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Abstract

Two flow-through experiments were conducted to assess serpentinization of intact dunite cores. Permeability and fluid
chemistry indicate significantly more reaction during the second experiment at 200 �C than the first experiment at 150 �C. Per-
meability decreased by a factor of 2.4 and 25 during the experiments at 150 and 200 �C, respectively. Furthermore, hydrogen
and methane concentrations exceeded 600 lmol/kg and 300 lmol/kg during the 200 �C experiment, and were one and two
orders of magnitude higher, respectively, than the 150 �C experiment. Fe K-edge X-ray absorption near edge structure anal-
yses of alteration minerals demonstrated Fe oxidation that occurred during the 200 �C experiment. Vibrating sample magne-
tometer measurements on post-experimental cores indicated little to no magnetite production, suggesting that the hydrogen
was largely generated by the oxidation of iron as olivine was converted to ferric iron (Fe(III)) serpentine and/or saponite.
Scanning electron microscopy images suggested secondary mineralization on the post-experimental core from the 200 �C
experiment, portraying the formation of a secondary phase with a honeycomb-like texture as well as calcite and wollastonite.
Scanning electron microscopy images also illustrated dissolution along linear bands through the interiors of olivine crystals,
possibly along pathways with abundant fluid inclusions. Energy dispersive X-ray spectroscopy identified Cl uptake in serpen-
tine, while Fourier transform-infrared spectroscopy suggested the formation of serpentine, saponite, and talc. However, no
change was observed when comparing pre- and post-experimental X-ray computed tomography scans of the cores. Further-
more, (ultra) small angle neutron scattering datasets were collected to assess changes in porosity, surface area, and fractal
characteristics of the samples over the � 1 nm- to 10 lm-scale range. The results from the 200 �C post-experimental core gen-
erally fell within the range of values for the two pristine samples and the 150 �C post-experimental core that underwent neg-
ligible reaction, indicating that any change from reaction was smaller than the natural variability of the dunite. Even though
there was little physical evidence of alteration, the initial stage of serpentinization at 200 �C was sufficiently significant to have
a dramatic effect on flow fields in the core. Furthermore, this experiment generated significant dissolved hydrogen concentra-
tions while simulating open system dynamics. Even though open systems prevent elevated hydrogen concentrations due to
continual loss of hydrogen, we speculate that this process is responsible for stabilizing ferric Fe-rich serpentine in nature while
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also oxidizing more ferrous iron (Fe(II)) and cumulatively generating more hydrogen than would be possible in a closed
system.
� 2017 Elsevier Ltd. All rights reserved.
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X-ray computed tomography (XRCT); Vibrating sample magnetometer (VSM); Fourier transform-infrared (FT-IR) spectroscopy; X-ray
absorption near edge structure (XANES) spectroscopy
1. INTRODUCTION

Peridotites, olivine-rich rocks originating in the mantle,
are commonly exposed at slow-spreading ridges and sub-
duction zones due to tectonic processes (Guillot and
Hattori, 2013). Once near the surface, serpentinization then
proceeds and involves the hydration of peridotite at rela-
tively low temperatures (McCollom and Bach, 2009;
Klein et al., 2013) during interaction between groundwa-
ter/seawater and ultramafic rock (Moody, 1976; Nesbitt
and Bricker, 1978; Janecky and Seyfried, 1986; O’Hanley,
1996; Schroeder et al., 2002). Experimental studies of ser-
pentinization have demonstrated significant complexity,
with reaction kinetics that span � 4 orders of magnitude
(Martin and Fyfe, 1970; Wegner and Ernst, 1983; Lafay
et al., 2012; Malvoisin et al., 2012b; Andreani et al.,
2013a,b; McCollom et al., 2016). Serpentinization has
important implications for geochemical cycling due to alter-
ation of ultramafic rocks (Allen and Seyfried, 2003; Bach
et al., 2004; Boschi et al., 2006; Seyfried et al., 2007, 2010,
2015; Foustoukos et al., 2008). Furthermore, serpentiniza-
tion produces fluids that contain hydrogen (H2) and
methane (CH4) (e.g., Charlou et al., 2002; Kelley et al.,
2005), with the potential to support biological communities
without photosynthesis (Brazelton et al., 2006; Flores et al.,
2011; McCollom and Seewald, 2013). While H2 is produced
from reaction between water and ferrous Fe-rich (Fe(II))
olivine, the generated H2 can create environments that facil-
itate abiotic production of CH4 as CO2 is reduced (Horita
and Berndt, 1999; McCollom and Seewald, 2001;
Foustoukos and Seyfried, 2004). Flow-through experimen-
tal studies have demonstrated permeability reductions
caused by serpentinization reactions that clog flow paths
(Godard et al., 2013; Farough et al., 2016). In addition,
geophysical implications arise as rock density is dramati-
cally reduced (Toft et al., 1990; O’Hanley, 1996; Oufi
et al., 2002; Bach et al., 2006; Beard et al., 2009) and mag-
netite forms during serpentinization, which significantly
changes the magnetic properties of ultramafic rocks (Toft
et al., 1990; Oufi et al., 2002; Schroeder et al., 2002;
Maffione et al., 2014). Because of the density reduction, ser-
pentinization causes a solid volume expansion, but
reaction-driven cracking potentially provides a positive
feedback mechanism that maintains or creates flow path-
ways, ultimately producing rocks that have become fully
serpentinized (Macdonald and Fyfe, 1985; Kelemen and
Hirth, 2012; Plümper et al., 2012; Tutolo et al., 2016).

Serpentinization in ultramafic-hosted hydrothermal sys-
tems can produce relatively cool and alkaline fluids that
support diverse ecosystems (Palandri and Reed, 2004;
Kelley et al., 2005). The Lost City hydrothermal field,
which was discovered in 2001, �15 km from the Mid-
Atlantic Ridge at 30�N (Kelley et al., 2001, 2005; Früh-
Green et al., 2003), provides strong evidence for the feed-
back between detachment faulting and serpentinization by
seawater of exposed mantle lithologies. This site includes
vent temperatures up to 90 �C and spectacular carbonate
chimneys that rise up to 60 m above the ocean floor
(Früh-Green et al., 2003; Kelley et al., 2005). Below the sur-
face, olivine is hydrated to form secondary phases that
include serpentine, talc, magnetite, and brucite as serpen-
tinization proceeds (Kelley et al., 2005; Boschi et al.,
2006, 2008). Boschi et al. (2006) documented complex
heterogeneities of mass transfer during alteration of the
Atlantis Massif (oceanic core complex which hosts the Lost
City Hydrothermal Field) and noted that seawater-gabbro
interaction can be an important source of Si during serpen-
tinization of ultramafic rocks. Similarly, Seyfried et al.
(2015) show that Lost City vent fluid chemistries are influ-
enced by rocks bearing considerably more SiO2 than peri-
dotite alone. Isotopic evidence suggests that the alteration
at Lost City has resulted in the abiotic production of hydro-
carbons and formate (Proskurowski et al., 2008; Lang et al.,
2010).

To simulate the serpentinization of ultramafic rocks, we
conducted two flow through experiments on intact dunite
cores to document chemical reactions during incipient
stages of serpentinization and to identify the effects of these
reactions on flow and rock physical properties. Artificial
seawater flowed through the dunite cores during the exper-
iments, and the far-from-equilibrium experimental fluid
produced a strong thermodynamic drive for reaction. The
experimental flow system permitted periodic collection of
fluid chemistry to constrain fluid-rock reactions, and simul-
taneous permeability measurements demonstrated the effect
of reactions on flow fields through each core. A variety of
analyses were performed on the core samples to document
mineralogical and pore changes. The coupling of these
datasets informs the understanding of reaction zones in
ultramafic hydrothermal systems, with implications for
Lost City-type systems.

2. METHODS

Experiments were conducted using a novel flow system
(Fig. 1) to mimic physical and chemical processes in serpen-
tinizing systems. Watlow heating bands and Teledyne ISCO
syringe pumps facilitate temperature and pressure control
of the flow-through reaction cell, and the reaction cell’s
design enables confinement pressure to be applied equally



Table 1
Chemical composition of Balsam Gap Dunite.

Oxide wt%

Al2O3 0.21
BaO <DL
CaO 0.108
FeO 7.3
K2O 0.0239
MgO 50
MnO 0.112
Na2O 0.021
P2O5 <DL
SiO2 43
SrO 0.00137
TiO2 0.0049

Total 101

DL = detection limit.

Fig. 2. Cross-polarized light micrograph of dunite sample with
relatively fresh olivine and little alteration. Other mineral phases
are minor.

Fig. 1. (a) Hydrothermal flow-through reaction system facilitates dunite-seawater reactions at 150–200 �C and 150 bar pore-fluid pressure,
while simultaneously monitoring permeability and fluid chemistry evolution. (b) Fluid-rock reaction occurs in the pressure vessel with many
custom-made components (Luhmann et al., 2017a). O-rings on piston assemblies permit confinement pressure to be applied equally in all
directions on the experimental core. Experimental fluid only contacts titanium components (colored purple) when at experimental
temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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along all directions of the (PFA) Teflon-sheathed experi-
mental core. Within the heated pressure vessel, experimen-
tal solution flows through titanium (Ti-6Al-4V) flow pieces,
which were heated to 500 �C until the surfaces became a
bronze to purple color, indicating an oxidized and passi-
vated surface (Fig. 1b). Furthermore, in-situ changes in
fluid chemistry and permeability can be monitored simulta-
neously. Outlet pressure was controlled using a computer-
controlled needle valve designed in-house. Thus, the exper-
imental system enables continuous fluid sample collection
while maintaining pressure in the flow-through cell. The
samples may be analyzed for dissolved solids and gases,
which provide detailed characterization of mass transfer
that occurs in the reacted core, while continuous permeabil-
ity measurements indicate the impact of the reactions on
fluid flow through the sample in real time. Furthermore,
the experimental core can be analyzed after the experiment
for mineralogical and porosity changes. The flow system
has been employed in a series of experiments (Luhmann
et al., 2013, 2014; Tutolo et al., 2014, 2015), and the reac-
tion cell is described in more detail in Luhmann et al.
(2017a).

Our experiments were conducted on solid cores (1.26 cm
in diameter by 2.62–2.68 cm long) cut from a hand sample
of Balsam Gap Dunite from North Carolina. The dunite
composition (with 2r accuracies better than 3%) was deter-
mined by inductively coupled plasma-optical emission spec-
trometry (ICP-OES) (Table 1). Petrographic analyses
indicate olivine, with minor orthopyroxene, clinopyroxene,
plagioclase, and chromite (Fig. 2). Olivine grains within the
core sample generally range from �100 lm to 1 mm in size
and are surrounded by incipient serpentinization phases,
likely primarily serpentine (Table 5), as evidenced by
unique birefringence at grain boundaries. Orthopyroxenes
display minor deformation, and concentrations of
ortho- and clinopyroxene show localized alteration to
fine-grained oxides and phyllosilicates. Furthermore, rare
muscovite, amphibole, and other mineral phases cannot



Fig. 3. Plane-polarized light micrographs illustrating fluid inclusions in crystals within the dunite sample. The distribution of fluid inclusions
ranges from (a) random to (b) sub-linear bands to (c and d) linear streaks. The sections are 150 lm thick, and a video is included in the
Supplementary Material that better illustrates the bands of fluid inclusions with depth with one of the crystals shown in (b). Previous research
has also noted linear bands of fluid inclusions along growth planes (Liu and Fei, 2006). Each micrograph includes a 100 lm scale bar.
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be ruled out. Calculation of normative mineralogy (using
the data provided in Table 1) suggests the sample includes
93.2 wt% olivine, 6.12 wt% ferroan enstatite, 0.59 wt%
magnetite, and 0.43 wt% diopside,1 although chromite
was not quantified due to the lack of a Cr analysis (Table 1)
and vibrating sample magnetometer analyses indicate negli-
gible magnetite (Table 7). Energy dispersive X-ray spec-
troscopy (EDS) maps of olivine grains and linear profiles
across individual grains from our sample show no evidence
of chemical zoning. In addition, linear bands of fluid inclu-
sions were observed within crystals within the dunite
(Fig. 3). The solid rock cores allow experimental fluids to
pass through natural, pore-network flow paths that are
inherent in the rock. Loose particles from coring were
removed via brief immersion in an ultrasonic bath, and
mass change from fluid-rock reaction was determined by
weighing dry cores pre- and post-experiment. Cores were
installed into a 1.3 cm i.d. Teflon PFA sheath with a
0.08 cm wall thickness. The Teflon was then wrapped in
0.005 cm stainless steel foil to limit diffusion of gases gener-
ated from fluid-rock reaction, and another layer of Teflon
PFA held the foil in place.

We conducted two experiments that each lasted slightly
more than a month (Table 2). The first experiment was
conducted at 150 �C, where artificial seawater was pumped
through the dunite core. This fluid was prepared using
1 Calculated using Kurt Hollocher’s CIPW Norm Excel program
(http://minerva.union.edu/hollochk/c_petrology/norms.htm).
laboratory-grade reagents (NaCl, MgCl2�6H2O, Na2SO4,
CaCl2�2H2O, KCl, NaHCO3, Sr(NO3)2, Li2CO3), a Si
((NH4)2SiF6) solution, and deionized (DI) water to match
seawater composition for these components (Table 3).
Because relatively little reaction occurred during the first
experiment, the temperature for the second experiment
was set higher at 200 �C, and the experimental fluid was
enriched in Si to simulate crustal fluids that may have
reacted with gabbro bodies in and around detachment
fault zones (Boschi et al., 2006, 2008; Seyfried et al.,
2015). The slight increase in dissolved Si used for the
200 �C experiment also provides an enhanced driving force
for olivine alteration to serpentine/talc, with implications
for elucidating the feedback between chemical and physi-
cal processes in natural systems. Artificial seawater with
enriched Si and Ca was prepared using laboratory-grade
reagents (NaCl and CaCl2�2H2O), silica gel, and a B
((NH4)2B4O7�4H2O) solution (Tables 3 and 4). Silica gel
was initially dissolved in a high pH NaOH solution before
it was mixed with the other artificial seawater components.
Both experiments used a flow rate of 0.01 ml/min, an out-
let pore-fluid pressure of 150 bar, and a confinement pres-
sure of 200 bar. Given the relatively high flow rate, our
experiments are characterized by a state of disequilibrium,
with a regime that is more reaction rate-limited than typ-
ically found in nature. Attempts were made to remove
oxygen from the flow system by repeated evacuation of
head space followed by nitrogen pressurization to
�5 bar. Furthermore, experimental fluid and DI H2O were
exposed to bubbling nitrogen for at least three hours
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before they were added to the upstream separator and the
syringe pumps, respectively.

DI water flowed through the cores before the experi-
ments commenced at experimental temperatures to develop
steady-state fluid pressure gradients as well as after the
experiments (at 50 �C following Experiment 1 and at room
temperature following Experiment 2) to displace residual
experimental fluid (artificial seawater) from the cores. Out-
side of these DI water flow periods, the upstream bypass
valve was closed as the valves to the fluid separator were
opened to deliver experimental fluid to the core. During
the experiments, pressure gradients were continuously
recorded and permeability, k, was calculated using Darcy’s
law (Darcy, 1856):

k ¼ �QvlL
ADP

; ð1Þ

where Qv is the volumetric fluid flow rate, l is the fluid
dynamic viscosity, L is the core sample length, A is the
cross-sectional area of the core, and DP is the pressure drop
across the core (over the distance L). Accuracy of the Heise
pressure transducers is ±0.125 bar.

Many fluid samples were collected in gas-tight syringes
downstream of the reaction cell to identify fluid changes
associated with fluid-rock interactions. Collected fluid
samples were diluted with nitrogen, and then gas analyses
were performed using an Agilent 6890A (G1540A) Gas
Chromatograph with uncertainties of �5–10% of reported
concentrations. The liquid portion of the sample was then
filtered with a 0.2 lm filter and split for pH measurements
using a ROSS glass electrode at 25 �C (uncertainty of
±0.05 pH units), major cation analysis (acidified with
trace metal grade HCl and further diluted with DI H2O)
using ICP-OES (2r accuracies of 3%), and preservation
of diluted, but unacidified samples. Additionally, two
unacidified samples from the second experiment were ana-
lyzed for major dissolved anions using ion chromatogra-
phy (IC) to test for the breakdown of Teflon at 200 �C,
but neither sample resulted in any measureable fluoride.
Expectations of little to no additional information from
anion analyses were confirmed by the two analyzed sam-
ples. Calcite was identified on the downstream end of
the dunite core from Experiment 2 (see below). Because
of this, total alkalinity was subsequently measured on
the unacidified samples from Experiment 2 by titration
with standardized HCl solution to a pH endpoint of 4.5.
Speciation and saturation calculations used the LLNL
thermo.com.V8.R6+.dat database and Geochemist’s
Workbench (GWB, version 10.0.3; Bethke and Yeakel,
2015). The DBCreate program was used to modify the
database to conform to experimental temperature and
pressure conditions (Kong et al., 2013).

Both dunite cores, pre- and post-experiment, were
scanned using X-ray computed tomography (XRCT) in
the University of Minnesota XRCT Laboratory. An accel-
erating voltage of 160 kV at a power of 20.0 W was used,
and the voxel size was 8 lm � 8 lm � 8 lm.

Connected porosity, /, for both post-experimental cores
was determined according to
/ ¼ S � D
qV

; ð2Þ

where S and D are the masses of each saturated and dry
core, respectively, q is water density, and V is the core vol-
ume. Each core was placed in a drying oven at 50 �C for a
sufficient time until the mass was constant to determine D.
Once dry, the cores were placed in the pressure vessel where
gases were evacuated with a vacuum pump and then pres-
surized with DI H2O to experimental pore-fluid pressure
(150 bar) before returning to atmospheric pressure. S was
then determined after the cores were rolled on paper to
remove the excess water film around the outer edges of
the cores. A digital caliper was used to measure core length
and diameter to determine V.

To quantify porosity and surface area of post-
experimental dunite core samples and pristine dunite sam-
ples over length scales ranging from �1 nm to 10 lm, small
angle (SANS) and ultra-small angle neutron scattering
(USANS) measurements were made following the experi-
ments. (U)SANS has been used to characterize the nm- to
lm-scale porosity and surface area of samples from a vari-
ety of geological environments (e.g., Anovitz et al., 2009,
2013; Jin et al., 2011; Bazilevskaya et al., 2013; Navarre-
Sitchler et al., 2013; Tutolo et al., 2016; Luhmann et al.,
2017b). Neutrons efficiently penetrate rock samples, and
they elastically scatter when interacting with interfaces con-
sisting of components of different scattering length densities
(SLD). In general, the largest SLD difference in a rock
occurs between minerals and pores. Mineral–mineral inter-
faces are often characterized by relatively low SLD differ-
ences. Thus, scattering intensities measured over the (U)
SANS range are typically dominated by scattering at
pore-mineral interfaces, such that the sample can be
approximated as a two-phase system of solids and pores
(Radlinski, 2006).

150 lm-thick dunite samples were glued (Super Glue) to
unfrosted quartz slides, where the thickness limited multiple
scattering during (U)SANS measurements (Anovitz et al.,
2009). The post-experimental cores from both experiments
were sectioned in two along each core’s length. Polished
sections were prepared (Burnham Petrographics LLC) from
these half cores as well as from two pristine dunite samples
to compare reacted and pristine samples, and all samples
were cut from the same small region of a fist-sized sample.

(U)SANS analyses were conducted at the National Insti-
tute of Standards and Technology Center for Neutron
Research (NCNR) in Gaithersburg, MD. Analyses record
measurements of the scattering intensity, I, which varies
with the scattering vector, Q, where Q = (4p/k) sin(h/2), k
is the neutron wavelength, and h is the neutron scattering
angle resulting from the neutron passing through the sam-
ple. SANS measurements employed the NG7 instrument
(Glinka et al., 1998), using pinhole geometry, a two-
dimensional detector, and a wavelength spread, Dk/k, of
0.138. Measurements were made at wavelengths, k, of 6 Å
(with 13.17, 4.0, and 1.0 m distances between the sample
and the detector) and 8.4 Å (13.17 m distance with bicon-
cave MgF2 lenses (Choi et al., 2000)). These instrument set-
tings generate SANS data with a Q range of �1 � 10�3 Å�1

to �3 � 10�1 Å�1. USANS measurements employed the
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BT5 instrument (Barker et al., 2005), with slit-height
geometry, k = 2.38 Å, and Dk/k = 0.059. USANS analysis
generated data over a Q range of �2 � 10�5 Å�1 to
�2 � 10�3 Å�1. SANS and USANS datasets overlap in Q

ranges, and together, provide Q data that spans over four
orders of magnitude. For both SANS and USANS data
collections, neutron-absorbing cadmium masks were
adhered to polished section samples (0.15 mm thickness)
to ensure measurements were obtained from selected sec-
tions of the samples. A cadmium mask with a 3/8 in
(0.95 cm) diameter aperture was used with the post-
experimental sections, analyzing a volume of �11 mm3. A
cadmium mask with a 1/2 in (1.27 cm) diameter aperture
was used for the larger pristine sections, analyzing a volume
of �19 mm3.

Data processing yielded one-dimensional SANS data via
azimuthally averaging (data were axially symmetric) with
absolute intensity normalization, following background
subtraction of an empty quartz slide measurement and sam-
ple transmission correction. Modifications to USANS data
included empty-beam and background scattering correc-
tions, absolute intensity normalization, and desmearing
using the NCNR Igor Pro macros (Kline, 2006), which
was used to reduce and desmear all (U)SANS data. The
(U)SANS datasets were then merged and fit using a power
law:

IðQÞ ¼ bQ�n þ c; ð3Þ
where b is a fitting parameter, the exponent n is the (nega-
tive) slope of the scattering curve, and c is the incoherent
scattering background. PRINSAS software (Hinde, 2004)
was used to subtract the incoherent scattering from the data
and to convert the corrected data to a polydisperse, spher-
ical pores (PDSP) and solid distribution. Porosity and
specific surface area (SSA) as a function of radius were then
calculated from the ensuing pore size distribution. SSA
curves were fit with a power law extrapolation to a probe
radius of 4 Å, and this value was then divided by dunite
density to provide a SSA comparable to BET measure-
ments (Radlinski et al., 2004; Tutolo et al., 2016;
Luhmann et al., 2017b), with an uncertainty of ±50%
(Radlinski et al., 2004). Additionally, the scattering invari-
ant, Y, can be used to calculate porosity, /, via the follow-
ing equation (Porod, 1952):

Y ¼
Z 1

0

Q2IðQÞdQ ¼ 2p2ðDqÞ2/ð1� /Þ; ð4Þ

where Dq is the scattering contrast between the rock and the
pore (i.e., the SLD difference). The dunite SLD is
5.153 � 10�6 Å�2 (http://www.ncnr.nist.gov/resources/ac-
tivation/), given the bulk oxide data (Table 1) and dunite
density of 3.260 g/cm3 (Escartı́n et al., 2001). An air-filled
pore has a SLD of zero, and we assume this value for all
pores (Anovitz et al., 2013).

The slope in a log I versus log Q plot is the Porod expo-
nent (n in Eq. (3)), representing a fractal when the Porod
exponent is constant over a range in Q that spans an order
of magnitude at minimum (Radlinski et al., 1996). A Porod
exponent between 2 and 3 indicates a mass fractal, where
the mass fractal dimension, Dm, is given by the exponent
(i.e., Dm = n). A mass fractal describes an object of length,
l, where the mass scales as lDm. When the Porod exponent is
between 3 and 4, a surface fractal exists, with a surface frac-
tal dimension given by Ds = 6 – n. The surface area of a sur-
face fractal object varies as lDs. This change in the Porod
exponent has been discussed by Mildner and Hall (1986)
in terms of fractal geometry applied to pores within geo-
logic material. To determine the Porod exponent, we
employ a standardized major axis regression (Warton
et al., 2006, 2012) in R (R Core Team, 2016), where we par-
tition data used in fits by minimizing the mean squared
error of sections that span at least one order of magnitude
in Q.

Thin sections were made from both post-experimental
cores and the pristine sample for thin section microscopy
analysis. A JEOL JSM-6500F scanning electron microscope
(SEM) was used to image mineral surface and thin section
changes, using an accelerating voltage of 15–20 kV, a probe
current of 5–20 nA, and a working distance of 10 mm. An
Oxford X-Max 80 EDS was used to identify experimental
alteration by comparing chemical analyses of the thin sec-
tions created from the Experiment 2 core and the pristine
sample. EDS analyses employed one million counts full
spectrum, using Oxford Instruments Aztec software.

Vibrating sample magnetometer (VSM) measurements
were performed on representative portions of both post-
experimental cores (4.196 g and 3.384 g of the Experiment
1 and Experiment 2 cores, respectively) to determine the
presence and amount of magnetite from fluid-rock reaction.
VSM analyses were also performed on two pristine samples
(� 4.5–5 g) to facilitate comparison to reacted cores. The
VSM measures the induced magnetization of the sample,
and wt% of magnetite, mmag, is estimated by

mmag ¼ Ms;sam

Ms;mag
� 100; ð5Þ

where Ms,sam and Ms,mag are the saturation magnetizations
(i.e., the maximum induced magnetic moment in a magnetic
field) of the sample and magnetite, respectively. Based on
previous magnetic analyses of experimental serpentiniza-
tion products (Malvoisin et al., 2012a), we assume pure
magnetite in the magnetite calculation. The hysteresis data
collected with the VSM is sensitive to all sizes of magnetic
minerals. The sensitivity of the instrument is
5 � 10�9 A m2, which means masses of magnetite as small
as 54 ng and masses of hematite as small as 12500 ng can
be detected. VSM measurements were conducted using a
Princeton Measurements Corporation Vibrating Sample
Magnetometer at the Institute for Rock Magnetism
(IRM) at the University of Minnesota. The saturating field
was 1 T, and measurements were made at room tempera-
ture. Data were processed using methods described by
Jackson and Solheid (2010).

X-ray absorption near edge structure (XANES) spectra
were acquired on one of the pristine and the post-
Experiment 2 150 lm-thick dunite sections at Diamond
Light Source on the I18 beamline using a 10 lm X-ray
beam over the energy range 7000–7300 eV, with 0.1 eV
spacing and count times of five s in the pre-edge region
(7100–7118 eV) and step sizes of 1–10 eV and count times
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of one s in the surrounding regions. Double-crystal silicon
monochromator in the Si(333) reflection configuration
was used to increase the beamline energy resolution com-
pared to the standard Si(111) configuration. Energy calibra-
tion was confirmed by measuring Fe metal foil, and all data
collection was performed in fluorescence mode with the
pristine and post-Experiment 2 sections positioned at a
45� angle from the incident beam. A 115 lm-thick Al foil
was placed in the beam path to reduce the incident X-ray
flux, and a 200 lm-thick diamond filter was positioned
before the monochromator to reduce the thermal load
and attenuate the incident X-ray flux further. A lack of
measurable photo-oxidation of Fe during data collection
was confirmed by monitoring the measured absorbance at
the Fe(II) and Fe(III) pre-edge peak energy positions of a
completely serpentinized peridotite as a function of time
over a period of several minutes. Prior studies (Wilke
et al., 2001; Marcaillou et al., 2011; Andreani et al.,
2013b; Miller et al., 2017) have shown that the centroid
of the pre-edge region can be used as a quantitative measure
of the oxidation state of Fe in serpentinites, provided that
Fe(II)- and Fe(III)-bearing model compounds are addition-
ally analyzed for calibration purposes. Following the guide-
lines put forth by these authors, we processed our spectra
by first subtracting the average of the background absor-
Fig. 4. Permeability decreased for both experiments as a function
of time, although there was a significant difference in the decrease
between the two experiments.

Table 2
Experiment and core details.

Experiment Flow
rate
(ml/
min)

Duration
(day)

Core
diameter
(cm)

Core
length
(cm)

Pre-
experiment
mass (g)

Po
ex
m

1 0.01 36.09 1.26 2.68 10.024 10
2 0.01 32.99 1.26 2.62 9.949 9.9
bance acquired between 7000 and 7050 eV and then nor-
malizing the intensity to the average absorbance measured
between 7250 and 7300 eV. Pre-edge features were extracted
by subtracting a spline function fit to the normalized absor-
bance measured above and below the features, whose posi-
tions changed depending on the bulk oxidation state of the
analyzed sample. These features were then fit using a set of
Gaussian peaks and compared to fits of spectra acquired on
Fe(II)-bearing San Carlos olivine (NMNH 111312-44) and
Fe(III)-bearing andradite garnet (NMNH 166396) pro-
vided by the Smithsonian Institution National Museum of
Natural History.

Finally, Fourier transform-infrared (FT-IR) spectro-
scopic analysis was performed on one of the pristine and
the post-Experiment 2 150 lm-thick dunite sections to iden-
tify experimental alteration, using a PerkinElmer Spotlight
200i FT-IR microscope in reflectance mode, scanning over
wave numbers from 600 to 4000 cm�1 for one minute per
spot. Due to the limited amount of alteration phases in
both the pristine and post-Experiment 2 dunite samples,
all spectra represent combinations of primary igneous and
alteration mineralogy. Grain boundaries and cracks within
crystals were analyzed using narrow (10 lm) aperture
widths on polished section samples with heights from up
to �100 lm in order to fill as much of the analyzed area
with the alteration phase of interest. Background-
subtracted spectra were compared to published spectra
(Chukanov, 2014) to identify minerals.

3. RESULTS

Permeability decreased for both experiments with reac-
tion progress (Fig. 4 and Table 2). During Experiment 1
at 150 �C, permeability decreased by a factor of 2.4 over
the 36 day experiment. During Experiment 2 at 200 �C, per-
meability decreased by a factor of 25. Much of the perme-
ability decrease occurred over the first four days of
Experiment 2, but there was still a gradual and steady
decrease in permeability over the final 29 days of the exper-
iment. Error bars in permeability measurements that arose
from uncertainty with the pressure transducers generally
ranged from ±30% with the relatively low pressure differ-
ences between the upstream and downstream ends of the
core at the beginning of Experiment 2 to ±1% at the end
of this experiment with the increasing pressure gradient.
Permeability data are provided as Supplementary Data.

There was a visible change in the color of the post-
experimental cores, although the change was more obvious
for the core from the second experiment at 200 �C (Fig. 5).
During Experiment 1 at 150 �C, the core appeared slightly
bleached with respect to the initial light green starting mate-
st-
periment
ass (g)

Mass
balance
change
(g)

Post-
experiment
connected
porosity (%)

Initial
permeability
(m2)

Final
permeability
(m2)

.032 +0.01 2.7 2.2 � 10�17 9.3 � 10�18

72 +0.05 3.0 6.4 � 10�17 2.58 � 10�18



Fig. 5. The post-experimental cores shown (a) with and (b) without
the Teflon sheath and the PEEK retainer rings. Whereas the post-
Experiment 1 core was slightly bleached with respect to the pristine
dunite (a), the post-Experiment 2 core became brown from
experimental alteration. Cores are 1.26 cm in diameter (Table 2).
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rial. In contrast, at 200 �C, reaction between the dunite and
evolved seawater modified the green color to a brown color
along the entire length of the core (giving it the characteris-
Fig. 6. Mg, Si, and pH (200 �C) as a function of time during Experiment
either below or above the initial solution composition during this experim
the initial experimental solution, and Mg and Si error bars indicate 2r e
tic ‘‘dun” color for which dunite is named), with an
enhanced darker reddish brown color at the upstream end.

There was relatively little change to the seawater solu-
tion as it passed through the core during the first experi-
ment at 150 �C, but considerably greater change in fluid
chemistry was recognized during the second experiment at
200 �C (Fig. 6 and Table 3). Specifically, Mg was continu-
ously released over the duration of this experiment, while
outlet Si yielded concentrations that were either below or
above the initial fluid composition (Fig. 6). During Exper-
iment 2, the initial experimental fluid had essentially no
Mg. The first collected outlet sample had a concentration
of 0.76 mmol/kg, but quickly decreased to concentrations
of 0.2 mmol/kg or less. Our experimental source fluid had
a Si concentration of 1.63 mmol/kg. Si decreased to half
of its initial value during the first four days of Experiment
2. After this initial period, Si then increased to a concentra-
tion of 2.05 mmol/kg, which was higher than the starting
fluid, before decreasing to a concentration of 1.0 mmol/kg
throughout the remainder of the experiment. The starting
fluid had a pH (200 �C) of 7.91 (Fig. 6 and Table 4), where
pH (200 �C) is pH measured at room temperature and then
converted to pH at 200 �C using speciation constraints and
Geochemist’s Workbench (Bethke and Yeakel, 2015) with
mineral reactions suppressed. The first sample collected at
the outlet had a pH (200 �C) of 5.97, but most samples pro-
duced a pH (200 �C) of 7.0–7.3 downstream of the core. At
200 �C, neutral pH is 5.66 (Bandura and Lvov, 2006), so all
samples were slightly basic. Previous research has noted
incorporation of B into secondary phases during serpen-
tinization at relatively high pH (Seyfried and Dibble,
1980; Boschi et al., 2008; Foustoukos et al., 2008), and
minor B uptake may have occurred at the pH of this exper-
iment. There was a decrease in Na (concentration was
�90% of the starting fluid) with the two samples collected
at 4.65 and 6.64 days. However, this decrease was due to
dilution (which was also observed with the Cl concentration
at 6.64 days), as the decrease corresponds to a four- to five-
day period (indicated by a gradual water volume decrease
in Pump C) where DI water from the confinement fluid
momentarily diluted the pore fluid by �10%.
2. Mg was continuously released and outlet Si concentrations were
ent. The dashed lines represent the concentrations or pH (200 �C) of
rror.



Table 3
Outlet fluid chemistry.

Time B Ba Ca Fe K Li Mg Mn Na Si Sr Zn
day lmol/kg lmol/kg mmol/kg lmol/kg mmol/kg lmol/kg mmol/kg lmol/kg mmol/kg lmol/kg lmol/kg lmol/kg

Experiment 1: 150 �C
Starting fluid n.a. 1.40 9.9 <DL 10.4 24.3 53 <DL 460 80 93 1a

0.02 n.a. 1.54 5.1 <DL 6.1 16.6 27.9 47 300 80 49 48
0.60 n.a. 0.6 9.6 <DL 10.4 25 51 11.9 460 <DL 91 41
1.60 n.a. 1.0 10.4 60a 10.5 25.9 52 9a 470 900a 93 22
2.63 n.a. 0.41 9.9 7a 10.5 25.7 53 3.3 470 <DL 94 18.8
3.61 n.a. 0.39 9.9 <DL 10.5 25.0 52 2.4 460 70 94 70
7.60 n.a. 0.38 9.9 <DL 10.4 25.2 53 1.3 460 40 94 71
11.62 n.a. 0.36 9.9 <DL 10.4 24.4 53 1.0 460 36 94 10
18.63 n.a. 0.36 9.9 <DL 10.5 24.6 53 0.8 460 20a 94 4
26.60 n.a. 0.37 10.0 <DL 10.6 24.3 53 0.6b 460 30a 94 3b

33.61 n.a. 0.37 9.9 <DL 10.6 26.8 53 0.5a 460 24b 94 3
35.60 n.a. 0.37 9.8 <DL 10.6 23.9 53 0.6 460 32 93 3.4

Experiment 2: 200 �C lmol/kg mmol/kg
Starting fluid 410 0.32 33 8 21 2.4 0.017 <DL 450 1.63 8.4 <DL

0.06 250 0.44 20.2 6 59 2.5 0.76 1.2 330 0.75 5.6 2a

0.65 370 0.32 30.1 <DL 51 2.9 0.33 0.4b 440 0.78 8.1 0.9a

1.65 380 0.37 31.0 <DL 37 2.8 0.231 0.3b 440 0.80 8.3 <DL
2.65 390 0.37 31.2 <DL 30 4.7 0.205 0.2a 440 0.84 8.3 <DL
3.65 410 0.41 32 11 2a 2a 0.218 0.4b 450 0.94 8.5 <DL
4.65 340 0.37 29.7 4b 12a 3b 0.183 0.5b 410 2.05 8.9 <DL
6.64 340 0.36 29.4 3b 9a 2a 0.187 0.7 400 1.89 8.6 <DL
8.65 390 0.33 31.6 7 4b 2a 0.205 0.4a 440 1.58 8.5 1a

10.63 360 0.33 31.6 4b 52 2.6b 0.169 0.5b 450 1.22 9.3 1.4a

13.81 410 0.32 32 7b 1a 2a 0.188 0.4a 450 1.14 8.4 <DL
15.78 410 0.32 32 7 3a <DL 0.182 <DL 460 1.10 8.5 2a

17.78 380 0.34 32 3b 6a 2.4b 0.140 0.5 450 1.11 9.1 2a

20.90 420 0.30 32 7a 0.8a 2a 0.164 <DL 470 1.08 8.3 1.9a

22.73 430 0.26 32 10 <DL 1a 0.153 <DL 460 1.08 8.5 3b

24.73 400 0.26 32 7 2a <DL 0.146 <DL 450 1.06 8.5 2b

27.71 390 0.30 32 8b 5b <DL 0.141 <DL 450 1.05 8.6 1.9b

29.84 370 0.3b 32 8 0.8a <DL 0.135 <DL 450 1.04 8.5 1.6a

32.70 380 0.26 32 7a 1.2a 1a 0.122 <DL 440 1.04 8.4 2a

n.a. = not analyzed, DL = detection limit.
a Analyzed value is not larger than 2 � the 2r error.
b Analyzed value is not larger than 3 � the 2r error.
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Table 4
Outlet pH, gas, alkalinity, and Cl chemistry.

Time pH H2 CH4 CO CO2 Alk. Cl
day 25 �C lmol/kg lmol/kg lmol/kg lmol/kg mmol/kg mmol/kg

Experiment 1: 150 �C
Starting fluid 7.8 n.a. n.a. n.a. n.a. n.a. n.a.

0.02 n.a. <DL <DL 1.01 531 n.a. n.a.
0.60 6.94 <DL <DL <DL 287 n.a. n.a.
1.60 6.94 17 <DL <DL 131 n.a. n.a.
2.63 6.94 21 0.15 <DL 98 n.a. n.a.
3.61 7.16 35 0.49 <DL 75 n.a. n.a.
5.65 7.12 35 0.84 0.05 85 n.a. n.a.
7.60 7.19 30 0.95 0.06 72 n.a. n.a.
9.60 7.14 29 0.95 0.04 50 n.a. n.a.
11.62 7.28 34 1.22 <DL 83 n.a. n.a.
13.59 7.21 30 1.23 <DL 53 n.a. n.a.
15.63 7.26 28 1.29 <DL 58 n.a. n.a.
18.63 7.33 28 1.10 <DL 79 n.a. n.a.
21.63 7.31 29 1.52 <DL 66 n.a. n.a.
23.61 7.29 33 2.09 0.29 71 n.a. n.a.
26.60 7.30 28 12.9 11.7 96 n.a. n.a.
28.59 7.30 30 3.7 1.88 80 n.a. n.a.
30.61 7.26 26 1.59 <DL 72 n.a. n.a.
32.62 7.37 19 1.33 <DL 94 n.a. n.a.
33.61 7.25 36 20.7 19 111 n.a. n.a.
34.60 7.25 26 1.71 <DL 84 n.a. n.a.
35.60 7.25 19 1.42 <DL 91 n.a. n.a.

Experiment 2: 200 �C pH
(200 �C)

Starting fluid 10.5 7.91 n.a. n.a. n.a. n.a. 3.66 540
0.06 6.38 5.97 262 137 <DL 338 1.55 n.a.
0.65 6.88 6.73 451 247 <DL 18 0.92 530
1.65 8.11 7.04 534 245 <DL 10 0.89 n.a.
2.65 8.18 7.07 579 235 <DL 8 0.88 n.a.
3.65 8.28 7.13 601 223 <DL 6 0.97 n.a.
4.65 8.35 7.33 619 249 <DL 9 1.14 n.a.
6.64 8.13 7.21 611 271 <DL 6 1.09 500
8.65 8.30 7.24 551 258 <DL 8 1.05 n.a.
10.63 8.36 7.21 500 245 <DL 13 0.98 n.a.
13.81 8.29 7.17 484 260 <DL 13 0.98 n.a.
15.78 8.30 7.18 425 257 <DL 16 1.07 n.a.
17.78 8.44 7.21 457 272 <DL 16 0.89 n.a.
20.90 8.46 7.20 496 319 <DL 16 0.71 n.a.
22.73 8.49 7.22 418 298 <DL 30 0.87 n.a.
24.73 8.46 7.20 390 299 <DL 20 0.79 n.a.
27.71 8.51 7.22 357 296 <DL 14 0.91 n.a.
29.84 8.57 7.23 379 329 <DL 19 0.89 n.a.
32.70 8.54 7.23 302 287 <DL 17 0.93 n.a.

n.a. = not analyzed, DL = detection limit.

2 Chrysotile is employed here instead of lizardite, but the two
polymorphs have similar thermodynamic data (e.g., Frost and
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The core mass of both cores increased slightly during the
experiments, with the Experiment 1 core increasing by
0.008 g and the Experiment 2 core increasing by 0.023 g
(Table 2). Mass balance calculations are generally consis-
tent with this minor mass increase and predict an increase
of 0.01 g for Experiment 1 and 0.06 g for Experiment 2
(or 0.01 g and 0.05 g, respectively, when correcting samples
with low Na concentrations for dilution effects). The mass
balance calculations employed all major chemistry in
Table 3 except for dissolved Na, which was excluded from
the calculation because the error of the Na concentration
associated with the seawater solution would exceed any
change in dissolved Na from experimental alteration.

Samples from Experiment 2 were generally supersatu-
rated with respect to tremolite, talc, chrysotile,2 and calcite
(Fig. 7). Talc was always more supersaturated than chryso-
tile, but fluids were generally characterized by a log X > 4
for talc and chrysotile, where
Beard, 2007).



Fig. 7. Saturation index, X, as a function of fluid volume for
Experiment 2. Most samples were supersaturated with respect to
tremolite, talc, chrysotile, and calcite.
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X ¼ IAP
K

ð6Þ

is the saturation index, IAP is the ion activity product, and
K is the equilibrium constant. All of these samples were
generally near saturation with respect to wollastonite.

Both experiments produced H2 and CH4 (Table 4).
Fig. 8 depicts time series changes of these dissolved gases
with reaction progress for Experiment 2. During Experi-
ment 1 at 150 �C, H2 and CH4 were more than one and
two orders of magnitude lower, respectively, than Experi-
ment 2 at 200 �C. During Experiment 2, H2 increased to a
peak concentration of 619 lmol/kg before gradually
decreasing to a concentration of 302 lmol/kg at the end
of the experiment. CH4 generally increased throughout this
experiment and ultimately reached concentrations of
�300 lmol/kg. No attempt was made to analyze for dis-
solved gases in the confinement fluid in the pressure vessel;
however, both H2 and CH4 were detected from samples col-
lected from Pump C post-experiment, suggesting that con-
centrations of H2 and CH4 in outlet fluids are minima
Fig. 8. H2 and CH4 as a function of time during Experiment 2. H2 an
respectively, during Experiment 2 at 200 �C than they were during Expe
due to diffusion of gases through the Teflon sleeve and into
the confinement fluid. In addition, we conducted a blank
experiment to test for H2 production potentially arising
from oxidation of stainless steel and copper components
within the reaction cell. During this test, an attempt was
made to remove air in the headspace of the reaction cell,
and it was pressurized to 200 bar and heated to 200 �C.
Three fluid samples were collected in the following days,
and H2 was always an order of magnitude lower than the
values measured during Experiment 2.

Secondary electron SEM images were collected from
pristine olivine grains that did not react with experimental
fluid as well as from the post-experimental cores (Fig. 9).
Pristine olivine grains are relatively clean and are sur-
rounded by a secondary mineral layer that is in direct con-
tact with surrounding grains in all directions (Fig.9a),
illustrating the low porosity of the sample. Most of the
pores that do exist likely occur where three or more grains
join (Wark et al., 2003). Both ends from the 200 �C exper-
iment included clear evidence of secondary mineralization.
At the upstream end, olivine grains were covered in a sec-
ondary phase with a honeycomb-like texture
(Fig. 9b and c). Calcite formed on the downstream portion
of the core during this same experiment, illustrated by crys-
tal rhombs on mineral surfaces (Fig. 9d). Unlike the
upstream portion, the downstream end did not contain
the honeycomb-textured alteration. There may have been
secondary mineralization during Experiment 1 at 150 �C,
but it was much less than occurred during Experiment 2.

Secondary electron SEM images were also collected
from the thin sections created from the post-Experiment 2
core and the pristine dunite (Fig. 10). Images from the
Experiment 2 section showed parallel, linear grooved fea-
tures with a discontinuous texture at the upstream end
and near the core edges that was more characteristic of dis-
solution features rather than cracks (Fig. 10c and d). While
the linear dissolution features appear discontinuous in 2D,
they are likely continuous in 3D as the dissolution features
move into and out of the polished 2D surface. The pristine
dunite did not show this texture (Fig. 10a and b), which
indicates that the features on the Experiment 2 section were
d CH4 were more than one and two orders of magnitude higher,
riment 1 at 150 �C.



(a)(a)

(d)(d)

(b)(b)

(c)(c)

Fig. 9. Secondary electron SEMmicrographs of (a) pristine and (b-d) post-experimental dunite from Experiment 2. (a) Pristine grain portrays
a relatively clean olivine surface with a layer of secondary mineralization that is in contact with surrounding grains, resulting in low porosity.
(b and c) Crystals at the upstream end of the post-experimental core from Experiment 2 were covered in a honeycomb-like texture. (d) Calcite
rhombs were abundant on mineral surfaces on the downstream end of the post-experimental core from Experiment 2. Each micrograph
includes a 10 lm scale bar.
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not an artifact of preparation of the thin section. Still,
cracks existed within individual pristine dunite crystals
(Fig. 10b).

EDS spot analyses of the pristine dunite and post-
Experiment 2 thin sections generally indicate that primary
and secondary phases contain Fe, but are dominated by
O, Mg, and Si (Table 5). Secondary phases from both thin
sections generally contain more O and less Mg than pri-
mary olivine crystals, although alteration minerals show
both enrichments and depletions of Si and Fe when com-
pared to primary olivine. Several of the alteration phase
analyses yielded a (Mg + Fe)/Si of �1.5, indicative of the
mineral serpentine. While Cl was never detected in any pre-
existing alteration phases of the pristine dunite thin section,
many EDS spot analyses on the secondary phases of the
post-experimental section from Experiment 2 indicated
slight uptake of Cl in the serpentine (Table 5), indicating
serpentine formation during the experiment. Previous
research has noted Cl uptake during serpentine precipita-
tion (Mével, 2003; Sharp and Barnes, 2004; Seyfried
et al., 2015), and this Cl signature did not result from resid-
ual artificial seawater left in the core because there was no
detection of Na. One EDS spot analysis was collected on a
partially dissolved olivine crystal from the Experiment 2
section (on one of the linear dissolution features, as shown
in Fig. 10c and d), yielding an O and Mg composition inter-
mediate between the pristine olivine crystals and most of
the secondary crystals. In addition, this analysis showed a
more significant Fe depletion in the olivine than either the
Mg or Si, suggesting that Fe was preferentially removed
from the olivine crystals during their dissolution. All col-
lected EDS analyses with pictures are provided as Supple-
mentary Data.

At the end of Experiment 2, a white precipitate was iden-
tified in the piston assembly upstream of the experimental
core (Fig. 11). 0.0033 g of this precipitate was recovered.
While there was additional precipitate that was not recov-
ered, it is unlikely that there was more than two times of
the recovered mass in total. An ICP-OES analysis generally
indicated that this phase was rich in Ca and Si (Table 6).
While the total wt% was much greater than 100% (due to
the uncertainty of dissolving a small mass that was a por-
tion of the minor recovered precipitate), this secondary
phase is likely wollastonite, especially given the mineral tex-



Fig. 10. Secondary electron SEM micrographs of thin sections of (a and b) pristine and (c and d) post-experimental dunite from Experiment
2. (a) Crystals in the pristine thin section contain smooth surfaces, (b) but occasional cracks are visible within individual crystals. (c) Linear
features were observed across crystals in the post-experimental dunite. (d) The linear features are discontinuous grooves, with a texture that
suggests dissolution along focused bands. The white scale bar is 100 lm in (a) and (c) and 10 lm in (b) and (d).
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ture (Fig. 11). Furthermore, five qualitative EDS spot anal-
yses on unpolished surfaces of this precipitate indicated that
Ca, Si, and O make up 97.7%–100% of these crystals.

VSM analyses indicated a slight enrichment in magnetite
for the post-experimental core from Experiment 2 with
respect to the pristine samples (Table 7). The wt% of mag-
netite in the post-experimental core from Experiment 1 fell
within the range of the amount of magnetite in the pristine
samples. Multiplying the magnetite wt% (Table 7) by the
post-experimental core mass (Table 2) gives 0.55 and
1.22 mg of magnetite in the post-experimental cores from
Experiment 1 and Experiment 2, respectively. When hema-
tite is present, it appears in hysteresis loops as high coerciv-
ity grains that produce an opening in the loop up to fields
higher than 300 mT, as well as a notable slope at fields
higher than 300 mT. However, none of the measured loops
showed evidence of hematite.

Fe K-edge XANES spectroscopy indicated Fe oxidation
during Experiment 2 (Fig. 12), given by four spectra of the
pristine dunite and three spectra of the post-Experiment 2
dunite sample. In addition, three and two spectra were
attained for the San Carlos olivine and andradite garnet,
respectively, to compare the dunite spectra to Fe(II) (San
Carlos olivine) and Fe(III) (andradite garnet) mineral
phases. While the 10 lm beam size necessarily incorporated
primary mineral phases in the spectra, there was a signifi-
cant shift in the centroid of the pristine dunite spectra,
due to the presence of significant ferrous Fe, to the centroid
of the post-Experiment 2 spectra, indicating an increase in
ferric Fe (Fe(III)) in the alteration phases of the post-
experimental sample (Fig. 12 and Table 8).

Ten FT-IR spectra were obtained for both the pristine
and post-experiment dunite from Experiment 2. Four spec-
tra (two from each sample) are shown in Fig. 13, illustrating
change from experimental alteration during Experiment 2.
The other eight spectra from both samples looked similar
to the pristine spectra shown in the figure. In the pristine
sample spectra, the lattice vibration region surrounding
1000 cm�1 is dominated by primary igneous olivine (885
and 985 cm�1) and pyroxene (944 cm�1), while the
�3700 cm�1 band and the presence of Mg-Si bonds in the
lattice vibration region are consistent with a serpentine min-
eral such as antigorite or potentially lizardite. Experiment 2
spectra, on the other hand, illustrate that the sample gained
a considerable amount of physically adsorbed water during
the experiment, as evidenced by introduction of the broad
band at around 3250 cm�1 (Pokrovsky and Schott, 2000),
indicating additional serpentine formation. Moreover, the



Table 5
EDS spot analyses of primary and secondary crystals of pristine dunite and post-Experiment 2 dunite. All values are listed as at%.

O Mg Si Fe Al Ca Cl Cr Mn Ni Zn

Pristine dunite Primary crystals Olivine 54.7 27.6 15.2 2.5 0.1a

Olivine 54.5 27.7 15.2 2.5 0.1a 0.1a

Olivine 54.5 27.6 15.3 2.5 0.1a

Olivine 54.8 27.5 15.1 2.5 0.1a

Pyroxene 57.6 19.2 21 1.8 0.2 0.1a 0.1a

Pyroxene 58.5 19 20.4 1.7 0.4 0.1a

Pyroxeneb 59.9 12.9 20.7 0.6 0.6 5 0.2
Chromite 54.7 4.8 0.4 14.8 3.8 21.3 0.1a

Secondary crystals 61.9 21.2 14.9 2
61.3 21.3 15.2 2 0.1a

62.7 20.9 14.8 1.5
59.2 19.1 19.9 1.6 0.1a

59.5 19 19.9 1.6 0.1a

60 19.4 12.6 1 6 1 0.1a

62.1 18.1 11.2 1 6.6 0.8 0.1a

62.2 18.1 11.2 1 6.7 0.7 0.1a
c 56.3 14.4 17.4 5.9 1.1 2.7 0.1a 0.2a 0.2a 0.2a

58.4 19.3 20.5 1.7 0.1a

60.4 16.2 23 0.3 0.1a

58.7 16.9 24 0.3 0.1a

Post-Exp. 2 Primary crystals Olivine 55 27.4 15 2.4 0.1a

Olivine 54.9 27.5 15 2.5 0.1a

Olivine 55 27.4 15 2.5 0.1a

Olivine 54.5 27.6 15.3 2.5 0.1a

Olivine 55.1 27.4 15 2.4 0.1a

Olivine 54.7 27.5 15.2 2.5 0.1a

Partially
dissolved olivine

58.7 25.7 13.6 1.8 0.1a

Pyroxene 59.7 16.5 21.4 2.1 0.2 0.1a

Pyroxene 59.5 13.2 21.2 0.5 0.3 5.1 0.2
Chromite 55 4.3 0.7 17.4 1.4 21 0.1a

Phyllosilicate 61.8 18.7 12.1 1.2 5.6 0.5
Secondary crystals 61 21.7 15.2 1.8 0.1 0.1a

61.9 21.4 14.9 1.7 0.1a

61.2 21.4 15.2 2 0.1 0.1a

61.7 21.3 14.9 1.9 0.1 0.1a

61.8 21 15.3 1.8 0.1 0.1a

62 21.3 14.5 1.9 0.1 0.1a

61 21.8 15.2 1.9 0.1
61.9 21.5 14.9 1.6 0.1
62.7 21.3 14.3 1.6 0.1
62 21.3 14.8 1.9 0.1a

61 21 15.6 2 0.3 0.1a

59.7 21.5 16.2 2.3 0.1 0.1a

60.2 21.3 15.9 2.4 0.1 0.1a

59.3 22.1 16 2.3 0.1a 0.1 0.1a

46.2 26.2 21.3 4.8 0.2a 0.1a 0.4 0.1a 0.7
62.6 18 11.4 0.9 6.4 0.6 0.1a

59.7 19 13 1 6.3 0.1a 0.8 0.1a

61.6 18.3 11.5 1.1 6.7 0.7
29.1 29.2 29.8 8.7 0.1a 2.4 0.1a 0.5
58 17 24.4 0.4 0.1a 0.1a

59.5 16.8 23.3 0.3 0.1a

58.1 17 24.3 0.4 0.1a

60.3 16.6 22.7 0.3 0.1a

60.4 16.5 22.7 0.3 0.1a

a Analyzed wt% value is not larger than 10� the r error.
b Spot analysis also yielded the following: Sc – 0.1a.
c Spot analysis also yielded the following: K – 0.7; Na – 0.5; S – 0.1a; Ti – 0.2a.
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Fig. 11. SEM micrograph of a secondary mineral recovered in the
upstream piston assembly. Morphology and composition (ICP-
OES oxide and EDS spot analyses indicate a composition rich in
Ca and Si) suggest wollastonite. The white scale bar is 10 lm.

Table 6
Chemical composition of precipitate in the upstream piston
assembly following Experiment 2.

Oxide wt%

Al2O3 0.19a

CaO 67
Cr2O3 0.19
FeO 0.22
K2O 0.018a

MnO 0.0036
NiO 0.039
SiO2 73
TiO2 0.31
ZnO 0.077

Total 141

a Analyzed value is not larger than 3� the 2r error.

Table 7
Vibrating sample magnetometer (VSM) analyses.

Sample Magnetite (wt%)

Pristine 1 6.34 � 10�3

Pristine 2 4.66 � 10�3

Post-Exp. 1 5.50 � 10�3

Post-Exp. 2 1.22 � 10�2

Fig. 12. Representative Fe K-edge XANES spectra (circles) and
fits to these spectra (lines) of pristine and post-Experiment 2
samples compared with fitted Fe(II)- (San Carlos olivine) and Fe
(III)- (andradite garnet) bearing model compounds (filled curves).
The centroids of the Fe(II) and Fe(III) components, determined
using these model compounds, are plotted as dashed lines.
Although the post-Experiment 2 spectra necessarily show features
representative of both olivine and alteration phases due to the
comparatively large beam size (10 lm), the post-Experiment 2
spectra clearly show a shift towards increasing Fe(III) content. A
summary of all XANES measurements is included in Table 8.

Table 8
Summary of Fe K-edge XANES measurements performed on
model compounds and pristine and post-Experiment 2 samples.

Sample Centroid Integrated
intensity

Number of
spectra

San Carlos olivine 7113.0 ± 0.04 0.045 ± 0.005 3
Andradite garnet 7114.6 ± 0.08 0.111 ± 0.041 2
Pristine dunite 7113.3 ± 0.14 0.050 ± 0.006 4
Post-Exp. 2 dunite 7114.0 ± 0.29 0.068 ± 0.012 3
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development of a sharp peak at 1017 cm�1 in the Experi-
ment 2 sample suggests the presence of talc (1017 cm�1)
or saponite (1020 cm�1). The Experiment 2 sample spectra
also exhibit the introduction of a band at 1690 cm�1,
which is consistent with the formation of hisingerite
(Fe3+2 Si2O5(OH)4�2H2O 1640 cm�1) or a trioctahedral
mineral such as stevensite (1638 cm�1) or saponite (1630–
1650 cm�1), although this band occurs at a higher wave
number than is generally recognized for these minerals.
Based upon these considerations of our limited dataset,
the alteration phases are most likely a mixture of serpen-
tine, saponite, and talc. Since talc nominally accepts no
Fe into its structure, it is likely that the serpentine phase
contains the bulk of the oxidized Fe formed during the
alteration process, although we cannot rule out that ferric
Fe was incorporated into saponite.

XRCT scans indicated that pores in the dunite samples
were so small that they could not be resolved with the
XRCT resolution (Fig. 14). The presence of dense chromite
grains in the cores facilitated alignment of pre- and post-
experiment scans. Once aligned, we subtracted pre- from
post-experimental XRCT data to highlight changes from
fluid-rock reaction. However, neither XRCT dataset
showed any change from fluid-rock reaction.

(U)SANS measurements on both post-experimental
dunite samples produced scattering intensities that were
generally higher than the intensities for the two pristine
samples (Fig. 15). The scattering intensities for the core
from Experiment 1 were generally higher than the intensi-
ties from the core from Experiment 2 at low Q



Fig. 13. FT-IR spectra collected near grain boundaries that
illustrate experimental alteration. While spectra from the pristine
dunite and the post-Experiment 2 dunite portray evidence of the
dunite’s primary mineralogy, the two spectra from the Experiment
2 sample also illustrate additional peaks indicative of secondary
phases, likely additional serpentine, saponite, and talc.
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(Q < �0.012 Å�1), whereas the intensities were generally
higher from Experiment 2 at high Q (Q > �0.012 Å�1).
(U)SANS data are provided as Supplementary Data.

A Porod transform plot (Q4 � I(Q) versus Q) illustrates
slope variability in scattering data (Anovitz et al., 2009),
highlighting a slope transition at Q � 0.007–0.009 Å�1 in
our dunite dataset (Fig. 16). Fitting low Q scattering data
below this transition indicates a surface fractal for all four
samples (Table 9), where the values of n for the pristine
samples and the core from Experiment 2 range from 3.50
to 3.54. The value of n for the core from Experiment 1 is
3.59. In contrast, the values of n at higher Q (i.e., generally
Q > 0.007–0.009 Å�1) are 2.81 and 2.82 for the pristine
samples and 2.86 for the cores from Experiments 1 and 2,
and thus, indicative of mass fractals (Table 9). Previous
research on igneous rocks has identified mass fractals at
low Q and surface fractals at high Q (Navarre-Sitchler
et al., 2013, 2015; Bazilevskaya et al., 2015) or surface
fractals at low Q and nonfractal at high Q (Luhmann
et al., 2017b).

Calculated porosity from (U)SANS analyses yielded the
largest value for the core from Experiment 1 and the small-
est value for one of the pristine samples (Table 9). Porosity
for the other pristine dunite sample was similar to the value
calculated for the core from Experiment 2. The range of (U)
SANS porosity calculations was larger with lower and
higher values than the two post-experimental core con-
nected porosity measurements (Table 2). Similarly, the
SSA of the core from Experiment 1 was generally higher
than the other three samples across the entire scatterer
radius range (Fig. 17). The SSA of the core from Experi-
ment 2 was generally slightly higher than the two pristine
samples. Finally, the SSA extrapolation to 4 Å was 2.6–
2.7 m2/g for all four samples, with no discernable trend
with experimental alteration.

4. DISCUSSION

4.1. Rock physical properties and permeability changes

The water saturation measurements and (U)SANS cal-
culations yielded similar porosity values, with the (U)SANS
data providing a larger range in porosity as well as smaller
and larger values (Tables 2 and 9). As neutrons penetrate
the entire sample, they measure both connected and uncon-
nected porosity (including, for example, fluid inclusions),
whereas the water saturation measurements solely record
connected porosity. Still, the similarity in porosity values
between the two methods suggests that most of the porosity
is connected, although the slightly higher (U)SANS poros-
ity calculations for the sample from Experiment 1 may sug-
gest that disconnected pores are present. As both porosity
methods provided relatively low values (ranging from
2.1% to 4.3%) and no porosity was visible with the XRCT
resolution (Fig. 14), little porosity change in the dunite
could reduce porosity below a critical threshold and make
the samples effectively impermeable.

(U)SANS porosity measurements generally fell within
the range of previously reported (U)SANS porosity mea-
surements of partially serpentinized, olivine-rich samples
(Tutolo et al., 2016). In their analysis of olivine-rich sam-
ples from the Atlantis Massif near the Mid-Atlantic Ridge
and the Duluth Complex from the Mid-Continent Rift of
North America, Tutolo et al. (2016) conducted (U)SANS
analyses of samples much more altered than those reported
here. Still, they noted an increase in SSA with alteration,
with values that ranged from 0.08 to 0.4 m2/g for zones that
had undergone relatively little serpentinization to 2–14 m2/
g for regions where serpentinization was more significant.
Using BET analyses, Okland et al. (2014) also noted an
increase in SSA with alteration, with values of 1.7, 3.2,
and 7.1 m2/g for unaltered, medium altered, and highly
altered dunite, respectively, from Norway. Our results are
consistent with these previous studies, as both the pristine
and post-experimental samples, all with relatively little
alteration, are characterized by a relatively low SSA (2.6–
2.7 m2/g) (Table 9).

Permeability decreased for both experiments, but the
permeability decrease during Experiment 2 was an order
of magnitude more than during the lower temperature
experiment (Fig. 4 and Table 2). Still, even with the perme-
ability reduction of 25 times in Experiment 2, there was no
observable change from the pre- to post-experimental
XRCT scans, indicating that permeability changes occurred
at length scales below the 8 lm voxel resolution of the
XRCT. Furthermore, while the core from Experiment 1
generally yielded the largest intensities, porosities, and sur-
face areas from (U)SANS analyses (Figs. 15 and 17 and
Table 9), Experiment 2 produced much larger changes in
dissolved gas and fluid chemistry (Tables 3 and 4), indicat-



Fig. 14. XRCT cross-sectional pictures of the (a and b) pre- and (c and d) post-experimental core from Experiment 2, illustrating negligible
change near the ends of the core. The pictures portray about half of the Teflon sheath surrounding the core.
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ing significantly more reaction. Therefore, that the (U)
SANS porosity and surface area for the core from Experi-
ment 2 fell within the range of the values for the core from
Experiment 1 and the pristine samples suggests that any
change in porosity and surface area over the �1 nm- to
10 lm-scale range was within the range of the natural vari-
ability of the dunite sample. Furthermore, experimental
alteration caused negligible change in fractal characteristics
(provided by (U)SANS analyses), as similar fractal dimen-
sions were determined for the pristine and post-
experimental reacted samples (Table 9). Still, even with lit-
tle to no reaction as suggested by XRCT and (U)SANS
analyses, this limited reaction in small pores was sufficient
to produce a significant decrease in permeability. SEM
images revealed �1 lm honeycomb-textured secondary
mineralization and larger calcite rhombs (Fig. 9). EDS
analyses indicated additional serpentine formation with Cl
uptake (Table 5), and FT-IR analyses suggested formation
of additional serpentine, saponite, and talc (Fig. 13). Due to
their voluminous nature, these minerals, while overall
accounting for a relatively small proportion of the core,
can have a dramatic effect on core permeability, especially
in the dunite sample with very low porosity (Tables 2 and
9). As secondary phases precipitate in small pore throats,
the newly-formed minerals can reduce permeability by
reducing the hydraulic radius of the pore throat or increas-
ing tortuosity (Gouze and Luquot, 2011) and roughness.

The significant permeability reduction during Experi-
ment 2 is in agreement with previously reported experi-
ments. Farough et al. (2016) observed permeability



Fig. 15. Scattering curves for sections of the post-experimental cores from Experiments 1 and 2 and two pristine dunite samples. The
scattering vector, Q, is associated with a real space distance, d, given by d � 2p/Q. Scattering intensities of both post-experimental dunite
samples were higher than the values for the two pristine samples. The entire scattering curve is shown in (a), and (b–d) are focused on smaller
portions of the curve.
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decreases more than two orders of magnitude while flowing
deionized water through crushed ultramafic rock and frac-
tured ultramafic rock cores for 200–330 h at 260 �C. Fol-
lowing the experiments, they noted chemical analyses of
alteration products that were consistent with serpentine
mineralization and concluded that long-term flow through
ultramafic-hosted hydrothermal systems requires tectonic
activity and crystallization pressure to counter plugging in
fractures from serpentine precipitation. While flowing sea-
water through sintered olivine cores at 190 �C and
19 MPa, Godard et al. (2013) observed a permeability
decrease of more than one order of magnitude during an
experiment that lasted 23 days. Godard et al. (2013)
employed two flow rates that were one third and one order
of magnitude lower than the flow rate used in our experi-
ments, and they injected a volume that was nearly an order
of magnitude lower than those reported here into their 9
mm diameter by 18 mm long core. Whereas our initial sea-
water had a Si concentration of 1.63 mmol/kg and essen-
tially no Mg, the seawater of Godard et al. (2013) had
significant dissolved Mg (41 mmol/kg) and minor Si
(0.15 mmol/kg). They observed larger outlet fluid chemical
changes, where Mg was consumed by secondary mineraliza-
tion to yield outlet concentrations of 37–39 mmol/kg and Si
rose from dissolution to 8.0–11.5 mmol/kg. In contrast,
outlet Mg concentrations generally increased to 0.2 mmol/
kg during Experiment 2 and dissolved Si was generally con-
sumed by precipitation to produce values around 1 mmol/



Fig. 16. The Porod transform plot (Q4�I(Q) versus Q) (Anovitz
et al., 2009) accentuates slope changes in (U)SANS data. Trends in
this figure and fitting of the data in Fig. 15 indicate surface fractals
for all four samples at low Q and mass fractals for all four samples
at high Q, with the transition occurring at Q � 0.007–0.009 Å�1.

Fig. 17. Specific surface area (SSA) as a function of radius for
sections of the post-experimental cores from Experiments 1 and 2
and two pristine dunite samples. The SSA of the core from
Experiment 2 was generally within the range of values for the two
pristine samples and the core from Experiment 1 across the entire
radius range.
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kg outside of the brief increase. At most, Godard et al.
(2013) reported a max porosity change of 4.2%; with the
order of magnitude decrease in permeability, they con-
cluded that the permeability decrease was primarily caused
by a reduction in the effective pore diameter and a tortuos-
ity increase. The minor changes in core mass, XRCT, and
(U)SANS datasets reported here suggest minor changes in
porosity, but ultimately, secondary mineralization was sig-
nificant enough to plug up pore throats and/or increase
Table 9
Calculated porosity, specific surface area (SSA), and Porod exponent (n)

Invariant – measured
range porosity (%)

Invariant –
extrapolation
porosity (%)

PRINSAS
porosity (%)

Pristine
dunite 1

2.10 2.66 2.49

Pristine
dunite 2

2.55 3.21 2.87

Post-
Exp. 1

3.68 4.34 3.91

Post-
Exp. 2

2.59 3.34 2.88

a Fit data in the range 15 Å < radius < 80 Å.
b Fits used the following ranges in Q: 5.08 � 10�5 Å�1<Q < 6.78 � 10�3

Å�1<Q < 7.357 � 10�3 Å�1 with an R2 = 1.000 for the fit (Pristine dunite
the fit (Post-Exp. 1); 5.0 � 10�5 Å�1<Q < 8.684 � 10�3 Å�1 with an R2 =
c Fits used the following ranges in Q: 7.069 � 10�3 Å�1<Q < 1.410

7.473 � 10�3 Å�1<Q < 1.293 � 10�1 Å�1 with an R2 = 0.999 for the fit (P
R2 = 0.999 for the fit (Post-Exp. 1); 8.799 � 10�3 Å�1<Q < 1.293 � 10�1
flow path tortuosity, with significant implications for the
flow fields through the core.

4.2. Aqueous chemistry – dissolved solids

Outside of the early stage increase in dissolved Si, Si was
generally lower than the starting solution concentration in
Experiment 2 (Fig. 6 and Table 3). As olivine is converted
to chrysotile and/or talc, dissolved Si would decrease
(e.g., see Reaction (13) below). However, precipitation of
chrysotile and/or talc was sufficiently sluggish so as not to
fully consume the dissolved Si in the experimental solution.
from (U)SANS data.

SSA at radius of
4 Åa (m2/g)

n at
low
Qb

95%
Confidence
Interval

n at
high
Qc

95%
Confidence
interval

2.7 3.52 3.51–3.54 2.81 2.79–2.83

2.6 3.54 3.52–3.55 2.82 2.80–2.84

2.6 3.59 3.57–3.61 2.86 2.84–2.87

2.7 3.50 3.48–3.51 2.86 2.85–2.87

Å�1 with an R2 = 1.000 for the fit (Pristine dunite 1); 4.47 � 10�5 -
2); 4.46 � 10�5 Å�1<Q < 8.511 � 10�3 Å�1 with an R2 = 1.000 for
1.000 for the fit (Post-Exp. 2).
� 10�1 Å�1 with an R2 = 0.998 for the fit (Pristine dunite 1);
ristine dunite 2); 8.684 � 10�3 Å�1<Q < 8.181 � 10�2 Å�1 with an
Å�1 with an R2 = 0.999 for the fit (Post-Exp. 2).



Fig. 18. Activity-activity diagram illustrating equilibrium for the
MgO-SiO2-H2O-HCl system at 200 �C and 150 bar. The initial fluid
(denoted by the red star) and outlet samples (denoted by grayscale
to indicate relative time; light gray and black indicate beginning
and end of experiment, respectively; 3 diluted samples with lower
Na concentrations are not included) collected during Experiment 2
plot in the chrysotile field. The residence time of the experimental
fluid was insufficient to develop equilibrium with any mineral
phase. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Wollastonite precipitated in the upstream portion of the
reaction cell (Fig. 11) while at experimental temperature
(due to decrease in solubility with increasing temperature)
via the following reaction:

SiO2ðaqÞ þ Ca2þ þH2O ¼ CaSiO3 þ 2Hþ: ð7Þ
The precipitation of this phase had an effect on the decrease
in outlet dissolved Si, but it could account for only a small
fraction of the observed decrease. Precipitation of chryso-
tile and/or talc more likely accounts for most of the
decrease in dissolved Si. Malvoisin et al. (2012c) noted that
wollastonite can form at low temperatures under reducing
conditions. While the wollastonite formed in the upstream
piston assembly before Fe oxidation in the core, it likely
formed with O2 concentrations of �0.2 ppm, following
attempts to purge O2 from all solutions with N2 gas
(Butler et al., 1994).

Orthopyroxene was observed in thin section, and disso-
lution of orthopyroxene could increase dissolved Si and
account for the brief, elevated Si concentration in the sam-
ples collected at 4.66 and 6.65 days (Fig. 6 and Table 3).
This would occur as enstatite is altered to serpentine:

MgSiO3þ0:67H2O¼ 0:33Mg3Si2O5ðOHÞ4þ0:33SiO2ðaqÞ;
ð8Þ

where dissolution of enstatite releases Si to solution faster
than it is consumed by secondary phases (Seyfried and
Dibble, 1980; Janecky and Seyfried, 1986; Allen and
Seyfried, 2003). The transient increase potentially indicates
time-dependent access to surface area that facilitates fluid-
rock reaction as flow paths open to Si-rich sources. Alterna-
tively, the increase in Si could have resulted from dissolu-
tion of a Si-rich metastable phase that precipitated during
the early stage of reaction, such as wollastonite (Fig. 11),
which was near saturation throughout the experiment
(Fig. 7). Experimental data do not allow us to fully con-
strain the source of the elevated Si concentration, but the
dissolved Si time series documents transient behavior dur-
ing the initial stages of serpentinization.

The small Ca decrease (Table 3) was likely largely con-
trolled by the precipitation of calcite noted on the down-
stream portion of the core (Fig. 9d) as well as the
wollastonite identified in the upstream piston assembly
(Fig. 11). We cannot rule out the possibility that the small
Ca decrease was due to tremolite formation, which was
highly supersaturated (Fig. 7) and is commonly observed
with serpentine in altered ultramafic rocks affected by Si
metasomatism at a wide range of temperatures (Frost and
Beard, 2007). In this case, Ca would be consumed as for-
sterite is altered to tremolite:

Mg2SiO4 þ 1:2H2Oþ 2:2SiO2ðaqÞ þ 0:8Ca2þ

¼ 0:4Ca2Mg5Si8O22ðOHÞ2 þ 1:6Hþ: ð9Þ

All fluid samples from Experiment 2 plot in the chryso-
tile field on an activity-activity diagram for the MgO-SiO2-
H2O-HCl system (Fig. 18). The clustering of the samples in
the chrysotile field of stability expresses more about the rel-
ative rates of reaction than it does overall mineral stability.
Indeed, the observation that the fluid chemistry is station-
ary within the activity space in the MgO-SiO2-H2O-HCl
system suggests that a balance has been achieved between
the rate of olivine dissolution and the rate of precipitation
of hydrous secondary minerals. Clearly, the limited reactive
surface area and relatively short residence time of fluid in
the core precluded efficient and complete Si uptake by oli-
vine hydrolysis and serpentine and/or talc formation. Given
sufficient surface area and residence time, fluid chemistry in
activity space would move away from the forsterite field of
stability and plot along serpentine-fluid (SiO2(aq)) or talc-
fluid (SiO2(aq)) phase boundaries. This condition has not
been achieved, and thus, because olivine is continuously
reacting, hydrous phases like chrysotile and talc were super-
saturated throughout the experiment. Nesbitt and Bricker
(1978) reported on fluids emerging from dunites and peri-
dotites in nature that were in equilibrium with forsterite,
which occurred in a dissolution-controlled environment
where dissolution of the anhydrous minerals was much fas-
ter than hydrous mineral precipitation. Janecky and
Seyfried (1986) reacted peridotites with seawater solutions
at 200 �C and 300 �C, producing fluids that indicated a
range of responses between precipitation and dissolution-
controlled reactions.

4.3. Aqueous chemistry – dissolved gases

The two experiments produced a significant difference in
dissolved H2 and CH4 (Table 4). While Experiment 2
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employed an evolved seawater that was rich in Si, it is likely
that the higher temperature (200 �C vs 150 �C) is largely
responsible for the one to two orders of magnitude increase
in H2 and CH4, respectively. The H2 concentrations were
similar for Experiment 1 and the blank experiment, but
since Experiment 1 was conducted at 150 �C while the
blank experiment was run at 200 �C, it is problematic to
identify if the H2 during Experiment 1 resulted from reac-
tion with the dunite core or the experimental apparatus.

4.3.1. CH4

One potential source of CH4 generation occurs via Fis-
cher–Tropsch type reactions, where hydrocarbons are pro-
duced abiotically (Berndt et al., 1996; Horita and Berndt,
1999; McCollom and Seewald, 2001; Foustoukos and
Seyfried, 2004; Proskurowski et al., 2008). For example,
CH4 can be produced in H2-rich environments as aqueous
CO2 is reduced via the following reaction:

CO2ðaqÞ þ 4H2ðaqÞ ! CH4ðaqÞ þ 2H2O: ð10Þ
However, McCollom and Seewald (2001) and McCollom
(2016) noted that in the absence of mineral catalysts or a
separate H2-rich vapor phase, little CH4 is produced by
Reaction (10) over experimental timescales. Alternatively,
dissolved CH4 could arise from fluid interacting with
organic material on grain surfaces. Organic compounds
have been identified on olivine crack surfaces, with the
organics likely originating during the time of thermal stres-
ses associated with eruption and cooling of basalts and peri-
dotite xenoliths (Tingle et al., 1990, 1991; Tingle and
Hochella, 1993). The CH4 concentration continually
increased throughout Experiment 2 (Fig. 8), and the
increase was potentially either caused by CH4 diffusion
through the Teflon into the confining fluid (where rising
concentrations in the confining fluid from initial diffusion
would limit subsequent diffusion, and thus, increase con-
centrations in the pore fluid) or experimental fluid accessing
more organic material in the core with time as reaction
opened new flow paths. Finally, fluid inclusions have been
invoked as a source of preexisting volatiles, where they
can be incorporated in the fluid during a process that is lar-
gely independent of active serpentinization (Kelley, 1996;
McDermott et al., 2015; Wang et al., 2016). Since linear
bands of fluid inclusions were observed in thin section
(Fig. 3) and olivine is distinguished by conchoidal fracture,
the parallel, discontinuous, and linear dissolution features
that were observed in thin section (Fig. 10c and d) likely
arose from dissolution focused along bands with abundant
fluid inclusions. Dissolution that reached these trapped gas
features would have released CH4 to solution if the fluid
inclusions were CH4-rich.

4.3.2. H2 and ferric Fe-rich serpentine

Olivine is generally unstable near the Earth’s surface and
will convert to Mg-bearing hydrous secondary minerals in
the presence of water (Beard et al., 2009; Kelemen and
Hirth, 2012). At 200 �C, thermodynamic modeling suggests
that Fo90 ((Mg0.9Fe0.1)2SiO4) will react fully to serpentine
and brucite and produce H2 concentrations of
�140 mmol/kg with water-to-rock mass ratios near unity
(Klein et al., 2013). Even with the predictable thermody-
namic drive for olivine dissolution, the combination of lim-
ited surface area and residence time led to relatively little
olivine dissolution during the experiment (based on thin
section microscopy, XRCT, SEM images, and (U)SANS
measurements). Nevertheless, �240 lmol of H2 were gener-
ated during the 200 �C experiment, calculated using the fol-
lowing integral:

AH2
ðtÞ ¼ Qm

Z t0¼t

t0¼0

CH2
ðt0Þdt0; ð11Þ

where AH2
is the total amount of H2 recovered in the outlet

fluid, Qm is the mass fluid flow rate, CH2
is the outlet H2

concentration, and t is time. This total H2 production calcu-
lation is a minimum because it does not account for the H2

that diffused into the confinement fluid. The H2 generated is
significant, indeed, in comparison with the models of Klein
et al. (2013), which suggest a total H2 production of
1.4 mmol upon complete serpentinization of a 10 g (i.e.,
approximate mass of one of our experimental cores) sample
of Fo90. That said, it is difficult to make comparisons
between our experiments and the calculations of Klein
et al. (2013) because of inherent differences between the
two methodologies. Fe-brucite precipitated from Fo90 alter-
ation at 200 �C in the model system described in Klein et al.
(2013), whereas our continuous supply of Si-rich fluids pre-
cluded brucite formation.

Experiment 2 at 200 �C generated H2 concentrations of
�300–600 lmol/kg (Fig. 8 and Table 4). Because the H2

concentrations during this experiment were an order of
magnitude higher than the blank experiment, the H2 gener-
ation is generally attributed to oxidation of Fe(II) in the oli-
vine to Fe(III). Mayhew et al. (2013) identified a strong
correlation between H2 production and the presence of spi-
nel phases in the initial mineral composition during exper-
iments at 55 �C and 100 �C. They propose that the
primary pathway for H2 generation occurs during electron
transfer from spinel particles to adsorbed water molecules
or protons. Iron oxidized in this manner may arise from
iron in the spinels directly or else aqueous Fe(II) that arises
from the dissolution of primary Fe-bearing minerals
(Mayhew et al., 2013). Perhaps a portion of the H2 produc-
tion during the experiments reported here was made possi-
ble by the presence of chromite in the experimental cores.
Still, the dissolution bands indicate that H2 was certainly
produced from iron oxidation during olivine dissolution
(Fig. 10c and d). Regardless, following an initial peak,
dissolved H2 decreased in concentration for most of
Experiment 2 (Fig. 8), potentially suggesting alteration that
further passivated already partly passivated olivine grains
and limited subsequent reaction. One potential H2-
producing mechanism involves the conversion of olivine
to magnetite and serpentine (chrysotile), as given in the fol-
lowing reaction:

ðMg0:9Fe0:1Þ2SiO4 þ 1:27H2Oþ 0:2SiO2ðaqÞ
¼ 0:067Fe3O4 þ 0:6Mg3Si2O5ðOHÞ4 þ 0:067H2ðaqÞ:

ð12Þ
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If all oxidized Fe from olivine dissolution is ultimately
incorporated into magnetite, H2 and magnetite would be
produced in equal amounts on a molar basis. Thus, a min-
imum of �240 lmol of magnetite should have precipitated
in the core since a minimum of �240 lmol of H2 were gen-
erated if Reaction (12) was responsible for the H2 genera-
tion. This is equivalent to �55 mg of magnetite. However,
while the VSM measurements indicate a slight magnetite
enrichment in the post-experimental core from Experiment
2 (Table 7), mass balance constraints suggest this enrich-
ment is negligible, or a factor of 80 less than it should be
given Reaction (12). Furthermore, as written, the reaction
would require dissolution of �0.5 g of olivine (i.e., �5%
of the total core mass), which seems unlikely since so little
dissolution was observed. Thus, Reaction (12) cannot
account for the H2 production observed.

Although Klein et al. (2015) noted magnetite production
during initial harzburgite serpentinization, previous
research has generally noted a lack of magnetite during ini-
tial stages of serpentinization (Toft et al., 1990; Oufi et al.,
2002; Bach et al., 2004, 2006; Beard et al., 2009; Evans
et al., 2009; Frost et al., 2013; Miyoshi et al., 2014). Fur-
thermore, Seyfried et al. (2007) and Lafay et al. (2012) have
noted little to no production of magnetite during experi-
mental serpentinization at temperatures �200 �C, a point
which has been corroborated by serpentinized peridotites
from the field (Klein et al., 2014). Our results are consistent
with the previous studies and suggest temperature control
on magnetite formation. Furthermore, Frost and Beard
(2007) show that high Si stabilizes iron-rich serpentine,
inhibiting magnetite formation.

Beard et al. (2009) and Frost et al. (2013) have noted
that serpentine that forms during early stages of serpen-
tinization is generally Fe-rich, although there are exceptions
(Klein et al., 2015). Furthermore, significant ferric Fe can
be incorporated into serpentine (Seyfried et al., 2007;
Evans et al., 2009, 2013a). In this case, H2 is produced as
olivine is converted to ferric Fe serpentine. Evans et al.
(2009, 2013a) discuss mechanisms whereby ferric Fe is
incorporated into lizardite. One mechanism produces cron-
stedtite as one component in the serpentine structure, as is
shown in the following reaction:

20ðMg0:9Fe0:1Þ2SiO4 þ 15H2Oþ 29SiO2ðaqÞ
¼ ðFe2þ2 Fe3þÞðFe3þSiÞO5ðOHÞ4

þ 12Mg3Si4O10ðOHÞ2 þH2ðaqÞ: ð13Þ
While it is difficult to constrain the specific serpentine struc-
ture produced in these experiments, H2 was likely produced
as ferrous Fe was oxidized to ferric Fe and incorporated
into serpentine on the basis of the observed lack of
magnetite.

Importantly, our experimental flow system represents an
open system, which more closely approximates conditions
in nature during active serpentinization of olivine. For
example, Streit et al. (2012) identified hematite in serpen-
tinized, carbonated peridotite from Oman, suggesting an
open system with relatively high oxygen fugacity. Klein
et al. (2013) noted that H2 loss is likely in open systems,
which subsequently facilitates additional oxidation of Fe,
producing more magnetite and ferric Fe serpentine than
would be possible in closed system environments, where
reactions would no longer proceed and potentially reverse
as H2 becomes elevated. Natural systems frequently pro-
duce much lower H2 concentrations (e.g., Kelley et al.,
2001; Seyfried et al., 2015), due to open system dynamics.
However, it is this H2 loss that facilitates additional produc-
tion that can lead to significantly more H2 generation than
would be possible in closed systems. For example, as an
end-member, if H2 is continually removed as fluid reactants
are continually refreshed such that all ferrous Fe in olivine
is oxidized to ferric Fe via the following general reaction

2FeOþH2O ¼ Fe2O3 þH2ðaqÞ; ð14Þ
then altering 1 kg of Fo90 would produce 680 mmol of H2,
approximately five times larger than the closed system pre-
diction of Klein et al. (2013). This would occur as ferric Fe
is incorporated into lizardite via a vacancy-balanced substi-
tution (Evans et al., 2009, 2013a); for example,

10ðMg0:9Fe0:1Þ2SiO4 þ 9H2Oþ 16SiO2ðaqÞ
¼ ð�Fe3þ2 ÞSi2O5ðOHÞ4 þ 6Mg3Si4O10ðOHÞ2 þH2ðaqÞ:

ð15Þ
This reaction is likely only stable in relatively low H2 con-
ditions. Even if half of the ferrous Fe is oxidized, as in
Reaction (13), then altering 1 kg of Fo90 would produce
340 mmol of H2. Therefore, an open system is more efficient
at H2 generation because the H2 loss accommodates subse-
quent H2 production, which essentially stabilizes ferric Fe-
rich serpentine. Evans et al. (2013a) noted that lizardite
contains abundant ferric Fe (typically 50–90% of the total
Fe), such that whole-rock Fe3+/Fe2+ ratios can be higher
than the ratio in magnetite. This degree of ferric Fe in sam-
ples requires a history of significant H2 generation, made
possible by flowing fluids that prevent relatively high H2

concentrations.
Based on the H2 production during Experiment 2, Reac-

tion (13) would require alteration of �0.71 g of Fo90 (con-
gruent dissolution of olivine used here with less iron and a
composition of Fo92 (Table 5) would require an even larger
dissolved mass, especially given the minimum H2 produc-
tion calculation), which seems unlikely since no change
was observed in the XRCT data, even though the resolution
provided by the XRCT is not capable of resolving the thin
linear dissolution bands portrayed in Fig. 10c and d. In
addition, although the H2 generating efficiency inherent to
Reaction (15) requires much less olivine reaction (minimum
estimate of 0.35 g of Fo90), the predicted value is likely still
in excess of that portrayed in SEM pictures of dissolution,
especially since much of the thin section depicted less disso-
lution than shown in Fig. 10c. The forsterite component
certainly dissolved, as indicated by the increase in dissolved
Mg (Table 3). However, as suggested by the EDS spot anal-
ysis on the partially dissolved olivine that indicated more
Fe removal than either Mg or Si (Table 5), the experimental
solution may have preferentially reacted with the Fe-rich
fayalite component of the olivine to alter a relatively small
mass of the dunite core, and yet, produce significant H2. As
a non-ideal solid solution, the activity of fayalite could be
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considerably greater than the mole fraction, with the corre-
sponding effect of over expressing its capacity to leave the
olivine solution while providing H2 to the aqueous solution
and altering to serpentine. The ion activity product (and Fe
concentrations) for a fluid in contact with the olivine solid
solution would be less than expected if the fluid was in equi-
librium with a pure fayalite phase (Stumm and Morgan,
1996; Brezonik and Arnold, 2011). However, the low mea-
sured Fe concentrations (to the extent of several samples
being below the detection limit, Table 3) ensured a strong
thermodynamic drive for reaction of the fayalite
component.

Furthermore, and perhaps even more importantly, the
kinetics of forsterite and fayalite dissolution likely con-
tribute to incongruent olivine dissolution. Kinetic experi-
ments at lower temperatures have demonstrated that
dissolution rates of fayalitic olivine are generally faster than
forsterite dissolution rates (Wogelius and Walther, 1992),
so perhaps the fayalite component in the solid solution dis-
solves faster than the forsterite component. In addition,
Daval et al. (2010) noted that far-from-equilibrium dissolu-
tion rates for fayalite are about one order of magnitude fas-
ter than forsterite rates, although it is worth noting that
their fayalite dissolution experiments were conducted under
acidic conditions. While dissolved Fe3+ decreases fayalite
dissolution rates (Santelli et al., 2001), precipitation of fer-
ric Fe-rich serpentine necessarily maintained low dissolved
Fe3+, preserving a strong kinetic drive for fayalite dissolu-
tion. Previous research has generally noted that preferential
elemental release does not result from nonstoichiometric
dissolution, but rather, stoichiometric dissolution followed
by secondary phase precipitation (e.g., Putnis, 2009; Ruiz-
Agudo et al. 2012, 2014; Hellmann et al., 2012). At the
same time, preferential release of minor elements has been
documented, indicating that minor components may
undergo nonstoichiometric dissolution (e.g., Luhmann
et al. 2014). Future research will have to constrain whether
it is indeed possible for nonstoichiometric dissolution of a
minor component in a solid solution.

Additionally, FeMg diffusion in olivine is an incredibly
slow process (Evans, 2010), such that Fe cannot overex-
press itself beyond olivine surfaces (Evans, 2010). The vol-
ume of a unit cell (with four formula units) of olivine is
290 Å3 (Nesse, 2000). If the surface of the olivine is limited
to the thickness of the unit cell (i.e., 4.75–10.20 Å; Nesse,
2000), then �0.004% of the unit cells in a cube with a side
of �100 lm (i.e., approximately the length of the smallest
olivine crystals in Fig. 2) would be present at the surface.
With an olivine composition of Fo90, conversion of all of
the ferrous Fe in the unit cells at the surface to ferric Fe
via Reaction (14) would produce �0.1% of the H2 that
was generated during Experiment 2. Grain surfaces are
generally rough, and White and Peterson (1990) noted
that rough surfaces increase surface area by an average
factor of seven. Even while accounting for all of the Fe
on rough olivine surfaces (i.e., increasing hypothetical
cube surface area by a factor of seven), surface area in
the core is still more than two orders of magnitude too
small to account for the H2 generation during Experiment
2. Thus, if olivine alteration was solely responsible for
generating the H2, then the little evidence of alteration
and the high H2 production suggests a dense network of
cracks or preferential flow paths (possibly along growth
planes or lattice imperfections) within individual olivine
crystals, where the experimental fluid was able to access
and oxidize �4% of the total Fe in the olivine via grain
and crack surfaces. Cracks are visible in thin section
(Fig. 2), and (U)SANS data (Fig. 15) likely incorporate
additional smaller cracks that are not even observable
with optical microscopy. Indeed, no preferential flow
paths or crack networks were observable between the fluid
inclusions in thin section (Fig. 3), but they nevertheless
must have existed to allow the fluid to penetrate and dis-
solve linear bands within the inner olivine crystal cores
(Fig. 10c and d). Even if the post-experimental dissolution
bands were not at all related to the preexisting bands of
fluid inclusions, preexisting preferential channels must
have existed for the dissolution band features to make
their way through the interiors of olivine crystals. Other-
wise, fluid would have become stagnant in newly created
dissolution pits, where dissolution would have become
limited by diffusion. Perhaps there were additional cracks
or flow paths through individual crystals that facilitated
further Fe oxidation, but ultimately underwent less disso-
lution so as not to produce observable changes in the
SEM pictures. Cutting of the core for various post-
experimental analyses revealed that the brown, oxidized
color was present throughout individual grains and the
entire core and not simply isolated to grain boundaries,
suggesting the effectiveness of a crack network for signifi-
cant iron oxidation. Thus, the combination of a number
of factors (nonstoichiometric olivine dissolution, kinetics,
and crack network) is likely responsible for the significant
H2 generation with little evidence of alteration.

Finally, besides Fe oxidation, the high H2 production
during Experiment 2 is potentially partly due to dissolution
that opened fluid inclusions, making preexisting volatiles
accessible. As the dissolution bands were much longer than
individual fluid inclusions (Figs. 3 and 10c and d) and
XANES analyses confirmed Fe oxidation (Fig. 12), olivine
was certainly dissolved. Still, the linear dissolution bands
within olivine crystals potentially formed where they did
because of preexisting linear bands of fluid inclusions.
Thus, if the fluid inclusions contained H2, then the H2

detected in outlet fluids was also sourced from the fluid
inclusions as dissolution penetrated these trapped gas fea-
tures. Still, additional research is needed to constrain the
relative importance of fluid inclusions versus active serpen-
tinization in the overall H2 budget.

5. CONCLUSIONS

Experiments were conducted on intact dunite cores to
simulate incipient stages of serpentinization. Artificial
seawater-type solutions flowed through the cores at 150
and 200 �C. The higher temperature experiment produced
H2 and CH4 concentrations that exceeded 600 lmol/kg
and 300 lmol/kg, respectively, while relatively little reac-
tion occurred during the lower temperature experiment,
underscoring the importance of temperature on the direc-
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tion and magnitude of mass transfer during olivine hydrol-
ysis. While the specific reaction pathway for CH4 was not
identified, the generated H2 during the 200 �C experiment
was at least partly produced via the oxidation of iron as fer-
rous Fe olivine was converted to ferric Fe-rich serpentine
and possibly saponite, since negligible magnetite was pro-
duced during the experiment. It is also possible that H2 con-
centrations in the fluid increased as dissolution made
dissolved gases in fluid inclusions accessible. Dissolved Si
was either below or above the starting solution composition
during the 200 �C experiment, likely due to the formation
of serpentine and/or talc and the dissolution of orthopyrox-
ene, respectively. Dissolved Ca decreased slightly upon
passing through the core during this experiment due to
the formation of calcite, wollastonite, and/or tremolite. Sec-
ondary mineralization was observed on the post-
experimental core from the 200 �C experiment. Still, even
at a relatively low flow rate and a moderately high temper-
ature, rates of secondary mineral formation were inefficient
and not able to overcome olivine dissolution effects and
achieve saturation, as fluids were still poised for secondary
mineralization upon exiting the core. Furthermore, no sig-
nificant change was observed from XRCT and (U)SANS
datasets, indicating that relatively low levels of reaction
can cause a significant permeability reduction (a factor of
25) in the low-porosity dunite sample, likely caused by sec-
ondary mineralization in key locations that reduced the
hydraulic radius of pore throats or increased flow path tor-
tuosity or roughness.

Fe is generally a minor component in the olivine mineral
structure. Still, experimental results suggest relatively high
fayalite reactivity, likely resulting from the combination
of chemical and physical factors that include activities in
the olivine solid solution, dissolution kinetics of forsterite
and fayalite, and a crack network that provides access to
numerous olivine surfaces. Furthermore, oxidation of Fe
during serpentinization facilitates H2 production, which
provides environments that are conducive to abiotic synthe-
sis of organic compounds, while also supporting biological
communities independent of photosynthesis (McCollom
and Seewald, 2013). Serpentinization can proceed in a
rock-dominated system, where fluid chemistry is controlled
by mineral components (Beard et al., 2009; Evans et al.,
2013b; Frost et al., 2013). However, serpentinization in nat-
ural systems often occurs as fluids flow through ultramafic
rocks, where open systems continually refresh fluid reac-
tants with concomitant effects on hydrothermal alteration
processes. Limited residence time for fluid-rock interaction
necessarily produces relatively low H2 concentration due to
sluggish reaction kinetics. However, as flow continually
removes H2 from the system, the thermodynamic drive
for further oxidation of ferrous Fe and subsequent H2 pro-
duction is maintained. Because of this, more H2 may be
generated for a given amount of peridotite than would be
possible in a closed system, where a rising H2 concentration
would limit subsequent oxidation. This latter consideration
can help to interpret field samples of partially serpentinized
peridotites, such that the abundance of ferric Fe minerals
can be suggestive of water-to-rock ratios that the rock
has experienced in its past. Evans et al. (2013a) noted that
Fe3+/Fe2+ ratios in whole rocks are frequently higher than
the ratio in magnetite. This is likely only possible because of
open system dynamics, where systems contain ferric Fe ser-
pentine and Fe3+/Fe2+ ratios that are buffered more by the
fluid than the rock.tpb 2
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