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Abstract

Partially serpentinized peridotites in the Samail ophiolite in the Sultanate of Oman currently undergo low temperature alter-
ation and hydration both at shallow levels, with water recently in contact with the atmosphere, and at depth, with anoxic,
reducing fluids. However, it is unclear how changes in the distribution and oxidation state of Fe are driving the production
of energy-rich gases such as hydrogen and methane detected in peridotite catchments. We track the Fe transformations in a
suite of outcrop samples representing a subset of the spectrum of least to most altered end-members of the Oman peridotites.
We use microscale mineralogical and geochemical analyses including QEMSCAN, Raman spectroscopy, synchrotron radia-
tion X-ray fluorescence (XRF) mapping, and electron microprobe wavelength dispersive spectroscopy. The less-altered peri-
dotites possess a diversity of Fe-bearing phases including relict primary minerals (e.g. olivine, pyroxene, chromite) and
secondary phases (e.g. serpentine and brucite). Raman spectroscopy and electron microprobe data (Si/(Mg + Fe)) indicate that
much of the serpentine is significantly intergrown with brucite on the sub-micron scale. These data also indicate that the Fe
content of the brucite ranges from 10 to 20 wt% FeO. The mineral assemblage of the highly reacted rocks is less diverse, dom-
inated by serpentine and carbonate while olivine and brucite are absent. Magnetite is relatively rare and mainly associated with
chromite. Goethite and hematite, both Fe(III)-hydroxides, were also identified in the highly altered rocks. Whole rock chemical
analyses reflect these mineralogical differences and show that Fe in the partially serpentinized samples is on average more
reduced (~0.40-0.55 Fe*"/Fero) than Fe in the highly reacted rocks (~0.85-0.90 Fe*t/Ferow1). We propose that olivine, bru-
cite, chromite and, perhaps, serpentine in the less-altered peridotites act as reactive phases during low temperature alteration of
the Oman peridotite. The pervasive oxidation of Fe(II) in the less-altered peridotites to Fe(III) in the most-altered peridotites
during water-rock reaction in the subsurface of the Samail ophiolite may produce H, which will influence the development of
microbial energy sources and habitats, and carbon cycling and sequestration within the (ultra)mafic ocean crust.
© 2017 Elsevier Ltd. All rights reserved.

Keywords: Serpentinization; Oman ophiolite; Low temperature; Iron; Oxidation state; Synchrotron radiation; Raman spectroscopy

1. INTRODUCTION ultramafic rocks because it is one of the best and largest

exposures of oceanic crustal and shallow mantle rocks on

The Samail ophiolite in the Sultanate of Oman is an Earth (e.g. Boudier and Coleman, 1981). The partially ser-
excellent system to study low temperature alteration of pentinized peridotites experience modern day water/rock

reactions at low temperatures (23-60°C - Neal and
Stanger, 1983, 1985; Kelemen et al., 2011; Streit et al.,

* Corresponding author. 2012; Miller et al., 2016). The rocks interact with fluids with
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diverse chemistries that include rainwater, MgH/HCOg
-rich fluids, and Ca®"/OH™ -rich fluids (Barnes et al.,
1978; Neal and Stanger, 1985). Moderately alkaline (pH
~8-9) Type 1 fluids (terminology from Barnes and
O’Neill, 1969; Neal and Stanger, 1985), and hyperalkaline
(pH ~ 10-12) Type II fluids rich in H, and CH4 (Barnes
et al.,, 1978; Neal and Stanger, 1983, 1985; Clark and
Fontes, 1990; Kelemen and Matter, 2008; Kelemen et al.,
2011) are produced by modern day alteration of the ultra-
mafic peridotite.

Iron redox transformations that occur during low tem-
perature (<150 °C) water/rock reactions are a key compo-
nent of the dynamic chemistry and potential habitability
of serpentinizing systems (e.g. Sleep et al., 2004;
McCollom and Bach, 2009; Klein et al., 2014). The oxida-
tion of Fe(Il) in (ultra)mafic minerals to Fe(IIl) in sec-
ondary phases will reduce water to H, gas under anoxic,
reducing conditions (e.g. Neal and Stanger, 1983). Hydro-
gen gas is essential to biologic processes (e.g. Nealson
et al., 2005), is one of the most important electron donors
for extant chemolithotrophs (Nisbet and Sleep, 2001), and
may have been one of the earliest sources of energy on
Earth (e.g. Sleep et al., 2004; Russell et al., 2010). Initial
experimental and modeling studies of the speciation and
partitioning of Fe into the diversity of secondary mineral
phases that can form during low temperature serpentiniza-
tion (<150 °C) have been conducted (Klein et al., 2009;
McCollom and Bach, 2009; Mayhew et al., 2013; Bach,
2016). Yet, relatively little is known about the conditions
and processes under which different secondary minerals
form and accommodate Fe at low temperature. It is often
assumed that during serpentinization all Fe(III) is accom-
modated by magnetite formation (McCollom and Bach,
2009; Cannat et al., 2010; Malvoisin et al., 2012a). Signifi-
cant Fe(IIl) substitution into serpentine (up to 70%) has
been documented in mid-ocean ridge and continental mar-
gin systems (O’Hanley and Dyar, 1993; Andreani et al.,
2008; Klein et al., 2009; Evans et al., 2009; Streit et al.,
2012; Klein et al., 2014), as well as experimental systems
(Seyfried et al., 2007; Marcaillou et al., 2011). Yet, the sig-
nificance of Fe(Ill) partitioning into serpentine for H, pro-
duction has been debated (Beard and Frost, 2016). The
production of Fe-rich serpentine is often accompanied by
the partitioning of Fe(II) into brucite and occurs at low
temperatures (150-250 °C) and water-rock ratios (Moody,
1976a,b; Sleep et al., 2004; Bach et al., 2006; Seyfried
et al., 2007; Klein et al., 2009; McCollom and Bach, 2009;
Klein et al., 2014; Bonnemains et al., 2016). A small degree
(up to 10% Fe) of Fe(Ill)-partitioning into brucite has
recently been reported (Beard and Frost, 2016). This differ-
ential partitioning of Fe has a significant impact on the pos-
sible extent of Fe(Il) oxidation and subsequent H,
generation during water/rock reactions.

The diversity of geochemical conditions and fluid com-
positions within the Samail ophiolite result in a variety of
Fe oxidation pathways, making the ophiolite a natural lab-
oratory in which to investigate the geochemical reactions
that give rise to the mineral assemblages and energy-rich
by-products associated with low temperature aqueous alter-
ation of ultramafic rocks. Previous characterization of

rocks of the Oman ophiolite has revealed that ~90% of
Oman peridotites are harzburgites (~85% olivine, 10-15%
orthopyroxene, 5% spinel, <1% clinopyroxene) while
~10% are dunites (>90% olivine, 5-10% spinel, <1%
clinopyroxene) that occur in isolated lenses (Boudier and
Coleman, 1981; Godard et al., 2000; Monnier et al., 2006;
Hanghoj et al., 2010). All Oman peridotites collected from
outcrops exhibit some degree of alteration (Kelemen et al.,
2011) ranging from minimally serpentinized (~30-60%;
Hanghoj et al., 2010; Boudier et al., 2010) to entirely ser-
pentinized and carbonated (e.g. Boudier et al., 2010;
Streit et al., 2012; Falk and Kelemen, 2015). Notably, abun-
dant Fe-bearing serpentine, with an Fe(III) component, has
been observed in the serpentinized peridotite (Streit et al.,
2012; Miller et al., 2016) variably intermixed with Fe-
bearing brucite (Miller et al., 2016). A variety of possible
formation mechanisms exist to explain the observed alter-
ation phases, which have very different implications for
H, production. For instance, the hydration of primary oli-
vine to serpentine and other Fe(Ill)-bearing phases may
generate H,, while the transformation of Fe(IIl)-oxides to
magnetite would consume H,.

The objective of this current work is to characterize low
temperature Fe transformations and mineral alteration
pathways recorded in serpentinites from the Samail ophio-
lite in Oman. A detailed, microscale mineralogical analysis
of the less-altered Oman peridotites provides insights into
the mineral assemblages and Fe chemistry of partially
altered serpentinites that still possess the potential for fur-
ther oxidation. Characterization of highly altered end-
members of the Oman peridotites provides possible end
points of alteration for comparison. Combining bulk and
microscale geochemical characterization techniques and
comparison of least- to most-altered rocks allows us to
assess the iron mineralogy associated with low temperature
serpentinization, which gives insight into possible H,-
generating and consuming reactions within the Oman
ophiolite.

2. METHODS
2.1. Serpentinite samples from the Oman ophiolite

Twelve serpentinite rock samples collected from surface
outcrops of the Oman ophiolite were characterized in this
study. At the hand sample scale, the samples vary signifi-
cantly in lithology and extent of alteration. Those that
appear to be less-altered include samples OM94-61, a
harzburgite collected from the Wadi Tayin massif
(Hanghoj et al., 2010), (OM94-61 was not analyzed by bulk
techniques because we did not have access to a bulk rock
sample.); OM95-35, a dunite from the Samail massif;
OM14-06 and OM14-07 dunites from Wadi Lufti; OM14-
05 a harzburgite/dunite from Wadi Lufti; OM14-08 a char-
acteristic harzburgite from Wadi Quafifa; OMI14-10 a
harzburgite fromWadi Dhuli. The highly altered rocks
investigated here include OMO08-01, OMO8-206A and
206D, and OMO09-129 which were previously studied by
Streit et al. (2012) and OM14-11, a completely serpen-
tinized harzburgite.
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2.2. X-ray diffraction

Rocks were powdered with a mortar and pestle for bulk
analyses. X-ray diffraction (XRD) analyses were conducted
on a Bruker D2 Phaser with a Cu Ko radiation (4 = 1.5418
A) source operated at 30 kV and 10 mA. Data was obtained
across a 20 range of 5 or 15-65° using a Lynxeye 1D detec-
tor with a step size of 0.02° and collection time of 1s per
step. Despite the variation in 26 range, all data is diagnostic
for the key mineral phases. The XRD spectra were semi-
quantitatively fit using the Bruker DiffracEva program
and results were compared to the RRUFF database
(Lafuente et al., 2015).

2.3. Total Fe by XRF

X-ray fluorescence (XRF) analyses of whole rock sam-
ples were conducted to obtain total Fe content (USGS,
Boulder, CO). Homogenized samples were milled to <1
mm and baked in acid-washed (trace metal-clean) porcelain
crucibles in a Thermolyne 6000 muffle furnace at 550 °C for
2 h and at 925 °C for 45 min. Sample mass was measured
before and after baking to calculate loss on ignition
(LOI). Aliquots of 0.8000 grams (+0.0005 g) of each sample
was mixed with 8.0000 grams of Fluxite (GF-65-51, Premier
Lab Supply) and transferred to platinum crucibles. Fused
beads were made using a VFD 400 Phoenix fuser (XRF Sci-
entific) and stored in a desiccator until analysis. Beads were
analyzed with a Siemens SRS 3000 sequential X-ray fluores-
cence spectrometer equipped with a rhodium X-ray tube
and flow counter and scintillation counter detectors. Each
bead was masked to a 34 mm diameter, analyzed in a vac-
uum in triplicate and the concentrations averaged. Drift
correction was performed <5 days before the samples were
analyzed. Total Fe content was calculated by measuring the
intensity of the Fe Ka-1 line (57.51 degrees 20) at 60 kV
and 25 mA with a 0.15 degree collimator and a LiF200 crys-
tal. At least one standard reference material was analyzed
with the samples as QA/QC at a frequency of approxi-
mately 10% of the total number of samples, and several
sample beads were analyzed multiple times to verify instru-
ment analytical reproducibility.

2.4. Fe(II)O by titration

Analyses of whole rock FeO contents were conducted at
Actlabs (Ontario, Canada). Digestion by ammonium meta-
vanadate and hydrofluoric acid were conducted in an open
system and ferrous ammonium sulfate was added prior to
titration with potassium dichromate. FeO contents were
used to calculate Fe*™/Feroa.

2.5. QEMSCAN

Mineral identification and semi-quantitative mineral
abundances of samples in thin sections were determined
using QEMSCAN scanning electron microscopy which
integrates energy dispersive X-ray spectroscopy with back
scatter electron intensities to identify mineral phases
(Hoal et al., 2009). Analyses were conducted at the

Advanced Mineralogy Research Center at the Colorado
School of Mines. The instrument operated at an accelerat-
ing voltage of 25kV, a 5 nA current, and a 1 pm beam size
with a step size of 5 um.

2.6. Raman spectroscopy

Micro-Raman spectra and hyperspectral maps were col-
lected using a Horiba LabRAM HR Evolution Raman
spectrometer equipped with a 100 mW 532 nm frequency-
doubled Nd:YAG laser. The laser beam was attenuated
to 10-50% of the power at the source and focused through
a 50x (0.75 NA) or 100x (0.90 NA) objective lens, yielding a
spatial resolution of ~1-2 pum for point spectra. The confo-
cal pinhole was set to 100 um. Additionally, the laser passes
through a depolarizer prior to interacting with the sample
to reduce orientation effects. A Si-based CCD detector
(1024 x 256 pixels) was employed for all data collection.
The spectrometer was calibrated using the 520 cm~! Raman
peak of Si prior to analysis. For mineral identification,
spectra were collected from 100 to 1750 cm™' (fingerprint
region) using a 600 lines/mm grating for a spectral resolu-
tion full width at half maximum (FWHM) of 4.5cm™'.
For detection of brucite, spectra were collected from 3550
to 3750 cm™! (OH stretch region) using a 1800 lines/mm
grating giving a spectral resolution of 1.5 cm ™!, Hyperspec-
tral maps were collected as for mineral identification, except
that for most maps the laser spot was rapidly scanned over
a larger mapping pixel area (4-5 pm) in order to increase
the sample area that was feasible to image. Spectral data
were corrected for instrumental artifacts and baseline-
subtracted using a polynomial fitting algorithm in LabSpec
6 (Horiba Scientific). The main spectral components pre-
sent in the hyperspectral maps were identified by either
Multivariate Curve Resolution (Andrew and Hancewicz,
1998), or by hand picking area-averaged component spectra
from within the map. Spectral components identified by
MCR were verified by examining the actual spectral data
from the high score pixels. Maps of end member spectral
component distributions were generated from classical least
squares fitting of the hyperspectral map data. End member
spectral components were identified by comparison to the
RRUFF spectral database (Lafuente et al., 2015).

2.7. X-ray spectroscopy

Bulk Fe K-edge XANES spectra (X-ray Absorption
Near Edge Structure) of powdered rock samples were col-
lected on Beamline 4-1 at the Stanford Synchrotron Radia-
tion Lightsource (SSRL). The incident energy was selected
with a Si (220) ¢ = 0 monochromator. Data was collected
from 6882 to 7082 ¢V with a step size of 10 eV, from 7082
to 7108 eV with a step size of 0.4eV, from 7108 to
7118 eV with a step size of 0.1 eV, from 7118 to 7142 eV with
a step size of 0.35 eV, and from 7142 eV to 7505 eV with a
step size increasing from 2 to 10 eV. Fluorescence intensities
at each energy were collected with a PIPS detector. Two to
five scans were collected for each sample and each scan
was individually calibrated by shifting the first inflection
point of a Fe® foil standard transmission spectrum that
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was collected simultaneously with that scan to 7112 eV.
Spectra collected from the same sample were averaged,
background subtracted using a linear fit to the pre-edge
region (6882-7050 eV) and a quadratic fit to the post-edge
region (7222-7505¢V) and normalized to the edge step
height. Data treatment was conducted in the statistical com-
puting software, R (R Development Core Team, 2013).
Spatially-resolved Fe K-edge XANES spectroscopy
(X-ray Absorption Near Edge Structure) and X-ray fluores-
cence (XRF) mapping was conducted using a synchrotron
radiation-based hard-X-ray microprobe at Beamline 2-3 at
the SSRL. Data collection occurred with the SPEAR3 accel-
erator ring containing ~500 mA at 3.0 GeV. A Si(111) dou-
ble crystal monochromator (energy resolution of 0.7 eV at
the Fe K-edge for a beam height of 200 um) was used for
selection of the incident energy. Trace element (Mn, Zn,
Cr, Ni, Cu) and major ion (Ca, Fe, Si) uXRF maps were col-
lected at 11 keV with a focused spot size and pixel step-size
of 2 x 2 um. Maps were generated in a continuous raster
scanning mode using a single-element vortex detector
capable of reading several million counts per second. All
windowed counts for each element extracted from the full
X-ray fluorescence spectra were normalized to the intensity
of the incident X-ray beam (Iy). Dwell times were 25-50 ms.
Maps and spectra were calibrated using the first inflection of
an Fe® foil at 7112 eV. Fe K-edge XANES spectra were
collected from 6882 to 7520 eV. A high resolution step size
(0.1eV) was used through the pre-edge (7108-7118 eV)
region with a dwell time of 3s. Data was collected from
7118 to 7142 eV with a step size of 0.35eV and from 7142
to ~7520eV with a step size increasing from 0.35 to
11 eV. The full spectrum was used for background subtrac-
tion and normalization to unit step edge as stated in the
methods above. Micro-XANES spectra were fit from 7110
to 7150 eV with linear combinations of Fe model com-
pounds (Mayhew et al., 2011 Supporting Information). All
fits were done using the ‘Cycle Fit’ function in SIXPACK
(Webb, 2005). All models were fit individually as one-
component fits and then the fit cycle was repeated for
two-component fits using the best one-component model
compound paired with the remaining model compounds.
This process is repeated until adding an additional compo-
nent no longer decreases the R? value by 10% or greater.

2.8. Electron microprobe

A JEOL JXA-8600 electron microprobe (EMP) (Univer-
sity of Colorado at Boulder) equipped with 4 wavelength-
dispersive spectrometers (WDS) was used for quantitative
chemical analysis of component mineral phases. Spot
analyses of polished, carbon coated thin sections were
performed at a current of 10 nA, accelerating voltage of
15 keV, and beam diameter of 10 um to minimize damage
to the hydrated phases. Major elements (Si, Al, Mg, Fe)
were analyzed and quantified against natural standards.
Prior to WDS analyses, an electron dispersive spectroscopic
(EDS) measurement was collected to identify the diversity
of elements present in the pixel to be analyzed to ensure
that no major component of the pixel was omitted from
the WDS analysis.

3. RESULTS
3.1. Bulk mineralogy and geochemistry

3.1.1. Powder X-ray diffraction

There are two distinct groups of bulk XRD spectra:
complex spectra with both primary and secondary phases
and spectra that mainly consist of serpentine +/- carbonate.
Peaks matching olivine (forsterite) were detected in the
spectra of samples OM95-35, OM14-05, -06, and -08
(Fig. 1). Peaks of pyroxene (enstatite) were identified in
OM14-08 and to a lesser degree in samples OM14-11,
OMO09-129, OMO08-206A/D. All spectra possess prominent
lizardite (serpentine group mineral) peaks, whereas a
detectable brucite (secondary Mg-hydroxide) peak was lim-
ited to samples OM95-35, OM14-05 and -06. The spectrum
of sample OM14-07 is unique with a peak at 26 = 12° that
is indicative of a hydrotalcite group mineral. Samples
OMO08-01, OMO08-206A/D, and OMO09-129 also have
prominent carbonate (calcite; magnesite) peaks.

3.1.2. Whole rock total Fe and FeO

Whole rock XRF analyses show total Fe contents that
range from ~3 to 7%Fe (Table S1). Samples OM95-35,
OM14-05, -06, -07, and -08 have an average of 6.4%Fe
while samples OM08-01, OMO08-206A/D, OM09-129, and
OM14-11 have an average of 4.6%Fe. These two popula-
tions of samples also differ markedly in their bulk FeO con-
tent. The less altered peridotites have an average of 3.8%
FeO while the more highly altered rocks have an average
of 0.6%Fe0. Ratios of Fe’t/Ferow were calculated and
range from ~0.4 to 0.9 (Table S2). This data also falls into
two distinct groups, samples with values ranging from ~0.4
to 0.5 and samples with values close to 0.9. These two
groups generally correlate with those previously defined
as less vs. more altered except for OM14-07 which appears
to be less-altered but has Fe*"/Ferop ~ 0.9.

3.1.3. Bulk Fe speciation by Fe K-edge XANES

The same powders analyzed by XRD were also analyzed
using synchrotron radiation based XANES spectroscopic
techniques. Overplotting the bulk Fe K-edge XANES spec-
tra from all samples reveals a separation in edge position
between the different samples (Fig. 2a). The least altered
dunite (OM95-35) has the lowest energy edge and peak
position. Samples OM14-06 and -07 are similar to OM95-
35 while sample OM14-10 has intermediate edge and peak
positions. Spectra of samples OM08-01, OMO08-206A/D,
OMO09-15, OM09-129, OM14-05,-08, and -11 have higher
energy edge and peak positions suggesting that the Fe in
these samples is more oxidized (Fig. 2a). Least-square fits
to the XANES spectra reveal the dominant Fe mineral
speciation at the bulk scale. Olivine is a component invoked
in only three samples (OM95-35, OM14-06, -07), these
samples also have major contributions from serpentine =+
minor contributions from other phases including brucite
and pyroxene (Table S2). Fits to spectra from all other
samples are dominated by Fe(III)-oxides and serpentine =+
contributions from chromite and other Fe-phyllosilicates
(Table S2).
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(B) Similarly, in the pre-edge region of the

We attempted quantitative analysis of the pre-edge peak

of Fe K-edge XANES spectra to determine the Fe*/Ferow
in the bulk samples (e.g. Andreani et al.,
2013).
Fe"/Ferow whereas OM14-06 and OM14-07 have ~0.40
Fe*/Ferom and OM14-10 has ~0.50 Fe*'/Ferow while

2013; Munoz,

Sample OM95-35 appears to have ~0.25

Fig. 2. Powdered bulk rock samples of Oman peridotites were measured using synchrotron radiation XAS. (A) Fe K-edge XANES spectra
show a shift in edge and peak position to higher energies with increasing degree of alteration, suggestive of a greater degree of oxidation of Fe
in more highly altered rocks.
extents of alteration whereas rocks that experienced greater alteration have a much higher intesity peak at higher energies; indicative of more
oxidized Fe with a greater component of tetrahedrally coordinated Fe(III). Letters after the sample names indicate whether samples are less-
alerted (lap) or highly altered (ha) peridotites or if they have attributes

spectra, a higher intensity peak at lower energies is present at lower

of both (int = intermediate).

the highly altered, carbonate-bearing rocks have ~0.85—
1.00 Fe*"/Ferow (Fig. S1). However, because the analyses
take into account all of the Fe-bearing phases within the
rock samples, including chromite which possesses tetrahe-
drally coordinated Fe(II), the presence of these phases pull
the data towards an area of the variogram that is not
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calibrated (Fig. S1). Thus, quantification of bulk
Fe*t/Ferow using this technique is not robust. However,
the values (+ the 10% error associated with the technique
(Wilke et al., 2001)) are generally consistent with calcula-
tions of Fe*t/Ferow from whole rock chemical analyses.
Visual inspection of the pre-edge feature reveals higher
intensity peaks at lower energies for samples OM95-35,
OM14-06, -07, and -10 versus higher intensity peaks at
higher energies for the other samples (Fig. 2b). Notably,
the highly altered rocks also appear to have a greater con-
tribution of tetrahedrally coordinated Fe(III) based on the
higher integrated intensity of the pre-edge.

3.2. Microscale mineralogy

3.2.1. QEMSCAN

Microscale characterization techniques were applied to a
subset of the sample suite due to cost and time constraints.
QEMSCAN was used to obtain coarse scale (5 x 5 pm?),
qualitative mineralogical insights into relatively large map
areas (~90-230 mm?). Due to its relatively coarse scale
and qualitative approach to mineral identification, QEMS-
CAN data was not used for detailed interpretation of the
sequence or process of serpentinization instead, it is used
mainly for bulk mineral identification and as a tool to iden-
tify areas of interest for more detailed Raman spectroscopic
analyses. Semi-quantitative mineral abundances obtained
from QEMSCAN analyses of thin sections show that oli-
vine is the most abundant Fe(Il)-bearing relict primary
phase in the samples studied here (~40% by area in the
dunite OM95-35; ~25-35% in the harzburgites OM94-61
and OM14-05) (Table 1). Samples OM95-35, OM14-05,
and OM94-61 have ~55-65% serpentine and retain a signif-
icant proportion of relict olivine A typical serpentine mesh
texture surrounding relict olivines is observed in these rocks
(Fig. 3). Relict pyroxene grains, which appear to be more
pristine than the olivine crystals, are larger and more abun-
dant in the harzburgites (OM94-61 and OM14-05) than in
the dunite (OM95-35) (~1-2% vs. 0.22%).

Chromite abundances should be considered rough
approximations because of the large size of the grains
(~1-3 mm) and the microscale nature of the QEMSCAN
technique. The inclusion or exclusion of a small number
of chromite grains would significantly change the calcula-
tion of chromite abundance thus the microscale analyses
may not be representative of the bulk rock. Considering
this limitation, chromite appears more abundant in the
harzburgites than in the dunite (~1% vs. 0.21%) and abun-
dances are comparable to the average of 0.6% spinel
reported by Monnier et al. (2006). Many of these chromites,
especially in the harzburgites, are large (~1-3 mm) and sim-
ilar in appearance to the holly leaf-shaped spinels inter-
preted to be a primary igneous phase by Monnier et al.
(2006). In all samples, the chromites are extensively frac-
tured (Fig. 3). Other minor phases that were detected
include talc, chlorite, and carbonates. Brucite, which was
detected by both bulk XRD and XANES, was not observed
in QEMSCAN data. Similarly, magnetite, which was
observed to be present in some samples, using other micro-
scale techniques (see Section 3.2.2; and by reflected light
microscopy) was not definitively detected by QEMSCAN.
This is because of the relatively coarse scale of the QEMS-
CAN analyses.

Olivine is absent from all of the highly altered rocks.
Relict pyroxenes are highly fractured and thoroughly
cross-cut by serpentine (bastite) in samples OMO08-206D
and OMO08-206A (Fig. 4a, compare to Fig. 3). When consid-
ering all of the mineral phases detected by QEMSCAN, the
highly altered rocks that were analyzed consist of ~45-65%
serpentine by area and ~20-40% carbonate minerals (Fig. 4;
Table 1). Carbonate occurs mainly in extensive vein net-
works suggesting that carbonate results from the addition
of CO,-rich fluids and does not represent direct, in place
alteration of the peridotite. If we consider this end-
member scenario and renormalize the mineral percents with
carbonate omitted, the percent of serpentine in the highly
altered rocks increases to ~65-95%. Sample OMO09-129
has a mesh texture in which serpentine surrounds carbonate,

Table 1

Normalized modal abundance (area percent) of each mineral as obtained by QEMSCAN analyses.

Mineral phase OM95-35 OM94-61 OM14-05 OMO8-01A OMO08-206A OMO08-206D OMO09-129 OM94-69
Olivine 42.64 25.56 33.59 0 0 0 0 4.22
Serpentine 56.21 63.89 61.37 61.22 43.02 42.53 65.94 91.87
Calcite 0 0.37 0 36.50 42.40 33.32 21.41 0
Pyroxene 0.22 2.05 1.27 0.85 7.39 12.33 5.63 1.63
Talc 0.02 5.79 1.74 0.03 2.29 2.08 0 0.02
Quartz 0.02 0.01 0.04 0.02 1.64 3.32 0.03 0
Chromite 0.31 0.79 0.87 0.13 0.24 0.28 0.46 0.69
Other carbonates 0.45 0.37 0.18 0.00 0 0 0 0.70
Chlorite 0.06 0.41 0.53 0.11 0.01 0.01 0.28 0.26
Amphibole 0 0.01 0 0 0.13 0.25 0 0
Fe-oxides” 0 0 0 0 0.05 0.02 0.20 0.01
Others 0 0.27 0.13 0.20 0.32 1.00 3.42 0.12
Background 0.07 0.49 0.29 0.94 2.51 4.88 2.50 0.49
Total 100.00 100.01 100.01 100.00 100.00 100.02 99.87 100.01
Serpentine” 56.46 64.36 61.47 96.41 74.69 63.76 84.04 92.51

# Different phases within the mineral group Fe-(hydr)oxides are not distinguishable by this technique.

® Serpentine normalized when carbonate is omitted from the total.
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Fig. 3. QEMSCAN mineralogy maps of less-altered Oman serpentinites. (a) OM94-61, (b) OM14- 05, and (c) OM95-35. Scale bar for all

maps represents 1000 um.

not olivine (Fig. 4b). Chromites are less abundant in the
highly altered rocks. Other minor phases that were detected
include talc, quartz, chlorite, and Fe(III)-oxides (Table 1).

3.2.2. Raman microspectroscopy

Raman spectroscopy reveals the presence and distribu-
tion of more rare, but potentially important, mineral
phases. Mapping within the OH stretch region (3550-
3750 cm™!) revealed that the majority of serpentine in
OM095-35 (dunite) is mixed with brucite (MgsFe; «(OH),)

(Fig. 5). Brucite does not occur as a pure phase in OM95-
35; it is always mixed with serpentine. Distinct areas of pure
brucite were detected in OM14-06, also a dunite (Fig. 5f).
Brucite is also observed in OM14-05, a harzburgite/dunite,
though in contrast to the dunites, it is less abundant and is
often preferentially localized along the rims of relict olivine
grains (Fig. 51). We detected brucite mixed with serpentine
in a few discrete locations in OM94-61 (Fig. 50); however,
brucite was not found within the map area. We did not find
brucite in association with magnetite.
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serpentine - chromite
- carbonate

quartz - Felll-oxides -epoxy
pyroxene -chlorite I:]no data -others

Fig. 4. QEMSCAN mineralogy maps of highly altered Oman serpentinites. (a) OM08-01, (b) OM09-129, (c) OM08-206A, and (d) OMO8-

206D. Scale bar for all maps represents 1000 um.

An enigmatic phase with a unique, but as yet unidenti-
fied, Raman spectrum (unknown, Fig. 5e) is distributed at
the interface of olivine grains and associated brucite in
OM14-06 (Fig. 5f). Elemental analysis of this phase, by
electron dispersive spectroscopy, did not detect the presence
of any elements other than Mg and Fe, although oxygen,
water and carbon are not robustly detectable with this
instrument. The mineralogical identity of this phase
remains unknown.

Actinolite and talc were distinguished from serpentine,
in OM94-61, a harzburgite (Fig. 5n). Magnetite, which
was not robustly detected using QEMSCAN, was detected
by Raman in dunites at the rims of chromite grains and in
association with serpentine veins (Fig. 5f). Magnetite was
also detected in harzburgite in association with actinolite
(Fig. 5n). Rare instances of garnet (probably hydrogrossu-

lar), amphibole, and clinochlore were found in association
with co-localized pyroxene and chromite in OM95-35
(Fig. 5a and b).

In highly altered rocks, brucite was not detected, even
when carefully examining the OH stretch region of Raman
spectra. In contrast, much of the serpentine in OMO08-206D
is extensively mixed with Fe(III)-(hydr)oxides, specifically
goethite (Fig. 6a and b). This causes the serpentine to appear
dark brown in plane polarized light images (see Fig. 8). Sim-
ilarly, an Fe(III)-(hydr)oxide phase is found in veins and
cores of the mesh texture in OM09-129 (Fig. 6¢ and d).

Chromite in sample OMO08-206D appears relatively
unaltered. In contrast, only the core of the chromite in
OMO09-129 is identified as chromite by Raman spec-
troscopy. The material surrounding the core (~20-70 pm
thick) is a Cr-rich magnetite which itself is surrounded by
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a much thinner (~10um) layer of clinochlore, an Fe-
bearing chlorite, such as detected by QEMSCAN in this
sample. In sample OMO0S-01A, what morphologically
appears to be a chromite grain is identified as a Cr-rich

serpentine 1

serpentine 2

1014
856

pyroxene
824
822 872

olivine
garnet
clinochlore;
; mphibole|

0
28 586 702

E53 683

400 500 600 700 800
Raman shift (cm™)

chromite|

magnetite

300

900

1000 1100 1200

.'-.J .
f 822| |855
—
%)
i
c
=
8
= olivine
>
=
] 231 387 690 .
c serpentine
] :
c 681 magnetite
267 303 572
37 unknown
271 439 brucite

SO

100 200 300 400 500 600 700 800

Raman shift (cm™)

900

1000 1100 1200

L.E. Mayhew et al./ Geochimica et Cosmochimica Acta 222 (2018) 704-728

magnetite with no true chromite remaining (Fig. 6e and f;
see Fig. 8). Quartz was also detected in OMO08-206D as
observed by previous researchers using electron microprobe
(Streit et al., 2012).

.

3640 e
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Fig. 5. Hyperspectral Raman maps of the distribution of minerals in less altered Oman peridotites (a) OM95-35, (e¢) OM14-06, (i) OM14-05
and (m) OM94-61. Raman spectra of mineral components used in the classical least squares fits are shown in (b) OM95-35, (f) OM14-06, (j)
OM14-05 and (n) OM94-61. Colors of the maps correspond to colors in the spectra plot. The distribution of brucite is shown in (c) OM95-35,
(g) OM14-06, and (k) OM14-05. The colorramp represents the coeflicient by which the brucite spectrum is multiplied, higher values indicate a
greater amount of brucite. The area of (c) is indicated by the dashed black box in (a) though (c) extends above the upper limit of (a). Spectra of
the OH-stretch region distinguish between brucite, serpentine, and a mixture of the two (d) OM95-35, (h) OM14-06, (1) OM14-05 and (o)
OM94-61. It was not possible to map the distribution of brucite in OM94-61 but point spectra from the OH-stretch region (o) verified the
presence of brucite mixed with serpentine localized around olivine grains. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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Fig 5. (continued)

Synchrotron radiation pXRF elemental maps were used

to determine the presence, and relative concentration, of Fe
in distinct mineral phases within Oman serpentinites. In
samples OM95-35, OM94-61, OM14-05, and -06, Fe is held
in the primary phases olivine and chromite + minor pyrox-
ene (Fig. 7). Iron is also present in serpentine, and in mag-
netite when it is present. Other minor secondary phases (e.g.
tale, chlorite, and amphibole) appear to possess very little
iron (Fig. 7).

In the highly altered rocks, iron is present mainly in ser-
pentine, as serpentine constitutes the bulk of the rock.

However, the iron content of the relict olivine and chromite
is greater than that of the serpentine (Fig. 8). Streit et al.
(2012) observed Fe zoning, with high Fe concentrations in
serpentine along grain boundaries with quartz in samples
OMO08-206A and OMO08-206D. Additionally, iron is con-
centrated in secondary Cr-rich magnetites and Fe-oxides
while there is very little iron in the carbonate minerals.

3.3.2. Iron content of minerals determined from electron
microprobe and Raman analysis

Wavelength dispersive spectroscopy was used to quanti-
tatively determine the chemical formulas of key mineral
phases (Table 2). Olivine varies from 0.08 to 0.10 average
XFe (molar Fe/molar Fe + molar Mg) with minor substitu-
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Fig. 6. Raman spectra of the mineral components of highly reacted Oman serpentinites (a) OM08-206D, (c¢) OM09-129, and (¢) OMO08-01. A
classical least squares fit of the component phases to hyperspectral Raman datasets is used to map the distribution of minerals in each sample

(b) OMO08-206D, (d) OM09-129, and (f) OM08-01.

tion of Mn, Ni, and Ca (Table 2). Olivine in the
dunite OM95-35 has an average composition of
Fogo(Mg; sFe(2Si04) (Table 2). The average olivine com-
position of the harzburgite OM94-61, Fog, 15, was deter-
mined by Hanghoj et al. (2010) and was corroborated by
our independent analyses (Table 2). Olivine in the interme-
diate harzburgite/dunite OM14-05 has an average composi-
tion of Fog, (Table 2). These values are similar to those
determined in much larger studies by Hanghoj et al.
(2010, 27 Oman dunites and harzburgites) and Monnier
et al. (2006, 739 olivines in 170 harzburgites and dunites).

The average XFe of pyroxene in these rocks varied from
0.05 to 0.08 (Table 2). Hanghoj et al. (2010) determined
that the Fs (ferrosilite FeSiO¢) content of pyroxene in
OM94-61 is 8.17, slightly less than their average harzburgite
value (9.09). A single analysis of pyroxene in OM95-35 con-
tained 11 mol% Fs while pyroxene in OM14-05 contained
only 5% (Table 2).

Microprobe imaging and analyses of samples OM94-61,
OM95-35, OM14-05, -06, and -08 revealed a range of back
scatter electron (BSE) signals from darker (less electron

dense) to brighter (more electron dense) within the
serpentine-rich areas that correspond to variation in the
Fe and Si content. Low silica values were interpreted to
be due to mixture of serpentine with brucite (e.g. Bach
et al., 2006; Bonnemains et al., 2016). An average molar
Si/(Mg + Fe) was calculated for each analysis in order to
estimate the proportion of brucite mixed with serpentine
(Table 2). We considered that

molar Si/(Mg + Fe) ~ 0.67

serpentine

Therefore the molar percentage of brucite was calcu-
lated according to

1 — (molar Si/Mg + Fe),....qurea/0-67) * 100.

The Fe(IlI)-bearing serpentine cronstedtite ((Fe3™,Fe*™)
(SiFe*")Os(OH),) also has molar Si/(Mg + Fe)serpentine <
0.67, similar to mixtures of serpentine and brucite. How-
ever, we do not expect significant amount of cronstedtite
to occur in the less-altered serpentinites in which brucite
is detected. Other phases such as Fe-bearing talc and
Fe-sulfides also have molar Si/(Mg + Fe)serpentine < 0.67,
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Fig. 7. Synchrotron-radiation based X-ray fluoresence heat maps of iron in the less-altered Oman peridotites with coresponding plane
polarized light optical images. The concentration of Fe in the different mineral phases varies from high (red) to low (dark blue). Sample names
are given in the upper left corner of the plane polarized light image. ol = olivine, chr = chromite, pyx = pyroxene, mgt = magnetite, serp =
serpentine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

however we do not have evidence for the presence of such
phases mixed with serpentine at the microscale. Mixtures
with <10% brucite are heretofore referred to as serpentine,
mixtures with 11%-50% brucite are referred to as
serpentine + brucite, mixtures with 50%-89% brucite are
referred to as brucite + serpentine, and mixtures with

>90% brucite are referred to as brucite. In OM95-35, vari-
ations in the BSE signal and quantitative WDS analyses
revealed a serpentine phase with an average of 3.65 wt%
FeO (Table 2); a phase called serpentine + brucite 1 with
an average of 11.64 wt% FeO and 43% brucite; and a phase
called serpentine + brucite 2 with an average of 7.12 wt%
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Fig. 8. Synchrotron-radiation based X-ray fluoresence heat maps of iron in highly altered Oman serpentinites with coresponding plane
polarized light optical images. The concentration of Fe in the different mineral phases varies from high (red) to low (dark blue). Samples are
labeled in the upper left hand corner of the plane polarized light image. ol = olivine, Cr-mgt = chromium-rich magnetite, serp = serpentine,
Fe-ox = Felll-oxides, cbt = carbonate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

FeO, (essentially equal to the average wt% FeO of the ser-
pentine and serpentine + brucite 1 phases) and 18% brucite
(Table 2).

Brucite was detected in OM94-61 where only serpentine
with an average of 5.83 wt% FeO was observed (Table 2).
Samples OM14-05 and OM14-06 also contained a serpen-

tine phase with 4.88 and 4.32 wt% FeO, respectively
(Table 2). Mixtures of serpentine + brucite were also found
in samples OM14-05 and OM14-08. Notably, samples
OM94-61, OM95-35, OM14-05, -06, and -08 all contain
abundant brucite identifiable by higher BSE signals and
lower Si contents and higher Fe contents than serpentine



Table 2

Electron microprobe analyses of select Fe-bearing mineral phases in less-altered Oman peridotites.

Sample OM94-61 OM95-35 OM14-05
Phase Ol Pyx serp ol pyx chr mgt Serp + brc 1 serp Serp + brc 2 Ol Pyx serp Brc + serp
# of analyses 4 3 11 5 1 2 5 4 3 13 6 5 10 3
Average oxide wt%
(+ stdev)
NaO 0 0 nd nd nd nd nd nd nd nd 0 0.29 nd nd
(0.07)
MgO 50.76 34.26 36.01 48.89 16.23 9.02 1.70 39.63 39.72 38.83 50.53 17.54 36.78 41.78
(0.35) (0.14) (3.17) (0.56) (0.24) (0.93) (1.98) (1.10) (1.66) (0.42) (0.25) (1.82) (2.35)
ALO; 0 2.27 0.73 0.02 1.94 18.55 1.60 0.01 0.23 0 0 1.46 0.25 0
(0.07) (0.82) (0.04) (0.40) (1.36) (0.02) (0.18) (0.01) (0.39) (0.26)
SiO, 40.94 55.56 36.99 40.14 50.84 0 0.63 26.26 39.64 34.60 40.92 53.41 36.69 10.57
(0.51) (0.53) (2.44) (0.18) (0.26) (2.43) (1.38) (2.28) (0.47) (0.99) (2.74) (5.69)
SO, nd nd nd nd nd 0 0 0.09 0.10 nd nd nd nd nd
(0.04) (0.04)
CaO 0.02 0.78 0.13 0.23 25.23 0 0.40 0.09 0.07 0.05 0.02 23.65 0.10 0.30
(0.02) (0.25) (0.09) (0.10) (0.25) (0.02) (0.02) (0.02) (0.01) (0.64) (0.07) (0.08)
TiO, 0 0.01 nd 0 0.73 0.62 0.72 0 0 0 0 0.13 nd nd
(0.02) (0.01) (0.59) (0.03)
Cr,05 nd nd nd 0 0.33 35.87 9.39 0 0 0 nd nd nd nd
(0.39) (7.67)
MnO 0.10 0.13 0.06 0.18 0 0.66 0.33 0.25 0.04 0.10 0.12 0.07 0.04 0.68
(0.01) (0.02) (0.08) (0.02) (0.01) (0.27) (0) (0.03) (0.06) (0.02) (0.04) (0.07) (0.09)
FeO" 7.54 5.04 5.83 10.02 2.10 32.60 82.29 11.64 3.65 7.12 7.50 1.78 4.88 17.50
(0.20) (0.06) (1.18) (0.21) (0.56) (11.88) (0.82) (1.14) (1.23) (0.25) (0.10) (0.82) (1.77)
CoO nd nd nd nd nd 0.07 0.10 nd nd nd nd nd nd nd
(0.01) (0.03)
NiO nd nd nd 0.11 0.07 0.19 0.29 0.28 0.12 nd nd nd nd nd
(0.14) (0.01) (0.17) (0.04) (0.12)
ZnO nd nd nd nd nd 0.18 0.02 nd nd nd nd nd nd nd
(0.01) (0.04)
Total 99.38 98.09 79.75 99.58 97.46 97.74 97.46 78.06 83.50 80.72 99.10 98.34 78.71 70.82
(0.99) (0.65) (2.96) (0.45) (1.58) (0.93) (1.96) (1.36) (4.37) (1.07) (1.22) (3.48) (2.41)
XFe” 0.08 0.08 0.08 0.10 0.11 NA NA 0.14 0.05 0.09 0.08 0.05 0.07 0.19
0) (0) (0.02) (0) (0.01) (0.02) (0.01) (0) (0) (0.01) (0.02)
Si/(Mg + Fe) NA NA 0.63 NA NA NA NA 0.38 0.64 0.55 NA NA 0.62 0.14
(0.07) (0.05) (0.02) (0.03) (0.05) (0.08)
Ybrc NA NA 0.05 NA NA NA NA 0.43 0.05 0.18 NA NA 0.07 0.79
(0.08) (0.07) (0.03) (0.05) (0.08) (0.12)
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Sample OM14-06 OM14-08
Phase serp brc Unknown Serp + brc Brc + serp
# of analyses 6 9 3 5 3
Average oxide wt%
(&£ stdev)
NaO nd nd nd nd nd
MgO 38.78 49.67 47.30 37.90 41.34
(1.27) (3.68) (6.16) (1.48) (1.92)
AlLO; 0.56 0.07 1.20 0.05 0.02
(0.51) (0.03) (1.64) (0.05) (0.03)
SiO, 37.14 1.19 5.11 35.52 10.75
(2.48) (0.75) (1.91) (1.64) (0.81)
SO; nd nd nd nd nd
CaO nd nd nd 0.04 nd
(0.03)
TiO, nd nd nd nd nd
Cr,03 nd nd nd nd nd
MnO nd nd nd 0.10 0.32
(0.09) (0.07)
FeO* 4.32 15.80 13.52 6.28 18.16
(1.11) (2.97) (0.79) (0.90) (1.52)
CoO nd nd nd nd nd
NiO nd nd nd nd nd
ZnO nd nd nd nd nd
Total 80.52 66.71 66.73 79.89 70.73
(1.69) (1.91) (4.16) (0.85) (1.27)
XFe” 0.06 0.15 0.14 0.08 0.20
(0.01) (0.03) (0.01) (0.01) (0.02)
Si/(Mg+Fe) 0.61 0.01 0.06 0.54 0.17
(0.05) (0.01) (0.02) (0.09) (0.02)
Y%brc 0.10 0.98 NA 0.19 0.74
(0.08) (0.01) (0.14) (0.03)

nd = no data (ol = olivine; pyx = pyroxene; serp = serpentine; chr = chromite; mgt = magnetite; brc = brucite).

* Fe;0, for the magnetite analyses.
® XFe = molar Fe/(molar Fe + molar Mg).
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(Table 2). The MnO content of mixtures in which brucite is
the major phase is greater than that of the more serpentine-
rich phases (Table 2). Sample OM14-06 was unique because
it contained the most pure brucite (98%; average SiO, =
1.19 wt%). Quantitative microprobe analyses of the brucite
showed the Fe content varies from 11.72 to 20.13 wt% FeO,
which is significantly more enriched in FeO than the serpen-
tine from this sample (Table 2). An unidentified phase
observed at the interface of olivine and brucite in OM14-
06 (Fig. 5f) was also found to contain substantial Fe (aver-
age = 13.52 wt% FeO) and a low Si content (Table 2).
While these values are similar to those of brucite, Raman
spectra of this phase do not match brucite (Fig. Se).

The Fe-content of the brucite in mixtures was estimated
based on the position of the brucite OH stretch peak in the
Raman spectrum near 3650 cm ™. The position of this peak
shifts to lower wavenumbers with increasing substitution of
Fe into brucite (Reynard et al., 2015). An average Fe con-
tent of brucite in the mixed Raman spectra was determined
by averaging the brucite spectra from many pixels in a rep-
resentative map area. The centroid of the average brucite
peak was calculated and compared to a calibration curve
(error ~ 5%) derived from a suite of 20 natural and syn-
thetic brucites (Miller et al., 2017). Using this method, the
Fe content of brucite in OM94-61 is estimated to be 12 wt
% FeO, in OM95-35 it is 18 wt% FeO (Miller et al.,
2017), and in OM14-05 it is 11 wt% FeO.

3.3.3. Fe K-edge XANES insights into Fe oxidation state
Micro-XANES spectroscopy was used to qualitatively
interrogate the oxidation state of Fe in serpentine. The ser-
pentine spectra from samples OM94-61, OM95-35, and
OM14-06 have more reduced (lower energy) edge and peak
positions. Fits to these spectra often include a serpentine
spectrum with lower energy edge and peak positions, sug-
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gesting that the Fe is more reduced, with minor contributions
from more oxidized models including Fe(III)-rich serpentine
and Fe(III)-(hydr)oxides. Serpentine spectra from samples
OMO08-01, OMO08-206D, and OMO09-129 have higher energy
edge and peak positions (Fig. 9) and fits are either dominated
by a Fe(IlI)-oxide spectrum or a Fe(IlI)-bearing serpentine
spectrum with higher energy edge and peak positions sug-
gesting that the Fe is more oxidized (Table 3).

Robust quantification of the Fe*t/Fetom (e.g. Wilke
et al., 2001; Andreani et al., 2013; Munoz, 2013) was not
undertaken. However, general differences in the shape,
position, and intensity of the pre-edge feature provide fur-
ther insights into the Fe oxidation state of serpentine. The
pre-edge of most serpentines from samples OM94-61,
OM095-35, and OM14-06 have a higher intensity feature
at lower energy, resulting in a centroid position at
~7113.5 (Fig. 10) and peak areas that range from 0.05 to
0.08 (Table 4). This is in contrast to samples OMO08-01,
OMO08-206D, and OMO09-129 that have a centroid position
at 7114.5eV (Fig. 10) and larger peak areas (0.09-0.17)
(Table 4). These observations suggest a higher oxidation
state and the presence of tetrahedrally coordinated Fe(III)
in samples OMO08-01, OMO08-206D, and OM09-129, consis-
tent with observations from fits to the full uXANES spectra
and bulk XANES data.

4. DISCUSSION

4.1. Diverse assemblage of Fe(Il) reservoirs in less-altered
Oman peridotites

To track dynamic Fe transformations and assess the
potential for H, production in the Samail ophiolite, it is
important to document not only the presence and distribu-
tion of Fe(Il)-bearing primary minerals but also potentially

— OMO09-129 (ha)
—OMO08-01A (ha)
—OMO08-206D (ha)
OM14-06 (lap)
—OM95-35 (lap)
OM94-61 (lap)

7110 7115 7120 7125 7130 7135 7140 7145 7150
energy (eV)

Fig. 9. Fe K-edge pnXANES spectra of serpentine or serpentine-bearing materials within Oman peridotites. The edge and peak positions of
spectra from the less altered peridotites are at lower energies than those of spectra from the highly altered rocks. These structural differences
suggest Fe is more oxidized in the highly altered rocks. Multiple spectra were collected from each sample and are labeled with the same color.
The letters after the sample name indicate if the sample is a less altered (lap) or highly altered (ha) peridotite. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3

Non-negative least square fits of Fe model compounds to repre-
sentative serpentine XANES spectra from Oman serpentinites. The
R-factor (Newville, 1998) was less than 3.7e~* for all fits. The
energy shift required for fitting ranged from —0.28 to 0.22 eV for
all spectra.

Sample spectrum/Fe model compound  Normalized proportion®

OM94-61-8

Fe-phyllosilicate 0.48
Fe(I1I)-serpentine 0.35
Fe(11I)-oxide 0.17
OM94-61-11

Fe-phyllosilicate 0.76
Fe(I1I)-oxide 0.13
Fe-carbonate 0.11
OM94-61-17

Fe(1I)-serpentine 0.69
Magnetite 0.31
OM94-61-18

Fe(II)-serpentine 0.42
Chromite 0.33
Magnetite 0.25
OM95-35-4

Fe(II)-serpentine 0.65
Magnetite 0.35
OM95-35-5

Fe(1I)-serpentine 0.53
Fe-phyllosilicate 0.47
OM14-06-7

Fe(II)-oxide 0.50
Fe(1I)-serpentine 0.50
OM14-06-8

Fe(1I)-serpentine 0.73
Fe-phyllosilicate 0.27
OM14-06-16

Fe(II)-serpentine 0.60
Fe(11I)-serpentine 0.33
Fe(11I)-oxide 0.07
OM08-01-1

Fe(IlI)-serpentine 0.55
Fe-phyllosilicates 0.45
OM08-206D-4

Fe(I1I)-oxides 0.69
Fe(1I)-serpentine 0.16
Fe-phyllosilicates 0.75
OMO08-206D-7

Fe(11I)-oxides 0.62
Fe(11I)-serpentine 0.25
Fe(II)-serpentine 0.13
OM09-129-2

Fe(11I)-oxide 0.68
Fe(1II)-serpentine 0.19
Magnetite 0.13
OM09-129-13

Fe(I1I)-serpentine 0.55
Fe-phyllosilicates 0.23
Fe(I1I)-oxide 0.22

% Note: Identification of phases that occur close to, or below,
~10% of the Fe fluorescence, is uncertain due to the quantitative
detection limit of the technique as determined from empirical
mixtures (O’Day et al., 2004; Ostergren et al., 1999).

reactive, Fe(II)-bearing secondary phases. We propose that
within our suite of samples, OM95-35 represents the least-
altered end-member because it possesses the most relict oli-

vine and reduced iron character. Yet, this rock (as well as
samples OM94-61, OM14-05, -06, -07, -08, and -10) also
possesses Fe(Il)-bearing secondary phases such as serpen-
tine and brucite, thus there still remains significant potential
for further Fe oxidation such as might occur during modern
day low-temperature reaction.

We do not know the timing or the environment of for-
mation of the Fe(Il)-bearing secondary phases in the less-
altered rocks. Other researchers have suggested that serpen-
tinization may have occurred in a marine environment dur-
ing obduction of the ophiolite (e.g. Neal and Stanger, 1985;
Bosch et al., 2004; Kelemen and Matter, 2008; Boudier
et al., 2010; Streit et al., 2012; Bonnemains et al., 2016) at
temperatures between 180 and 500 °C (Neal and Stanger,
1985). However, it is difficult to know the maximum extent
of alteration during obduction and distinguish it from alter-
ation that occurred after emplacement of the ophiolite.
Despite these complexities, the Oman serpentinites likely
represent an integrated history of reaction at low tempera-
ture thus they are a best example of low temperature ser-
pentinization for studying Fe transformations regardless
of the timing and environment of alteration.

4.1.1. Fe(Il)-bearing serpentine

A significant fraction of Fe in serpentine in less-altered
peridotites appears to be present as Fe(II) (see Section 3.3.3,
Fig. 10, Table 3) and calculations of whole rock Fe**/
Fetotar ratios from less-altered peridotites (~0.4-0.5) are
consistent with this observation. This is also consistent with
observations of Fe(Il)-rich serpentine during initial stages
of serpentinization documented for experimental (e.g.
Marcaillou et al., 2011) and natural systems (e.g.
Andreani et al., 2013). In the Oman system, serpentine
can be considered a reservoir of iron that may be trans-
formed during low temperature water-rock reactions. The
serpentine phases analyzed here have XFe from 0.05 to
0.09 with an average of 0.07. The high XFe of serpentine
values reported here are consistent with results from other
low temperature, magnetite-poor serpentinites (XFe ~
0.05-0.1, Klein et al., 2014; XFe ~ 0.06, Bonnemains
et al., 2016). Other previous work on the petrology and geo-
chemistry of less-altered Oman peridotites (Godard et al.,
2000; Monnier et al., 2006; Hanghoj et al., 2010) did not
include quantitative chemical analyses of serpentine so
direct comparisons cannot be made. A more recent study
by Bonnemains et al. (2016) reported an average FeO con-
tent ~6 wt% for mesh texture serpentine, attributed to the
low temperature of reaction resulting in the absence of
magnetite in four samples from Oman. Our values are con-
sistent with the FeO content of serpentine in subsurface
Oman rocks ~6-8 wt% (Miller et al., 2016). Our analyses
of serpentine in less-altered peridotites, while limited in
number, show a higher, more narrow range of XFe values
than the broad compilation of values reported by Evans
et al. (2009) (n ~ 480 analyses, XFe ~ 0.02-0.08 with values
of 0.03-0.04 most commonly reported). The Fe content of
serpentine in the less-altered peridotites analyzed in this
study (average XFe =0.07) is less than the average XFe
of relict olivine and pyroxene in Oman serpentinites
(~0.09, Monnier et al., 2006; Hanghoj et al., 2010). Thus,
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normalized fluorescence intensity

0

= OM09-129 (ha)
= OMO08-01A (ha)
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= OM14-06 (lap)
— OM95-35 (lap)
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Fig. 10. Plot of the pre-edge feature of Fe K-edge pXANES of serpentine and serpentine-bearing materials from Oman peridotites. The
average centroid position of spectra from the less altered peridotites (lap) is 7113.8 eV and from highly altered rocks (ha) is 7114.5 eV. Lines
indicating the positions of 7113.5 and 7114.5 eV are labeled on the plot for reference. While this data was not calibrated to Fe(IT)/Fe(III)
standards it does suggest that Fe in serpentine in the highly altered rocks is more oxidized than in the less altered peridotites.

Table 4

Pre-edge peak centroid positions and areas calculated from
representative serpentine XANES spectra of Oman serpentinites.
Spectra are listed from smallest to largest peak area.

Spectrum Centroid Area
OM14-06-8 7113.81 0.052
OM94-61-11 7113.75 0.060
OM95-35-5 7113.42 0.067
OM9%4-61-17 7113.99 0.075
OM95-35-4 7113.62 0.078
OM14-06-16 7114.06 0.078
OM14-06-7 7113.94 0.081
OM94-61-18 7113.12 0.084
OM94-61-8 7114.13 0.085
OMO08-01-1 7114.53 0.090
OMO08-206D-4 7114.58 0.095
OMO08-206D-7 7114.43 0.100
OMO09-129-13 7114.38 0.105
OMO09-129-2 7114.57 0.171

the ‘missing’ iron must then be partitioned into a Fe-
bearing secondary phase(s) other than serpentine (e.g.
Oufi et al., 2002; Evans, 2008).

4.1.2. Fe content of brucite

We have demonstrated that in the less-altered peri-
dotites much of what may be considered serpentine at first
glance is, in fact, serpentine mixed with brucite. Inter-
growth of brucite and lizardite has been observed in abyssal
serpentinites (e.g. Oufi et al., 2002; Bach et al., 2004, 2006;
Klein et al., 2009), in serpentine mud volcanoes (D’Antonio
and Kristensen, 2004; Kahl et al., 2015), orogenic serpen-
tinites (e.g. Hostetler et al., 1966), and ophiolite complexes
(e.g. Katayama et al., 2010; Frost et al, 2013;
Schwarzenbach et al., 2016). However, the brucite content

of partially serpentinized peridotites in Oman has previ-
ously been thought to be low (Neal and Stanger, 1985).
Though, the intergrowth of serpentine and brucite was pre-
viously observed by TEM in a single Oman harzburgite
(Baronnet and Boudier, 2001) and has recently been docu-
mented in surface (Bonnemains et al., 2016) and subsurface
Oman rocks (Miller et al., 2016).

Our work documented the significant incorporation of
Fe into relatively pure brucite in OM14-06, one of the
less-altered Oman peridotites, using quantitative electron
microprobe analyses (XFe = 0.15, Table 2). The partition-
ing of Fe into brucite, particularly during low temperature
reactions, has been demonstrated experimentally and theo-
retically (Moody, 1976a,b; Sleep et al., 2004; Seyfried et al.,
2007; McCollom and Bach, 2009; Klein et al., 2009) and
observed in natural systems (Hostetler et al., 1966; Page,
1967; Evans and Trommsdorf, 1972; Moody, 1976a;
D’Antonio and Kiristensen, 2004; Bach et al., 2006; Klein
et al., 2014). Our value falls within the range of Fe contents
measured in brucite formed experimentally (0-30% Moody,
1976a; Seyfried et al., 2007). In addition, our value is
approximately twice that of the co-existing serpentine and
falls slightly off the equilibrium distribution line proposed
by Evans and Trommsdorf (1972). The production of bru-
cite with an iron content greater than co-existing serpentine
has also been observed in natural (e.g. Hostetler et al., 1966;
Page, 1967; Evans and Trommsdorf, 1972; Moody 1976b;
Oufi et al., 2002; D’Antonio and Kristensen, 2004; Bach
et al., 2006) and experimental samples (Okamoto et al.,
2011; Malvoisin et al.,, 2012b; Lafay et al., 2012;
Ogasawara et al., 2013; McCollom et al., 2016) and is pre-
dicted by thermodynamic models (McCollom and Bach,
2009; Klein et al., 2009). The XFe of brucite + serpentine
mixtures ranges from 0.08 to 0.2 (Table 2). For samples
in which it was possible to estimate the Fe content of the
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brucite in the serpentine + brucite mixtures, the estimated
wt% FeO is higher in brucite than in corresponding serpen-
tine (Table 2). However, direct comparisons of molar XFe
of brucite and serpentine in these samples are not possible
because microprobe data could not be obtained from each
phase independently. Additionally, the observation of Fe-
bearing brucite is notable because the production and sub-
sequent reaction of Fe-bearing brucite to form carbonates,
Fe(IIl)-bearing serpentines, and magnetite has been pro-
posed to occur in other serpentinizing systems (e.g. Toft
et al., 1990; Bach et al., 2006; Frost et al., 2013) and has
been observed in mine tailings and experiments (Harrison
et al., 2013, 2015).

4.2. Highly altered rocks possess a more limited assemblage
of minerals

We have identified a subset of samples (OMO08-01,
OMO08-206A/D, OM09-129 and OM14-11) that are the
most highly altered end-members of those studied here.
These highly altered rocks possess a diverse mineral assem-
blage but contain fewer unique phases than the less-altered
peridotites. No relict olivine remains in these samples,
though relict pyroxenes are present in greater abundance
than in the less-altered peridotites (Table 1; Fig. 4). Chro-
mite is less abundant and often appears to be more exten-
sively fractured and altered to Cr-rich magnetite and
chlorite than in the less-altered peridotites. This is evidence
of continued alteration of chromites during low tempera-
ture serpentinization.

Serpentine, while a major phase in the highly altered
rocks, does not appear to be more abundant than in the
less-altered peridotites. However, if carbonate is removed
from consideration because it is likely to have precipitated
out of a fluid rather than representing direct, in place alter-
ation of peridotite, the average abundance of serpentine in
highly altered samples than represents a 20% increase over
the less-altered samples. As such, serpentine may be a larger
reservoir of Fe in the highly altered rocks than in the less
altered rocks. Hematite and goethite are intermixed with
serpentine in some samples whereas magnetite is generally
absent from the highly altered rocks (except where localized
around chromian spinels). These observations are consis-
tent with the results of Streit et al. (2012) who found that
hematite is more common than magnetite in these highly
altered rocks. This is likely because carbonated peridotites
form at high oxygen fugacities, conditions under which
hematite is stable (c.f. Eckstrand, 1975; Frost, 1985). Car-
bonate is the second most abundant alteration phase, after
serpentine, though we determined that it is Fe-poor.

4.2.1. Serpentine in highly altered rocks is not more Fe-rich
than in the less-altered peridotites

There is significant incorporation of Fe into serpentine
in highly reacted Oman serpentinites as documented by
Streit et al. (2012). Notably, quartz-bearing serpentinites
(e.g. OMO08-206A/D) have significantly higher Fe in ser-
pentine than serpentine in quartz-free serpentinites (e.g.
OMO08-01, OMO09-12) (Streit et al., 2012). The average

wt% FeO of serpentine in the quartz-bearing serpentinites
investigated in this current study is 7.65 and 7.42 in
OMO08-206A and OMO08-206D, respectively (Streit et al.,
2012). The average wt% FeO of serpentine in the
quartz-free serpentinites investigated in this current study
is 6.04 in OMO08-01 and 3.69 in OMO09-129 (Streit et al.,
2012). The average wt% FeO values for serpentine in the
quartz-free highly reacted rocks are similar to the average
wt% FeO values for serpentine in the less-altered peri-
dotites (Table 2; 3.65-5.83 wt% FeO). Thus, in general,
there is not a significant increase in the Fe content of ser-
pentine between the less-altered peridotites and the ‘aver-
age’ highly altered peridotites.

The FeO content of serpentine in less and more altered
rocks is similar, indicating that significant enrichment or
depletion of Fe in serpentine did not occur during the tran-
sition from less-altered peridotites to highly reacted rocks.
This is in contrast to observations from other systems
where serpentine produced during early stages of reaction
is more Fe-rich than serpentine produced during later
stages of reaction (e.g. Toft et al., 1990; Oufi et al., 2002;
Marcaillou et al., 2011; Andreani et al., 2013). In these sys-
tems, the authors propose that the decrease in Fe in serpen-
tine is due to changing conditions to favor Mg-rich
serpentine and Fe partitioned into magnetite. More recent
works have attributed the coupled production of Mg-rich
serpentine and magnetite (vs. Fe-rich serpentine without
magnetite) to serpentinization at temperatures > 200 °C
(Klein et al., 2014; Bonnemains et al., 2016). In the highly
altered rocks in this study, serpentine does not appear to
become more Mg-rich and magnetite is not prevalent.
Our observation of a steady Fe-content in serpentine is,
however, consistent with that of Bach et al. (2006) who
found that the XFe of serpentine formed initially from reac-
tion of olivine is the same XFe as that of serpentine formed
later from the reaction of Fe-rich brucite with silica.

4.2.2. Fe in serpentine appears more oxidized in highly
altered rocks

Though the total Fe content of serpentine in the highly
altered rocks does not appear to have changed, the iron is
more oxidized and some may be in tetrahedral coordination
(e.g. Marcaillou et al., 2011; Andreani et al., 2013; Miller
et al., 2016). Streit et al. (2012) suggested that Fe(III) sub-
stitutes into serpentine in these Oman rocks and there are
observations of Fe(IIl) incorporation into serpentine in
subsurface Oman rocks (Miller et al., 2016). Those samples
that appear to have more oxidized serpentine also have
whole rock Fe"/Feroq ratios of ~0.9. The presence of lar-
ger amounts of Fe(III) in serpentine in more extensively ser-
pentinized rocks and in veins representative of later stages
of reaction is consistent with observations from other natu-
ral (Whittaker and Wicks, 1970; O’Hanley and Dyar, 1993;
Evans, 2008; Evans et al., 2009; Andreani et al., 2013;
Miyoshi et al., 2014; Beard and Frost, 2016) and experi-
mental systems (Seyfried et al., 2007; Marcaillou et al.,
2011).

The increase in oxidized Fe in the highly altered rocks
may be due to: 1) more oxidized Fe in serpentine in the
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highly altered rocks that is partly incorporated into tetrahe-
dral sites or 2) the mixing of serpentine with Fe(I1I)-oxides
on the nanoscale, which does not necessitate a change in the
oxidation state of Fe in serpentine. The contribution of Fe
(IIT) from oxide phases could also account for the more
tetrahedral appearance of the iron spectra. Streit et al.
(2012) reported the occurrence of a sub-micron-sized Fe-
rich phase mixed with quartz in samples OMO08-206A/D
but Fe(III)-oxides mixed with serpentine were not reported.
It is not possible to address this problem with EMP analy-
ses because of the scale of possible intermixing of serpentine
with another Fe-rich phase versus the scale of the analyses.

4.2.3. Fe-bearing brucite is absent from highly reacted rocks

As Oman serpentinites become highly altered, there is
the notable disappearance of brucite. Streit et al. (2012)
were the first to note the absence of brucite (using EMP)
in samples OM08-01, OM08-206A/D, and OM09-129 and
suggested that brucite broke down to form magnesium car-
bonates during reaction with CO,. Similarly, Neal and
Stanger (1985) propose that brucite formed during alter-
ation of olivine in Oman rocks is redissolved upon contact
with bicarbonate rich waters associated with complete ser-
pentinization, as observed in mine tailings and experiments
by Harrison et al. (2013, 2015). It is certainly possible that
the Mg-carbonates observed in these rocks formed from the
breakdown of brucite. However, this does not explain the
fate of the Fe that was held in brucite as the carbonates
are Fe-poor. Some Fe may be accounted for by incorpora-
tion into serpentine, as discussed in Section 4.2. Consider-
ing that magnetite is not detected (see Section 4.2) and
serpentine in the ‘average’ highly altered rocks does not
have a significantly higher Fe-content than serpentine in
the less-altered peridotites (see Section 4.2.1), it is likely that
the Fe(IlI)-(hydr)oxides that we see in the highly altered
rocks accommodate some of the iron released during the
breakdown of brucite.

Whole rock analyses revealed that the highly reacted
rocks are Fe-poor as compared to the less-altered peri-
dotites (average %Fe 4.6 vs. 6.4). This observation is consis-
tent with, but more pronounced than, data from the Pindos
ophiolite where rocks with serpentinization degree > 50%
have an average %Fe = 8.54 while less serpentinized rocks
have an average %Fe=9.27 (data from Bonnemains

magnetite-rich rocks do occur at discrete locations in Oman
and can be found in outcrop as well as at specific depths
within borehole wells (c.f. Miller et al., 2016). The occur-
rence of magnetite-rich rocks perhaps represent the fate
of the mobilized Fe and thus may record pulses of Fe mobi-
lization occurring during serpentinization.

4.3. Possible Fe-oxidation pathways during water/rock
reaction

4.3.1. Partial serpentinization of Oman peridotites produces
Fe-bearing serpentine and brucite

Using microscale geochemical techniques we detected
Fe-bearing brucite, often intimately intermixed with serpen-
tine. We consider these phases to be the result of an earlier
stage of serpentinization, perhaps during alteration in a
marine environment (e.g. Neal and Stanger, 1985; Bosch
et al., 2004; Kelemen and Matter, 2008; Boudier et al.,
2010; Streit et al., 2012). Neal and Stanger (1985) suggest
early formed serpentine is characterized by high(er) concen-
trations of Mn (~0.15wt% MnO) and Fe (~8-12 wt%
FeO) and lower Si and Mg contents than serpentine formed
during later, lower temperature serpentinization. These
authors note the scarcity of brucite in Oman rocks despite
the prolific olivine hydration that they believe should have
produced extensive brucite. They propose that brucite
formed but was altered or removed during subsequent reac-
tion. We propose that instead brucite may actually be inti-
mately intermixed with serpentine and difficult to detect.
This is supported by trends in Mn, Fe, and Si content
reported by Neal and Stanger (1985) which are consistent
with those of the serpentine + brucite mixtures measured
in this work (Table 2). In other recent work on Oman ser-
pentinites, the authors postulated that low wt% SiO, values
of serpentine may be due to intergrowth with brucite
(Bonnemains et al., 2016).

Considering that sample OM95-35 is the least-altered
end-member peridotite studied here, we use this rock to rep-
resent an example of this first stage of serpentinization.
Reaction 1 then represents a possible reaction pathway
experienced by OM95-35 during the first stage of serpen-
tinization. Considering the nature of these reactions and
the observation that some oxidized iron is incorporated into
serpentine, the production of H; is included in Reaction 1.

olivine + pyroxene + H,O — Fe(II) > Fe(III)-serpentine + Fe(II)-brucite + Fe-poor amphibole/talc + trace magnetite + SiO,(aq) + Hy  (R1)

et al., 2016). One possible explanation of the inconsistency
in the total amount of Fe between less and more altered ser-
pentinites may be the breakdown of Fe-rich brucite leading
to Fe mobilization vs. in-situ reprecipitation. As aqueous
Fe(Il) was detected in hyperalkaline fluids from Oman
boreholes (Rempfert et al., 2017), this may be a plausible
explanation. Iron mobilization may be due to interaction
with a CO,-bearing fluid (e.g. Fujii et al., 2014; Debret
et al., 2016) such as would be necessary to form the highly
reacted and carbonated Oman rocks. Interestingly,

This reaction is generally consistent with the mecha-
nisms proposed by Neal and Stanger (1985) and Bach
and Klein (2009) as well as Klein et al. (2014) and
Bonnemains et al. (2016). In contrast, Streit et al. (2012)
postulated that the earlier, higher temperature stage of ser-
pentinization may have formed Fe-poor serpentine plus
magnetite. While there are certainly serpentinites from the
Samail ophiolite that have abundant magnetite (e.g.
Miller et al., 2016), those were not studied here. Instead,
we have included magnetite as only a trace product in
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Reaction 2 because in our less-altered samples it is relatively
rare and it does not seem likely to have been the main reser-
voir of oxidized Fe produced during the first stage of ser-
pentinization. The absence of magnetite in early stages of
serpentinization is consistent with observations from Oman
by other researchers (e.g. Bonnemains et al., 2016) and
observations from other serpentinizing systems (e.g. Oufi
et al., 2002; Bach et al.,, 2006; Beard et al., 2009;
Katayama et al., 2010; Frost et al., 2013; Klein et al.,
2014; Schwarzenbach et al., 2016). The absence of mag-
netite has been interpreted as evidence for serpentinization
occurring at low temperatures (<200 °C) (e.g. Seyfried
et al., 2007; Evans, 2008; Klein et al., 2009; Malvoisin
et al., 2012a,b; Klein et al., 2014; Bonnemains et al.,
2016). However, because there are examples of magnetite-
rich Oman serpentinites, that appear to form in specific
hydrologic zones through reactions not yet constrained, it
is difficult to infer low temperatures of reaction from the
absence of magnetite.

In addition to alteration of the primary silicates during
this first stage of serpentinization, there is evidence for
the partial alteration of primary chromites to magnetite
(Reaction 2).

chromite + H,O — Cr-magnetite 4 Cr(,q) = H> (R2)

A key point is that this first stage of the reaction history
resulted in only partially serpentinized peridotites. As such,
relict Fe(Il)-bearing primary phases as well as Fe(Il)-
bearing secondary phases that were produced including ser-
pentine, brucite, and magnetite (see reactions above) were
available for oxidation during subsequent lower tempera-
ture serpentinization in Oman.

4.3.2. Low temperature alteration of less-altered Oman
peridotites

Four main mineralogical changes are inferred for the
transition from the partially serpentinized, less-altered peri-
dotites to the highly reacted serpentinites in Oman. Using
OM095-35 as the least altered representative and OMO09-
129 as the highly altered representative, these transforma-
tions are 1) complete loss of olivine, 2) the disappearance
of Fe(Il)-bearing brucite, 3) a higher oxidized Fe content
of serpentine, and 4) the precipitation of Fe-poor carbon-
ates. However, it is important to note that we represent only

However, in this work we are examining the overall effect
of low temperature alteration and it is difficult to assess
the original protoliths of the highly altered rocks. It is likely
that the reaction pathway consisted of many, complex steps
some of which may be represented by the less-altered but
more oxidized samples studied here (e.g. OM14-05, -07,
-08, and -10).

It is important to note that we do not know the compo-
sition of the fluid that reacted with the less-altered
peridotites. There are three main fluid compositions
observed in Oman today, 1) meteoric water; 2) Type I
Mg?*/HCO3 waters that result from the reaction of mete-
oric water with peridotite in contact with the atmosphere;
and 3) Type II Ca®"/OH™ waters that result from the con-
tinued reaction of Type I waters with peridotite at depths
where communication with the atmosphere does not occur
(e.g. Barnes and O’Neill, 1969; Barnes et al., 1978; Neal and
Stanger, 1985; Dewandel et al., 2005; Kelemen and Matter,
2008; Paukert et al., 2012). Type I waters exist both in open
systems in contact with the atmosphere and in closed sys-
tems with no contact with the atmosphere. Considering that
the rocks studied here were sampled from the surface of the
ophiolite and were likely to have been sourced from the
shallow aquifer, they would have interacted with Mg>*-
rich, moderate pH (~8), high Eh (~200 mV), waters known
to contain nitrate (NO3) (Dewandel et al., 2005; Miller
et al., 2016). Therefore, Fe could have been oxidized in
the presence of nitrate or oxygen as the oxidant. Continued
alteration under anoxic, reducing conditions in the absence
of these oxidants is also a possibility. However, truly assess-
ing these possibilities is difficult because there are no con-
straints on the water-rock ratios or the residence time of
our samples.

Regardless of the reacting fluid chemistry, we propose
that during low temperature alteration, relict olivine and
pyroxene and Fe(I)-brucite reacted to form Fe(I1)/(I1I) ser-
pentine, Fe-poor carbonate, and Fe(III)-oxides (Reaction
3). The reaction of pyroxenes would have released SiO; to
solution so this is included as a reactant. Presumably,
reduced Fe in brucite was oxidized and incorporated into
Fe(I)-oxides. Since it is not possible to constrain the pos-
sible transformation of serpentine, both the production of a
serpentine with a greater oxidized Fe content and the pro-
duction of Fe(Ill)-oxides are represented in the reaction
below.

olivine + pyroxene + Fe(II)>>Fe(III)-serpentine + Fe(II)-brucite + H,O + CO; + SiOx,q)
— relict pyroxene + Fe(III)>>Fe(II)-serpentine + carbonate + Fe(I1I)-oxides & quartz & H, (R3)

a single possible initial composition and a single possible
product composition. As the Oman ophiolite is dominated
by harzburgite, with less abundant lenses of dunite
(Boudier and Coleman, 1981; Godard et al., 2000;
Monnier et al., 2006; Hanghoj et al., 2010), we may be
comparing a less-altered dunite to a highly altered harzbur-
gite. Alteration of harzburgite should result in the produc-
tion of more serpentine because of its higher Si content.

Chromites in the less-altered peridotites are partially
altered to magnetite and there is significant evidence that
they underwent further alteration during subsequent low
temperature serpentinization, perhaps by a process such
as that represented by Reaction 4.

chromite 4 magnetite + H>O £ SiOy,q)
— Cr-magnetite + clinochlore + H, (R4)
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4.4. The potential for H, production during low temperature
serpentinization

There are numerous mechanisms by which H, could
have been generated during low temperature water-rock
reactions in the Samail ophiolite if the reactions occurred
under anoxic, reducing conditions. Considering the signifi-
cant proportion of Fe-bearing relict olivine present in the
less-altered peridotites and the absence of olivine from the
highly altered rocks, alteration and hydration of olivine
could have played an important role in long-term H, gener-
ation. However, olivine dissolution at near-surface temper-
atures is kinetically slow and as such affects the rate of
solubilization and release of Fe(II), the key component
for H, production. At low temperatures, the question
remains if oxidation of Fe(II) released from primary miner-
als will occur in solution or if it may need to be promoted
by interfacial electron transfer across the surface of conduc-
tive Fe(II)-bearing spinel (e.g. chromite) minerals (Mayhew
et al., 2013). A third possible mechanisms is the oxidation
of structural Fe(Il) in primary spinel phases (Mayhew
et al., 2013). Such a process would result in the formation
of rims of magnetite around chromite as observed in Oman
rocks in this work and by Streit et al. (2012). In contrast to
Fe(Il) in primary olivine and spinels, there is a relatively
small proportion of relict pyroxene that is not particularly
Fe-rich in the less-altered peridotites. Additionally, some
of this pyroxene remains in the highly altered rocks; thus
it is unlikely to have been a significant source of Fe(II)
for H, production.

Hydrogen may have been generated from the reaction of
Fe(II)-bearing secondary phases present in the less-altered
peridotites. Serpentine in the less-altered peridotites con-
tains Fe(II) and may act as a reactive phase, with potential
oxidation of this iron resulting in H, generation, during low
temperature serpentinization in the subsurface of Oman.
Modeling of water-rock reactions in which Fe(II)-bearing
serpentine and brucite were reactants predicted formation
of magnetite and Mg-serpentine coupled with H, produc-
tion (Sleep et al., 2004). The transformation of Fe-rich to
Mg-rich serpentine has also been inferred from study of nat-
urally serpentinized samples that show higher Fe contents of
serpentine (XFe ~ 0.1) in rocks <75% serpentinized and
lower Fe contents of serpentine (XFe = 0.03-0.05) in rocks
>75% serpentinized (Oufi et al., 2002; Evans, 2008;
Andreani et al., 2013). Thus, under suitable reaction condi-
tions, the oxidation of Fe associated with serpentine could
have resulted in high amounts of H, production. This mech-
anism of H, production during low temperature serpen-
tinization in Oman is consistent with that recently
proposed by Miller et al. (2016). Iron bearing brucite present
in the less-altered peridotites from Oman may also act as a
reactive phase. By definition, the majority of Fe in brucite
is Fe(II), thus, the consumption of brucite (e.g. Toft et al.,
1990; Bach et al., 2004) and oxidation of Fe could be a
potentially important mechanism of H, generation during
low temperature serpentinization in Oman, as recently sug-
gested for Oman subsurface rocks by Miller et al. (2016).

The mineral products capable of accommodating Fe(III)
and thus H, production are also not well constrained at low

temperatures. From ~150 to 300 °C, magnetite is often the
main Fe(IIl)-bearing product phase (e.g. McCollom and
Bach, 2009). But, in both the partially serpentinized, less-
altered peridotites and highly reacted rocks studied here,
magnetite is a rarity. The absence of magnetite does not
preclude H, production. Previous experimental and equilib-
rium thermodynamic modeling work has shown H, produc-
tion in the absence of magnetite (Seyfried et al., 2007,
Marecaillou et al., 2011; Andreani et al., 2013; Klein et al.,
2013). In these cases, oxidation of Fe(II) to form Fe(III)-
bearing serpentine was thought to accommodate H, pro-
duction. Recently, kinetic-thermodynamic models of
peridotite-seawater reactions have demonstrated significant
H, production associated with precipitation of other Fe
(IIT)-oxides, including goethite and hematite, during low
temperature serpentinization (Bach, 2016). However, as
the reacting fluid composition and the oxygen fugacity in
this system are not constrained, it is possible that the con-
ditions precluded H, production.

5. CONCLUSIONS

Unraveling the mechanisms and pathways of low tem-
perature serpentinization is challenging. There are often
several stages of reaction that occur over millions of years
of water-rock reaction, and the temperatures of reaction
and fluid compositions may be variable in time and space.
It is difficult to acquire samples representative of various
stages of alteration under identical conditions, and detailed
microscale techniques are time-consuming and complex.
Yet, these processes can directly affect the development of
microbial energy sources and habitats, and carbon cycling
and sequestration within the (ultra)mafic ocean crust.
Rocks of the Samail ophiolite in the Sultanate of Oman,
currently undergoing low temperature alteration and
hydration, serve as an easily accessible case study of these
processes.

In this study, we have undertaken a detailed, microscale
mineralogical and geochemical analysis of partially and
completely serpentinized peridotites of the Samail ophiolite
to assess the mineralogy and iron content and oxidation
state of mineral reactants and products. We show that the
partially serpentinized rocks, which may then undergo fur-
ther low temperature alteration, possess a variety of Fe(II)-
bearing relict primary as well as secondary minerals that
may act as reactive phases during low temperature alter-
ation. Primary iron-bearing olivine, pyroxene, and chro-
mite remain as relict phases. Serpentine in the less-altered
peridotites is iron-rich and variably intergrown with iron-
bearing brucite on the microscale. In contrast, in the com-
pletely serpentinized rocks, olivine has been completely
reacted and chromites have been extensively altered to mag-
netite and/or chlorite. On the bulk scale, iron in the com-
pletely serpentinized rocks is more oxidized than iron in
the partially serpentinized rocks. Iron in serpentine appears
more highly oxidized than iron in serpentine in the less-
altered peridotites, Fe-bearing brucite is no longer present
in highly altered samples, and Fe(I1I)-oxides are detected.
The notable mineralogical and chemical differences between
the less-altered peridotites and the completely reacted
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peridotites require extensive oxidation of iron. In the
absence of oxygen or nitrate, the mechanisms of alteration
of the less-altered peridotites to the completely serpen-
tinized rocks certainly have the potential to generate H,
such as that measured in hyperalkaline subsurface and
spring waters in Oman. While it is common to infer that
H, production is associated with Fe(III) incorporation into
serpentine (or magnetite) (e.g. Andreani et al., 2013; Klein
et al., 2014; Bonnemains et al., 2016), a direct link between
the processes proposed here and modern-day Fe transfor-
mations that are responsible for the H, currently measured
in the subsurface of Oman remains elusive. We cannot be
certain that the formation of Fe(Ill)-bearing serpentine
led to H, production because we do not definitively know
the conditions of reaction.

To further constrain the mechanisms of Fe transforma-
tions and H, production, it is necessary to acquire an
appropriate suite of rocks and their corresponding fluids.
Obtaining a representative suite of less to more reacted
rocks sampled from the subsurface of Oman, out of contact
with atmosphere, will allow us to rule out the possibility
that oxygen and/or nitrate were the predominant oxidants
interacting with the rocks. Complementary fluid samples
and detailed aqueous and gaseous chemical analyses will
help to further constrain the reaction pathways. An accu-
rate mass balance for iron will allow us to expand our abil-
ity to assess the potential for H, production in such
dynamic systems. Further development of quantitative
methods to assess the oxidation state of iron in the diverse
and complex mineral assemblages described here is neces-
sary and underway.
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