the chrysotile, with an
FeIII:Fetotal ratio of about 21 % (calculated by dividing the total
amount of FeIII present in both octahedral and tetrahedral sites
by the total amount in chrysotile; Table 4). Of the FeIII,
approximately-two-thirds resides in octahedral sites, while one-
third resides in tetrahedral sites.

Because remote spectroscopy is commonly used to investigate
minerals on the surfaces of other planetary bodies, visible-near
infrared (VNIR) reflectance spectra were collected for the products
of Hortono230 and other olivine serpentinization experiments
(Fig. 5). The experimental products all display prominent absorp-
tion features at �1.39, �1.93, and �2.33 lm that are consistent
with chrysotile. In addition, the features at �1.39 lm and
�2.33 lm data appear to show a slight increase in wavelength
with increasing Fe contents (i.e., lower Mg#).

4. Discussion

4.1. Partitioning of Fe and H2 generation

Key results from the Hortono230 experiment are summarized
in Table 5, together with results from comparable experiments
performed using Mg-rich SC olivine. As illustrated in Fig. 1a, reac-
tion of hortonolite generated substantially greater amounts of H2

per gram than was observed during serpentinization of Mg-rich
olivine. When differences in extent of reaction are taken into
account, serpentinization of hortonolite produced approximately
4–5 times as much H2 per gram as Mg-rich olivine under compara-
ble conditions (Table 5). Similarly, the amount of magnetite precip-
itated from reaction of hortonolite was 4–12 times greater than
that observed for Mg-rich olivine, once the differing extents of
reaction are taken into account (Table 5). In addition, serpentine
from Hortono230 is substantially enriched in Fe (Mg# = 82) rela-
Table 4
Room-temperature hyperfine magnetic Mössbauer parameters for reaction products
from Hortono230 that were processed to remove magnetite and some hortonolite.

QS (mm/s) IS (mm/s) %* Assignment

2.72 1.13 69 FeII (serp)
0.74 0.40 12 FeIII (serp; oct)
0.31 0.18 6 FeIII (serp; tet)
3.01 1.15 13 FeII (hor)

* Relative molar abundances of Fe among the components. Peak assignments for
FeIII include both octahedral (oct) and tetrahedral (tet) sites. Mineral abbreviations:
serp = chrysotile serpentine, hor = hortonolite.

(a) Parameters attributable to FeII. (b) Parameters attributable to FeIII. Dashed boxes
in (b) outline parameters assigned to tetrahedral (Tet) or octahedral (Oct) sites for
serpentine minerals. The Mössbauer measurements were performed on reacted
solids that had been processed to remove magnetite and enhance the serpentine:
hortonolite ratio (see Supplemental Methods). The measured MB spectra and fit
curves for Hortono230 are shown in Supplemental Fig. S6. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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tive to that produced during experimental serpentinization of
Mg-rich olivine, which typically has compositions of Mg# =
92–97 for comparable reaction conditions (Okamoto et al., 2011;
Malvoisin et al., 2012; Ogasawara et al., 2013; McCollom et al.,



Fig. 5. Visible/near-infrared reflectance spectrum of serpentine from the Hor-
tono230 experiment compared with spectra for other olivine serpentinization
experiments and with a USGS reference spectrum for chrysotile (Kokaly et al.,
2017). No compositional data is available for the USGS reference sample.
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2016, 2020a). Furthermore, brucite was absent from the secondary
mineral products of Hortono230 whereas it was produced in sub-
stantial amounts during reaction of Fe-poor SC olivine under the
same conditions (McCollom et al., 2016, 2020a).

All of these results are consistent with predictions of thermody-
namic equilibriummodels for serpentinization of olivine with vari-
able Fe contents (Klein et al., 2013; McCollom et al., 2022). The
models predict that serpentinization of olivine with increasingly
higher Fe contents should result in precipitation of greater
amounts of magnetite, the formation of serpentine minerals with
higher Fe contents, and generation of greater amounts of H2 from
each increment of olivine reacted. At 230 �C, equilibrium models
Table 5
Summary of key experimental results from Hortono230 and related experiments.

Experiment Duration
(h)

Final
pH25�C

Final
pHin situ

Final H2 conc.
(mmol)

Tot
(lm

Hortono230 3525 10.3 7.4 88.5 381

Oliv230fine# 4293 9.1 7.8 25 47
Oliv230pH� 2972 12.3 9.3 47 105

* Percent of total primary minerals reacted based on TGA results. Srp = serpentine, Br
y Calculated for bulks solids based on estimate of 80 % dark-grey solids and 20 % light-g

# Data for olivine-only experiment at circumneutral pH from McCollom et al. (2016).
� Data for olivine-only experiment at strongly alkaline pH from McCollom et al. (2020a
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also predict that reaction of olivine with high Fe contents should
not precipitate any brucite, while reaction of Fe-poor olivine pro-
duces substantial amounts of brucite. Thus, the absence of brucite
in the products of Hortono230 can be explained by its thermody-
namic instability relative to the Fe-rich serpentine plus magnetite
mineral assemblage at the experimental conditions (see McCollom
et al., 2022).

A more detailed comparison between the experimental obser-
vations and thermodynamic equilibrium models is provided in
Fig. 6. This figure shows results from Hotono230 projected onto a
reaction path model constructed to simulate the progressive reac-
tion of hortonolite at 230 �C (additional outputs of the model are
provided in the spreadsheet included as Dataset2). The model pre-
dicts the compositions of secondary minerals and of the coexisting
fluid as a function of reaction progress (i.e., fraction of olivine
reacted), with the assumption that thermodynamic equilibrium
is maintained among the secondary mineral products and with
the coexisting fluid. The mineral and fluid compositions observed
in Hortono230 are projected onto the model results assuming that
the hortonolite reacted linearly as a function of time, which is con-
sistent with previous experimental studies of olivine serpentiniza-
tion (Malvoisin et al., 2012; McCollom et al., 2016).

The comparison in Fig. 6 illustrates that the equilibrium model
successfully replicates the mineral and fluid compositions
observed in Hortono230. In particular, the model predictions clo-
sely replicate the Fe content and FeIII:Fetotal ratio of the chrysotile
produced in the experiment (Fig. 6c). The model predicts precipita-
tion of �9 wt% magnetite for the extent of reaction observed in the
experiment (Fig. 6a; Dataset2), which is reasonably consistent with
the observed amount of 15.3 wt% for the bulk reacted solids. The
somewhat lower amount of magnetite predicted by the models
reflects a slight overestimate of the total Fe content of serpentine
(Fig. 6c), suggesting that some further refinement of the solid solu-
tion parameters for serpentine minerals or thermodynamic proper-
ties of the endmembers may be needed.

The production of H2 predicted by the model also agrees closely
with experimental observations up to the last measurement,
where the models predict a continued linear increase in H2 gener-
ation while the experimental data appear to show a slight decrease
in the rate of accumulation over time (Fig. 6b). The reason for this
discrepancy is uncertain. A couple of possible explanations are that
the decrease in the rate of H2 accumulation in the latter stage of
the experiment represents a change in reaction stoichiometry or
a slowing reaction rate; however, results of previous olivine ser-
pentinization studies have indicated that the stoichiometry and
rate of the reaction do not change appreciably as the reaction pro-
gresses (e.g., Malvoisin et al., 2012; McCollom et al., 2016).

Another possibility is that some of the H2 generated by serpen-
tinization may have been consumed by reduction of another
redox-labile component in the experiment. For instance, reduction
of metallic elements during serpentinization can result in precipi-
tation of native metals or metal-alloys such as awaruite (Ni3Fe;
al H2 generated
ol/g)

Mg#

Srp Brc
FeIII/
FetotSrp
(mol%)

Wt.%
Mag

Estimated %
reaction*

82 n.
a.

21 15.3y 55

97 92 – 1.75 25
93 78 53 1.6 70

c = brucite, Mag = magnetite.
rey.

). ‘‘n.a.‘‘ = not applicable. ‘‘–‘‘ = not determined.



Fig. 6. Results of a reaction path model constructed to simulate reaction of hortonolite at 230 �C, with experimental results from Hortono230 shown for comparison
(symbols). (a) Predicted mineral composition as a function of reaction progress. The dashed vertical line indicates the approximate degree of reaction progress in Hortono230.
(b) Predicted in situ pH and amount of H2 generated. (c) Predicted Mg# and FeIII:Fetotal ratio (in percent) for serpentine. (d) Concentration of total dissolved RSiO2.
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Klein and Bach, 2009; Klein et al., 2009), and reduction of carbon
can potentially result in precipitation of solid carbonaceous mate-
rials as well (Milesi et al., 2016). With respect to the latter possibil-
ity, it may be worth noting that the fluid composition in
Hortono230 appears to converge on equilibrium between dis-
solved CO2 and a proxy for hydrogenated condensed carbonaceous
matter (Fig. 7). Similar trends have been observed in Oliv230fine
and other serpentinization experiments as well as in fluids dis-
charged from several natural serpentinites, and suggest that dis-
solved H2 and CO2 levels during serpentinization may be
regulated by equilibrium with a solid carbonaceous component
under some circumstances (Milesi et al., 2016; Sforna et al.,
2018; Ménez et al., 2018). Although native metals or carbonaceous
materials were not observed during examination of the Hor-
tono230 products, they may have been present in trace amounts
dispersed among the other products that would be difficult to
detect without more-detailed analytical methods (e.g., Ellison
et al., 2021).

Overall, the good agreement between the experimental and
modeling results suggests that thermodynamic equilibrium
exerted a predominant influence on the partitioning of Fe among
the products of the hortonolite experiment, and on the fraction
of FeII converted to FeIII during the process. Moreover, since the
generation of H2 is dependent on the partitioning of FeIII into sec-
ondary minerals (Rxn. 3), the flux of H2 generated as the reaction
proceeds also appears to be regulated largely by thermodynamic
equilibrium involving the secondary minerals and components of
the fluid. Similarly close agreement with thermodynamic models
has been observed in other serpentinization experiments
(McCollom et al., 2016, 2020a,b), providing additional support for
a prominent role of thermodynamic factors in regulating the parti-
tioning of Fe and H2 generation during serpentinization. Overall,
the results imply that thermodynamic equilibrium among the
reaction products may exert a stronger influence on mineral and
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fluid compositions during serpentinization of natural rocks than
other proposed factors such as silica activity, fluid pH, and equilib-
rium between serpentine and olivine (e.g., Moody, 1976; Evans and
Trommsdorf, 1972; Frost and Beard, 2007; Evans, 2008; Syverson
et al., 2017).

Although there were additional differences other than olivine
composition between Hortono230 and the other serpentinization
experiments, these likely played only a very minor role in account-
ing for differences in Fe partitioning and H2 generation. The initial
fluid for experiments Oliv230fine and Oliv230pH contained dis-
solved HCO3

–, but the amounts added were very small and resulted
in precipitation of only trace amounts of carbonate minerals, none
of which contained Fe: consequently, the addition of HCO3

– likely
had only a very minor influence on the partitioning of Fe and Mg
among the product minerals. The addition of NaOH to increase
the pH in Oliv230pH resulted in an increase in the partitioning of
Fe into serpentine and brucite, which in turn resulted in produc-
tion of less magnetite and H2 relative to reaction at less alkaline
pH (McCollom et al., 2020a). Because the pHin situ was substantially
less alkaline in Horotono230 than in Oliv230pH (Fig. 1b), some of
the differences between the distribution of Fe contents of mineral
products and H2 production could be driven by the difference in
pH. However, any such effect would have been small relative to
the much larger variation driven by the differences in Fe content
of the reactant olivine.

4.2. Relative reaction rate

As seen in Table 5, the extent of reaction that occurred during
Hortono230 is intermediate between that observed for serpen-
tinization of Mg-rich olivine in Oliv230fine and Oliv230pH. A
recent experimental study found that the rate of olivine serpen-
tinization is strongly dependent on pH, with more alkaline condi-
tions leading to higher rates of reaction (McCollom et al., 2020a).



Fig. 7. Fluid compositions during experiments Hortono230 and Oliv230fine projected onto stability diagrams for selected minerals as a function of activities of dissolved CO2

and H2. The diagram is constructed for 230 �C and 35 MPa to correspond to conditions used in the experiments. The arrows indicate the trajectory of the fluid composition
over time during the experiments. Solid black lines indicate equilibrium between hematite-magnetite, magnetite-siderite, and brucite-magnetite mineral pairs, with
individual minerals stable on either side of the lines as noted on the diagram. Dashed lines indicate metastable equilibrium between dissolved CO2 and graphite or between
dissolved CO2 and anthracene, a proxy for the thermodynamic properties of hydrogenated condensed carbonaceous matter (Milesi et al., 2016). Values for the activities of
dissolved CO2 and H2 during the experiments are derived from the EQ3 fluid speciation calculations used to determine in situ pH (see methods). The short dashed line reflects
saturation of the fluid with respect to dissolved H2. The brucite-magnesite equilibrium line is calculated for the dissolved Mg concentration in Oliv230fine, where the
abundance of dissolved CO2 is regulated by these minerals; brucite is unstable relative to magnetite in Horoton230, so a similar buffering of aCO2 does not occur. Diagram is
adapted from Milesi et al., 2016, and details of construction of the diagram are described therein.
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The rate of reaction for Hortono230 is compared with results of
several other olivine serpentinization experiments performed at
230 �C in Fig. 8, with rates plotted as a function of pH. When pH
is taken into account, the reaction rate for Hortono230 appears
to be consistent with the trend observed in the other serpentiniza-
tion experiments, which were performed with Mg-rich SC olivine
(Fig. 8). The consistency of the Hortono230 results with the general
trend suggests that the higher Fe content of hortonolite did not
have a significant impact on the rate of reaction.

The reason for the increased rates of olivine serpentinization
with increasing pH remains to be determined. However, dissolu-
Fig. 8. Rates of reaction for Hortono230 and other olivine serpentinization
experiments performed at 230 �C as a function of pH. Data for Oliv230 and
Oliv230fine from McCollom et al. (2016) and for Oliv230pH from McCollom et al.
(2020a). Except for Hortono230, all the experiments were conducted with Mg# = 90
olivine.
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tion of Mg-rich olivine at alkaline pH appears to proceed through
formation of a Si-depleted, Mg-enriched layer on the surface, and
the rate-limiting step for dissolution at higher pH is thought to
involve hydrolysis and detachment of Mg+2 ions from this Si-
depleted layer (Pokrovsky and Schott, 2000; Oelkers et al., 2018).
If this is the case, then the result from Hortono230 suggests that
a similar Mg- and Fe-enriched layer may form at the surface of
hortonolite as it dissolves under alkaline conditions, and that
Fe+2 ions are removed from this layer at a rate comparable to Mg+2.

To the extent that the experimental conditions are relevant to
the interiors of other planetary bodies, the >50 % reaction progress
attained in less than a year for Hortono230 may indicate that ser-
pentinizing systems are relatively short-lived. However, additional
factors in natural systems such as restricted water access and lar-
ger grain size may reduce reactions rates well below those
observed in the experiment. In addition, the rate of serpentiniza-
tion of olivine appears to decrease substantially at temperatures
below 230 �C, at least for Mg-rich olivine compositions (e.g.,
Wegner and Ernst, 1983; Malvoisin et al., 2012; McCollom et al.,
2016). Hence, if the same decrease in rates at lower temperatures
applies to more Fe-rich olivine, serpentinization taking place at
lower temperatures than in Hortono230 would be expected to be
much slower. More data are required to fully understand how ser-
pentinization rates vary as a function of factors such as tempera-
ture, pH, and rock composition, but further study could yield
insight into the geologic history of other planetary bodies.
4.3. Implications for serpentinization on Mars and icy moons

Serpentinization has been widely invoked as a potential process
to support microbial life on Mars and icy moons in the outer solar
system (e.g., Schulte et al., 2006; Vance et al., 2007, 2016;
Michalski et al., 2013; Glein et al., 2015; Sekine et al., 2015;
Greenberger et al., 2015; Onstott et al., 2019; Vance and Melwani
Daswani, 2020; Glein and Zolotov, 2020). This proposition is based
on studies of analogous environments on Earth, where the H2 and
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CH4 produced by serpentinization have been found to supply
metabolic energy that supports prolific autotrophic microbial com-
munities in a variety of settings (see Schrenk et al., 2013;
McCollom and Seewald, 2013; Ménez, 2020; and references
therein). If the supply of H2 is the limiting factor for growth in such
environments, the results of this study suggests that serpentinizing
systems in extraterrestrial settings may have a substantially
greater potential to support microbial activity than in analogous
terrestrial environments. For the olivine composition and condi-
tions of the Hortono230 experiment, up to four times as much bio-
mass could potentially be supported based on the amount of H2

generated.
On Mars, the H2 generated by serpentinization has also been

invoked as a potential contributor to atmospheric greenhouse
gases that helped warm the planet’s surface in the early solar sys-
tem (Wordsworth and Pierrehumbert, 2013; Ramirez et al., 2014;
Chassefière et al., 2016; Wordsworth, 2016; Wordsworth et al.,
2021; Guzewich et al., 2021). If serpentinization was widespread
on early Mars, it could have been a major contributor to the H2

in the atmosphere. The results of Hortono230 suggest that the
higher Fe contents of olivine in Martian rocks should enhance their
capacity to generate H2, leading to higher inputs to the atmosphere
than would be expected based on terrestrial olivine compositions.

The mineralogical and chemical changes that occur during ser-
pentinization also have substantial effects on the physical proper-
ties of the rocks. For example, serpentinization can result in a steep
increase in rock magnetization, owing to the formation of mag-
netite as one of the major reaction products (Toft et al., 1990;
Oufi et al., 2002; Klein et al., 2014). Serpentinization also lowers
the rock’s density by �20 % while increasing its volume by
�45 %, decreases the rock’s tectonic strength, and results in overall
oxidation of the bulk rock (Coleman, 1970; Escartin et al., 2001;
Guillot et al., 2015; Klein and Le Roux, 2020). One implication of
these effects is that serpentinization may make a significant contri-
bution to the magnetic properties of planetary lithospheres. On
Mars, for example, serpentinization of rocks within the crust may
have been a significant contributor to that planet’s magnetic signa-
ture and a contributor to the remanent crustal magnetic anomalies
observed in the Southern highlands (Quesnel et al., 2009;
Chassefière et al., 2013: Lasue et al., 2015).

The results of Hortono230 demonstrate that serpentinization of
Fe-rich olivine has the potential to precipitate significantly greater
amounts of magnetite than is observed in terrestrial serpentiniza-
tion systems that are hosted in mantle peridotite (Table 5). If the
olivine-rich rocks that undergo serpentinization on other planetary
bodies have higher Fe contents than their terrestrial counterparts,
they may produce a proportionally stronger magnetic signature.
One caveat, however, is that because Fe-brucite is expected to pre-
cipitate instead of magnetite during serpentinization of olivine-
rich rocks at low temperatures (<100–200 �C, depending on olivine
Fe content; Klein et al., 2013; McCollom et al., 2022), the increased
magnetization may only be manifested in rocks that undergo ser-
pentinization at relatively high temperatures. In addition, in ultra-
mafic rocks where orthopyroxene contributes significantly to
serpentinization, a greater proportion of Fe will partition into ser-
pentine rather than magnetite, reducing the amount of magnetite
produced (e.g., Seyfried et al., 2007; Klein et al., 2009, 2013, 2014).

Should serpentinization of olivine on other planetary produce
serpentine that is relatively enriched in Fe, the results of VNIR
and Raman analyses suggest that the higher Fe contents should
be detectable by remote methods. In particular, higher Fe contents
for serpentine may result in a shift to lower wavelengths in VNIR
spectra (Fig. 5) and a lower Raman shift in Raman spectra (Supple-
mental Fig. S3). However, additional analyses for a wider range of
serpentine compositions will be needed to confirm and calibrate
these trends before they can be used to confidently assign specific
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compositions to serpentine minerals on Mars or other planetary
bodies.
5. Conclusions

Experimental serpentinization of the Fe-rich hortonolite at
230 �C resulted in formation of chrysotile, magnetite, and H2. Com-
pared to reaction of Mg-rich olivine under similar conditions, the
chrysotile produced from hortonolite had higher Fe contents, and
significantly greater amounts of magnetite and H2 were generated.
The abundances and composition of the reaction products are con-
sistent with predictions of thermodynamic models, providing addi-
tional support for the proposition that thermodynamic equilibrium
among the reaction products exerts a predominant influence on
regulating the outcome of serpentinization reactions. The results
suggest that serpentinization of olivine-rich rocks on other plane-
tary bodies may have a greater capacity to support autotrophic bio-
logical communities, enhance atmospheric greenhouse warming,
and generate stronger magnetic signatures than equivalent terres-
trial serpentinites. In addition, the fluids produced were alkaline,
with very low concentrations of Fe, Mg, and SiO2, which may have
implications for interpreting the role of serpentinization in regulat-
ing the chemistry of fluids on icy moons and Mars.
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