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Mantle peridotite in Wadi Fins in eastern Oman
exhibits three concentric alteration zones with oxide
and sulfide mineralogy recording gradients in
fO2 and fS; (fugacity) of more than 20 orders of
magnitude over 15-20 cm. The black cores of samples
(approx. 5cm in diameter) exhibit incomplete,
nearly isochemical serpentinization, with relict
primary mantle minerals (olivine, orthopyroxene
and clinopyroxene) along with sulfide assemblages
(pentlandite /heazlewoodite/bornite) recording low
fO2 and moderate fS;. In addition to the black
cores, two alteration zones are evident from their
colouration in outcrop and hand samples: green and
red. These zones exhibit non-isochemical alteration
characterized by intergrowths of stevensite/lizardite.
All three reaction zones are cut by calcite + serpentine
veins, which are most abundant in the outer, red
zones, sometimes are flanked by narrow red and/or
green zones where they cut the black zones, and thus
may be approximately coeval with all three alteration
zones. The alteration zones record progressively
higher fO, recorded by Ni-rich sulfides and iron
oxides/hydroxides. These alteration zones lost 20—
30% of their initial magnesium content, together
with mobilization of iron over short distances from
inner green zones into outer red zones, where iron
is reprecipitated in goethite intermixed with silicates
due to higher fO,. Thermodynamic modelling at
60°C and 50MPa (estimated alteration conditions)
reproduces sulfide assemblages, fO, changes and Mg
and Fe mobility.

This article is part of a discussion meeting issue
‘Serpentinite in the Earth system’.
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1. Introduction

Alteration of mantle peridotite is an important part of the global geochemical cycle. Peridotite
minerals, mainly olivine ((Mg,Fe),SiO4) and pyroxenes ((Ca,Mg,Fe);5i,0g), are far from
equilibrium in Earth’s near-surface conditions, and are altered by aqueous fluids to form hydrated
silicates (serpentinization), carbonates (carbonation) and oxides. Serpentinization of seafloor
peridotites is a significant sink for water, carbon and sulfur [1-3]. Carbonation of peridotites is
an important part of the present carbon cycle (e.g. [3,4]), and could be accelerated to achieve
significant capture and storage of anthropogenic carbon emissions [5-7].

In many cases, serpentinization and carbonation of mantle peridotite are inferred to be nearly
isochemical, except for the addition of water and carbon dioxide (e.g. [8,9] and references therein),
though in detail there could be small changes in major element concentrations (e.g. [10]). Reaction
pathways for serpentinization vary, depending on temperature, pressure, fluid composition,
fluid /rock ratios and the primary mineralogy of the protolith. Serpentinization at relatively low
time-integrated water/rock (W/R) ratios produces strongly reducing conditions [11-13]. The
resulting fluids are among the most reduced on Earth, saturated in metal alloys such as awaruite
(NipFe to NizFe), wairauite (CoFe) and native copper (Cu), and sulfides including heazlewoodite
(Ni3Sy) and polydymite (NizSy) (e.g. [13,14]). As fluid/rock ratios increase, the alteration system
becomes fluid-dominated, resulting in more oxidizing and alkaline conditions that produce
opaque mineral assemblages recording variable oxygen fugacity fO; (e.g. [1,11,14,15]).

This paper describes the alteration sequence and geochemistry of a suite of pervasively altered
mantle peridotites that record variable fO, over short distances (10-15cm) in Wadi Fins in a
southeastern exposure of the Samail ophiolite in the Sultanate of Oman. We first describe and
present data on the mineralogy and chemistry observed in the Wadi Fins rocks, and then use
these data to constrain temperature, fO; and fluid fluxes during alteration to provide insights on
pervasive alteration processes of mantle peridotites relevant to multiple geological settings.

2. Geological setting

The Samail ophiolite along the northeast coast of Oman is among the largest and best-exposed
sections of oceanic crust and its underlying mantle in the world (see [16,17] and references
therein). It was thrust over adjacent oceanic lithosphere soon after the magmatic formation
of oceanic crust at a submarine spreading ridge, and then onto the margin of the Arabian
subcontinent in the Late Cretaceous [18-21].

The mantle section of the ophiolite is mainly composed of highly depleted, residual
mantle peridotites (mostly harzburgites, e.g. [22-24]), together with 5-15% dunite [25-27], and
refertilized lherzolites near the basal thrust [28]. These peridotites are pervasively serpentinized,
with serpentine (& brucite) composing approximately 30 wt% in ‘fresh” rock to nearly 100%
[29,30]. The alteration occurred throughout the history of the ophiolite, beginning near the axis of
the oceanic spreading ridges where the Samail ophiolite crust formed (e.g. [31]) and continuing
to the present day (e.g. [7,32-34]).

The mantle peridotites were exposed by sub-aerial erosion in the Late Cretaceous. They are
locally capped by Late Cretaceous (Maastrichtian) laterites [35,36], and elsewhere by fluvial
conglomerates rich in peridotite cobbles. This was followed by a marine transgression, which
deposited shallow marine carbonates over a broad region in the Arabian peninsula, including
the Qahlah, Simsina and Jafnayn formations [35]. The carbonate cover is particularly extensive in
the southeastern section of the ophiolite [35,37]. In this area, outcrops of peridotite are rare and
occur only on the bottom of deep canyons like Wadi Tiwi and Wadi Fins where erosion has cut
down through the Late Cretaceous unconformity. In Wadi Fins (figure 1), peridotites below the
unconformity were altered at low temperatures (approx. 60°C or less) and pressures (50 MPa);
based on the thickness of the overlying sediments [30], the observation of abundant millimetre-
to centimetre-scale vugs (cavities in veins terminated with euhedral crystals) indicates that fluid
pressure must have been close to lithostatic pressure. Serpentinizing fluids were derived from
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Figure 1. (a) Map of the Samail ophiolite after Hanghgj et al. [24]. Red star shows the location of Wadi Fins. (b) Geologic map
of Wadi Fins compiled from Wyns et al. [38], Google Earth data, and field observations. Red square marks the location of the
samples described in this study. Map area is between UTM coordinates 2 532 838—2 533 636 m N and 721 824—722181 m Eiin zone
40 Q (adapted from de Obeso & Kelemen [30]). (Online version in colour.)

the overlying limestones, providing a source of water, calcium, carbon and silica to the rocks,
sufficient to reduce bulk rock MgO/SiO; ratios, and form an extensive network of carbonate and
serpentine—carbonate veins [30].

3. Analytical methods

Analysed samples were collected during the 2013 and 2015 field seasons in Wadi Fins, Oman
(UTM 40Q 722503E 2533160N). All samples were collected from an outcrop close to the Cretaceous
unconformity (figure 1). This outcrop exhibits concentric halos of alteration with sharp oxidation
gradients and an extensive network of carbonate veins (figure 2). Hand samples were subdivided
and powdered in alumina in four parts following the visually evident reaction fronts (figure 2):
part 1, partially serpentinized cores (black cores); part 2, metasomatically modified peridotite
(green zones); part 3, oxidized peridotite (red zones); and part 4, carbonate veins.

Powdered samples were analysed by X-ray diffraction (XRD) at Lamont-Doherty Earth
Observatory (LDEO) using an Olympus Terra portable XRD. Diffractograms were analysed using
Match! software to identify main minerals.

Major element concentrations and loss on ignition (LOI) of the bulk rocks were measured
at LDEO using an Agilent 720 Axial ICP-OES. Concentrations of Fe;O3 were determined
from ICP-OES (inductively coupled plasma optical emission spectroscopy) data together with
FeO concentrations determined by titration. Trace elements were analysed at LDEO using a
VG PlasmaQuad ExCell quadrupole ICP-MS (inductively coupled plasma mass spectrometry)
following HNO3z-HF digestion. Standards and analytical precision are given in the electronic
supplementary material, tables S1 (ICP-OES) and S2 (ICP-MS).

Polished thin sections were analysed with a standard petrographic microscope for mineral
identification where possible. These thin sections were quantitatively analysed using a
five-spectrometer Cameca SX-100 electron microprobe (EMP) at the American Museum of Natural
History (AMNH). Calibration information is reported in the electronic supplementary material,
table S3. For small opaque minerals that were impossible to identify in reflected light, chemical
compositions from EMP were essential for phase identification.
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Figure 2. Contacts between alteration zones in Wadi Fins, Oman. (a) Peridotite outcrop close to the unconformity with overlying
limestones, with sharp reactive fronts in a concentric pattern, and a spatially associated carbonate vein network. Pen for scale.
(b) OM15-7 hand sample. (c) Photomicrograph of contact between core and green zone in sample OM15-7. (d) Photomicrograph
of contact between green and red zone in sample OM15-7. Photomicrographs in plain polarized light. Dashed white lines
emphasize contacts between zones. (Online version in colour.)

4. Petrology and mineralogy

Bulk rock chemical compositions for partially serpentinized cores (black cores), metasomatically
modified peridotite (green zones) and oxidized peridotite (red zones) are shown in table 1.

(a) Black cores

The cores of samples OM15-5, OM15-6 and OM15-7 show relict primary minerals (olivine,
pyroxene and spinel) both in thin section and in diffractograms, along with abundant serpentine.
The major element compositions of the sample cores compared to the average (+20) composition
of Oman harzburgite [24] are shown in figure 3 using a volatile-free constant-mass isocon
[39]. Isocons are designed to detect concentration changes from the original rock during
metasomatism. The isocon on these diagrams is a line that goes through the origin and through
concentrations of major/minor elements that are thought to have no relative gain or loss of mass.
FeO and SiO; are slightly enriched in the cores (approx. 4% relative) close to the upper limits
of natural variability (average & 20) reported by previous studies [22-24]. This enrichment is
complemented by a small depletion (approx. 5% relative) in MgO, with concentrations close to
the lower bound of variability. All other major elements are within expected variability (figure 3).
Most trace elements measured are similar to the composition of highly depleted harzburgites
and are within variability (average + 20) reported in the ophiolite [22-24], except for Rb (approx.
270 ppb) with concentrations approximately 10 times higher than the average of published
compositions (approx. 30 ppb).

EMP analyses of orthopyroxene (opx), clinopyroxene (cpx) and spinel exhibit small deviations
from the composition of these minerals in other Oman harzburgites. Both orthopyroxene and
clinopyroxene have low Al and Cr concentrations as well as low Cr# (molar Cr/(Cr+ Al))
compared to other Oman locations (figure 4). Spinels have high Mg# (molar Mg/(Mg + Fetot))
and low Cr#, with compositions towards the fertile end of spinels observed in the ophiolite
(figure 4). Average serpentine (Mg# 89.1+2.8, 10) is slightly enriched in iron (with apparent
incorporation of Fe?* in it) compared to precursor olivine (average Mg# 90.4+0.3) and
orthopyroxene (average Mg# 90.1 + 0.3) (figure 5).

Opaque mineralogy in the cores is dominated by Cr-spinels, plus trace quantities of sulfide
minerals. Iron oxides were not detected in OM15-6, while in OM15-5 and OM15-7 magnetite is
observed in thin section in trace quantities. Ni-rich pentlandite with an average stoichiometry of
(Fe31Ni5 9)Sg was identified in all samples and is the most abundant sulfide (figure 6). Such high
nickel contents are associated with pentlandite/heazlewoodite assemblages [40]. End-member
heazlewoodite is observed in one sample, suggesting that intergrowths of these two minerals are
present in our samples. Multiple Cu-bearing sulfides occur in the black cores, including chalcocite
(CuzS), bornite (CusFeSy) and Cu-bearing pentlandites: samaniite (CupFesNiySg) and sugakiite
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Table 1. Bulk rock compositions of Wadi Fins altered peridotites: bdl, below detection limits of the instrument; Fe0¥, oxide total Fe, assuming oxidation state of all Fe to be 2+; LOI, loss on ignition.

detection OM15-5 OM15-5 OM15-5 OM15-6 OM15-6 OM15-6 OM15-7 OM15-7 OM15-7

limits red zone green zone core red zone green zone core red zone green none core
Si0; (wt%) 0.04 39.99 44.81 y33 39.21 45.54 43.56 3818 46.43 4249

2Determined by titration.
bCalculated by mass balance from ICP-OES and titration data.



Table 1. (Continued.)

detection OM15-5 OM15-5 OM15-6 OM15-6 OM15-7 OM15-7

limits red zone green zone red zone green zone red zone green none
Trace elements
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Figure 3. Isocon diagram for black cores (a) using average Oman harzburgite (Godard et al. [22]; Hanghgj et al. [24]; Monnier
et al. [23]) as the protolith. Green zones (b) and red zones (c) using OM15-6 core as protolith. Elements were scaled to plot
within recommended isocon limits. From left to right: Ti0, (x100), MnO (< 27), NiO (x 17) Cr, 05 (x17), Al,05 (< 12), (a0 ( < 8),
Fe0* (x2), Si0; (< 0.66), MgO0 (< 0.5). All data are plotted on a volatile-free basis. (Online version in colour.)
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Figure 4. Primary mineral Cri# versus Mg# for Wadi Fins partially serpentinized cores. (Online version in colour.)

(Cu(Fe,Ni)gSg). An obvious mixing trend in figure 6 between pentlandite and chalcocite suggests
that these minerals are finely intergrown in these samples. Most sulfides occur along veins filled
with serpentine, rather than in spatial association with primary minerals.

(b) Green zones

The transition from partially serpentinized peridotites (black cores) to the green zones in thin
section is very sharp (figure 2), as it is in hand samples and outcrops. Primary minerals are
almost completely altered to serpentine. There are abundant bastites (serpentine pseudomorphs
replacing pyroxene) as well as fine-grained serpentine with characteristic mesh textures
intergrown with a fine-grained mineral with high birefringence, likely talc. Thin sections show a
relatively high abundance of microcrystalline, equant to slightly elongated diopside, compared
to the black cores. Diffractograms of all samples are noisy with high backgrounds at low 26
and some poorly defined, broad peaks suggesting low crystallinity (electronic supplementary
material, figure S1). A small broad peak at 8.8° 26 in samples OM15-5 and OM15-7 and a larger
peak at 6.2° in OM15-6 confirms the presence of clay minerals: montmorillonite and stevensite
(Mg-montmorillonite) coexisting with lizardite. The proportions of these end-members are very
uniform and close to 1:1 (figure 7), which may reflect alternating serpentine and stevensite layers
on the scale of the unit cell [41].

The bulk rock composition of green zone samples (figure 3 and table 1) shows enrichments
of SiO; (approx. 16%), CaO (approx. 150%) and Al,O3 (approx. 80%), and depletion of MgO
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(approx. 20%) and FeO (approx. 17%), compared to the black cores, if constant, volatile-free
mass is assumed. The high abundance of diopside in thin section and the relative enrichment
in CaO suggest that some of the observed diopside is secondary in origin. Some EMP analyses of
serpentine are nearly stoichiometric, with Mg# (avg. 88.0 £ 4.5) similar to serpentines in the black
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cores. Several EMP analyses with low total oxides (73-88 wt%) with molar (Mg + Fe)/Si close to 1
probably represent serpentine intergrown with stevensite, in an assemblage sometimes termed
‘deweylite’ [41,42]. St, Rb and U are enriched in the green zones by a factor of 10 compared to the
black cores.

Sulfides occur in trace quantities in the green zones. The sulfide assemblages (figure 6) have
high Ni/Fe compared to those in the black cores, and have low metal/sulfur ratios, indicating
a higher fO; than in the black cores. Sulfides include godlevskite (NigSg), millerite (NiS) and
siegenite (Ni,Co)354. Cu-pentlandite and chalcopyrite (CuFeS;) are the main Cu-bearing sulfides
identified in the green zones, and are in close proximity to the black cores. Heazlewoodite is not
observed in the green zones.

(c) Red zones

Like the transition from black to green zones, the transition from green to red zones is sharp in
outcrop, hand sample and thin section (figure 2). The red, oxidized zones are characterized by
the occurrence of goethite (FeO(OH)), lizardite and stevensite as the main minerals identified by
XRD. With the assumption of constant, volatile-free mass, when compared to the black zones,
bulk rock composition (figure 3 and table 1) does not show significant enrichments in SiO, or
CaO, unlike the green zones. The isocon diagram does show a significant enrichment in FeO
(approx. 50% relative) and Al,O3 (approx. 80% relative) and depletion of MgO (approx. 20%
relative) compared to the black cores, if constant, volatile-free mass is assumed. Goethite is so
finely intergrown with the stevensite/lizardite matrix that no pure microprobe analyses were
obtained. Instead, analyses form a mixing line from the stevensite/lizardite assemblages towards
goethite (figure 7). Serpentines in the red zones are significantly more iron-rich than the cores and
the green zones (avg. Mg# 74+ 11). Sr and Rb have a 10-fold enrichment compared to the black
cores, as in the green zones. U in red zones of samples OM15-5 and OM15-7 is up to approximately
600 times more abundant than in the cores. Only Ni sulfides, godlevskite, millerite and siegenite,
were identified in the red zones.

(d) Carbonate and serpentine veins

Veins of carbonate + serpentine are a striking feature of the outcrops (figure 2). These are similar
to the veins described by de Obeso & Kelemen [30], from outcrops a few hundred metres
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east (downstream) from the sample locality described in this paper. The wider carbonate veins
(approx. 1-2cm) have carbonate, mainly calcite, with minor dolomite bands (approx. 100 um)
along contacts with altered peridotite. The oxidized, red zones described above usually surround
these wider veins. Smaller (less than 1cm thick) veins composed of pure carbonate minerals
(mainly calcite with minor dolomite close to contacts with peridotite) extend from the wider veins
into the green zones and less-altered black cores. The branching and cross-cutting veins form right
angle intersections in outcrop, creating a pattern of hierarchical fractures that has been associated
with volume change during serpentinization and carbonation (e.g. [43-45]).

5. Thermodynamic modelling

(@) Model set-up

Using the petrological and mineralogical constraints described above, we used a modified version
of the de Obeso & Kelemen [30] EQ3/6 model [46] of hydrous fluids reacting with peridotite.
The model is run at 50 MPa and 60°C, the maximum alteration temperature estimated for Wadi
Fins based on clumped isotope data [30]. In addition to major oxides, we included Ni, S and
Cu in the model system. For all calculations, we used a modified version of the Klein ef al. [47]
EQ3/6 thermodynamic database. We added stevensite (Mg3SigO19(OH);-6(H20)) to the database
using log K values reported in the electronic supplementary material, table S9. The same database
was used to build phase diagrams for the Fe-Ni—-Cu-O-S system at 60°C using Geochemist’s
Workbench v. 12.0.2. Secondary minerals allowed to precipitate along the reaction path are listed
in the electronic supplementary material, table S10.

The model has five main stages. In the first, 1kg of simulated Cretaceous seawater (electronic
supplementary material, table S11) is speciated at 25°C using EQ3. In the second stage, the
speciated seawater is heated to 60°C and then equilibrated with calcite and quartz in a closed
system, to approximate pore water in the SiO-bearing limestones overlying peridotites in
the area. Assumptions regarding source fluid composition are based on the 37Sr/30Sr of the
calcite veins in our samples. 8Sr/80Sr is higher than in the limestone immediately above the
unconformity, and higher than in seawater during the time of formation of the unconformity [30],
and instead corresponds approximately to the Sr isotope ratio in seawater at the Cretaceous—
Palaeocene boundary, and in overlying limestones of that age tens of metres above the
unconformity [48]. In the third stage, the resulting fluid reacts with rock with the composition
of OM15-6 core using EQ6 with special reactant mode in a titration system at 60°C. (We also ran
models in reaction path mode, which yielded very similar results.) The fourth stage models an
open system in which the most evolved fluids from the third stage react with secondary minerals
precipitated over the reaction path, to simulate fluids flowing through black cores and back into
more altered rocks, while reacting with the alteration phases that were precipitated along the
stage 3 reaction path. Results from the third and fourth stages of the model are reported as a
function of water/rock mass ratios (W/R), following the literature convention (e.g. [14,49]). The
evolved fluids from stage 4 are finally mixed with initial seawater in stage 5.

(b) Model results

The results from stage 3 of the model are shown in figure 8. Serpentine is the most abundant
mineral along the entire reaction path. Fe?* is incorporated into serpentine down to a W/R
ratio of about 4. As W/R decreases, diopside and stevensite precipitate while some Fe’* is
incorporated into serpentine. Calcite is predicted in the equilibrium mineral assemblage at
W/R > 500, along with stevensite and serpentine. W/R <10 is characterized by precipitation
of serpentine, magnesite, secondary diopside and minor stevensite. Sulfide and oxide minerals
follow changing fO, and fS; as W/R increases (figure 9). At W/R > 800, sulfur is oxidized and is
present as dissolved sulfate rather than sulfide minerals, and fS; is very low. Millerite is predicted
to precipitate when W/R is between 800 and 10. Chalcopyrite forms at W/R > 3, whereas the
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Figure 9. Logf0,—log S, diagram for calculated sulfide and oxide stabilities at 60°Cand 50 MPa in the system Fe—Ni—Cu—0-S.
The phase diagram assumes H,0 activity to be one. All equilibrium constants come from a GWB database customized for sulfide,
oxide and alloy minerals constructed using the EQ3/6 database. Red dashed arrow shows results of stage 3 thermodynamic
modelling, pointing towards lower W/R. (Online version in colour.)

bornite is precipitated at lower W/R. Pentlandite coexisting with heazlewoodite and bornite is
replaced by awaruite at W/R close to 1.

Fe is almost completely insoluble at high W/R, where fO, is high. By contrast, iron is mobile
in the system at W/R between 1000 and 10, and particularly between 1000 and 100. Fe and Mg
are about four orders of magnitude more soluble, and SiO, is two orders of magnitude more
soluble, above W/R of 10, compared to their solubility at lower W/R. W/R ratios below 10 are
characterized by nearly constant fluid composition.
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Figure 10. Stage 4 model results, illustrating serpentine consumption and stevensite precipitation. (Fe from serpentine is also
converted to magnetite in the model reaction). (Online version in colour.)

Stage 4 is characterized by the conversion of serpentine to stevensite. Up to 10% of the stage 3
serpentine reacts to stevensite at W/R close to 5 (figure 10), and—compared to the final fluid
from stage 3—the stage 4 fluid is enriched in Fe (16%) and Mg (64%) and depleted in SiO,
(20%). Further reaction of the stage 3 final fluid with stevensite and serpentine results in the
formation of progressively more stevensite at the expense of serpentine, enriching the stage 4
mineral assemblage in SiO; (3 pmol of serpentine per kg of water). The final stage 4 fluid, enriched
in Fe and Mg (relative to stage 3 evolved fluid), precipitates all its Fe as goethite when mixed with
additional, stage 2 pore water in stage 5.

6. Discussion

(a) Petrogenesis of the Wadi Fins protolith

Wadi Fins harzburgites are residues of partial melting and melt extraction, similar to harzburgites
from other areas of the ophiolite [22-24] and as depleted as the most depleted abyssal peridotites
(e.g. [50-53]). However, spinel Cr# values in Wadi Fins lie within the low end of the field defined
by spinels from the Oman harzburgites, some with values as low as Cr# =15 (figure 4). Cr# in opx
and cpx are also relatively low, averaging 11 in cpx and 7 in opx. By comparison, pyroxene Cr# in
typical Samail harzburgites ranged from 9 to 30 in cpx (avg. 18) and from 8 to 22 in opx (avg. 16).
While the low Cr# in these minerals are similar to those in fertile basal Iherzolites (11-25 in spinel
(avg. 15), 8-11 in cpx (avg. 9) and 6-11 in opx (avg. 8)) [28], average concentrations of Al and Cr
in cpx and opx from Wadi Fins are lower than any previously reported concentrations in Samail
harzburgites (electronic supplementary material, tables S5 and 56). Temperatures estimated using
the Brey & Kohler [54] Ca-in-orthopyroxene and two-pyroxene thermometers, and the Witt-
Eickschen & Seck [55] Al-in-orthopyroxene thermometer, suggest that Wadi Fins harzburgites
equilibrated at temperatures of approximately 800°C (table 2). Closure temperatures and cooling
rates in harzburgites in the Wadi Tayin massif of the Samail ophiolite, the nearest large massif
to Wadi Fins, decrease systematically with depth away from the palaeo-Moho [24,56]. This
observation, together with low equilibration temperatures in Wadi Fins and low Cr#, suggest
that these harzburgites cooled slowly deep in the mantle section, allowing for extensive Al
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Table 2. Temperatures of Wadi Fins peridotites.

(ain opx Brey & Kohler [54] Al'in opx Witt-Eickschen & Seck [55] two pyroxene (BKN)
T(°C) lo T(°C)

transfer from pyroxenes to spinel. Growth of additional spinel during subsolidus cooling and
re-equilibration provided a sink for both Al and Cr from pyroxenes.

(b) Low W/R serpentinization recorded in the black cores

Serpentinization reactions combine ultramafic rocks with hydrous fluid, commonly forming
serpentine, brucite, magnetite and hydrogen (see review by Moody [57] and references therein).
However, in detail, the mineral products depend on the original protolith, water/rock ratios
(W/R), temperature, pressure and fluid composition (e.g. [11,13,47,58-60]). At W/R ratios close
to 1, Fe>™ in mantle silicates is oxidized to form magnetite or Fe3*-rich serpentine, producing
very low oxygen fugacities (fO;) in the fluid, leading to dissociation of H,O to form Hj (e.g.
[61,62]). While olivine is actively serpentinizing, fO; is buffered to extremely low values by such
reactions [60].

In his classic paper, Frost [11] proposed that sulfide-oxide assemblages in the Fe-Ni-5-
O-H system record the redox conditions during serpentinization. This approach was further
developed and applied by Klein & Bach [14]. More recently, Schwarzenbach et al. [13] added
copper-bearing sulfides to constrain redox conditions in the Cu-Fe-S5-O-H system. Based
on this prior work, the Fe-Ni-Cu sulfide assemblages in the cores of Wadi Fins samples,
pentlandite-heazlewoodite (figure 6), are characteristic of serpentinization at low W/R. Stage
3 modelling predicts mineral assemblages consistent with the sulfide assemblages in the black
cores (heazlewoodite-pentlandite-bornite; figure 9) at W/R < 3. Phase equilibrium constraints
and model calculations indicate that these assemblages formed at extremely low fO,, at or near
the dissociation limit for HyO to Hy, together with fS; just above the limits for the stability
of native metals (awaruite and copper). The lack of native copper and awaruite in the cores is
consistent with low alteration temperatures, as their stability fields in fO, versus fS, space shift
to lower fugacities at low temperature, compared to those calculated at higher temperatures in
previous studies.

(c) Non-isochemical behaviour and increased 0, in green and red zones

Serpentinization is commonly inferred to be nearly isochemical except for the addition of
water ([8,63] and references therein), though this is not always accurate in detail [10,23,64,65].
Addition of H>O, without substantial removal of other components, together with decreasing
density as the mineralogy is transformed from olivine 4+ pyroxene to serpentine & brucite, clays,
iron oxides, requires substantial volume increases when compared to the original rock [66,67].
Nearly isochemical alteration is inferred for the partially serpentinized, black cores in Wadi Fins,
because their Mg/Si/Fe ratios are similar to average Samail harzburgites and residual peridotites
worldwide (e.g. [66,68]). This inference is consistent with the results of our stage 3 thermodynamic
models at low W/R, which predict mineral assemblages similar to the black cores, insignificant
changes in anhydrous rock composition and volatile-free mass, together with very large increases
in the solid volume.

The green and red zones in Wadi Fins correspond to a completely different alteration
process, at higher W/R. We can constrain W/R using uranium concentrations. Black cores have
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Figure 11. Uranium concentrations versus Fe3* /Fer, in Wadi Fins peridotites. Black circles, black cores; green squares, green
zones; red triangles, red zones. Symbols are larger than analytical uncertainty. Grey rectangle illustrates the range of U
concentration and Fe** /Fery; reported by Godard et al. [22]. (Online version in colour.)

U concentrations similar to Oman harzburgites. By contrast, U concentrations increase
dramatically, up to 10x core values in the green zones, and up to 600x core values in the red
zones (table 1). This increase correlates with changes in Fe3t /Fero (figure 11). If almost all of the
U is derived from the seawater end-member [69], with approximately 3 ppb U similar to modern
seawater [70], then a W/R ratio of 200 or more is necessary to enrich the red zones in Wadi Fins.

The mineralogy and compositions of the green and red zones are not those of a
peridotite serpentinized under nearly isochemical conditions, as shown in the isocon diagrams
(figure 3). These diagrams suggest pervasive metasomatism, leading to silica-rich and iron-rich
compositions in the green and red zones, respectively. This might reflect transitional stages
between partially serpentinized peridotites and laterites, such as those observed in Wadi Tiwi [36].

The proportion of SiO; increases sharply (from 45 to 53 wt%, volatile-free) from the black cores
to the green zones, and drops back sharply in the red zones to SiO, concentrations similar to
those in the black cores. On the other hand, FeO concentration decreases from the black cores
to the green zones (from approx. 9 to 7wt%, volatile-free) and then increases sharply in the
oxidized, red zones (to 14 wt%, volatile-free). Assuming immobile Al,O3 in the isocons for our
samples results in a total loss of volatile-free mass of approximately 40% relative. Such a large
mass decrease is not supported by field observations or textures at any scale, and is inconsistent
with our thermodynamic modelling. Instead, assumptions of (a) constant SiO, and (b) constant,
volatile-free mass in the isocon for the red zones yield almost identical results, suggesting that
Si0O; is relatively immobile. Therefore, we favour the assumption of quasi-constant, volatile-free
mass or immobile SiO;, rather than immobile Al,O3. The assumption of constant SiO, yields
MgO depletion of approximately 25% relative in the green zones and 20% relative in the red
zones, compared to the black cores. This is consistent with our stage 4 models, in which MgO is
leached out of the rock as serpentine reacts with final stage 3 fluids to form stevensite.

When compared with the black zones, FeO has a depletion of approximately 25% relative in
the green zones and an enrichment of approximately 50% relative in the red zones. Our stage 4
model suggests that this may be derived from the mobility of Fe. At low fO,, Fe?* is dissolved
from the green zones, transported into the red zones and precipitated as Fe>* in goethite due to
increasing fO», as fluids from the cores and green zones mix with oxidizing fluids.
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Figure 12. Conceptual figure of the alteration process of Wadi Fins peridotites. (a) Seawater infiltrates the overlying limestones.
(b) Fluid moves through the peridotite at variable water/rock (W/R) partially serpentinizing the rock at low W/R. (c) Reduced
fluid moves away from the partially serpentinized peridotite forming stevensite, leaching Mg and precipitating goethite upon
mixture with oxidized fluid. (Online version in colour.)

Further evidence for iron mobility in Wadi Fins can be drawn from the intergrowth of goethite
with serpentine in the red zones (figure 7), as well as the presence of iron oxides in the carbonate
veins (E. Cooperdock 2018, personal communication). Overall, the remobilization of FeO and
leaching of MgO represent a 9% decrease in volatile-free mass (3% mass increase including
volatiles) and a 15% increase in solid volume, compared to the protolith represented by the
black cores. For comparison, a 100% serpentinized harzburgite under isochemical conditions
keeps volatile-free mass constant (approx. 13% mass increase from water) and requires an
approximately 45% increase in solid volume [66]. Magnesium loss from highly altered peridotites
has been previously inferred from the products of marine weathering [71,72] and has been
suggested as a potential mechanism for the formation of ‘deweylite’ assemblages [42].

Peridotites in this area exhibit clear signs of major element mobility during open system
weathering resulting in Mg loss and the formation of 1:1 stevensite:lizardite mixtures in the
green and red zones, coupled with nearly isochemical alteration of the black cores that preserve
partially serpentinized peridotite compositions and mineral assemblages. Variable W/R results
in significant changes in mineralogy and fO, in different alteration zones (figures 9 and 12).
Black cores record highly reducing conditions at W/R~1, whereas the green and red zones
record much higher W/R and fO,. This change in fO; is evident based on equilibria involving
sulfide minerals in the different zones (figure 7) and from the results of thermodynamic modelling
(figure 9).

7. Conclusion

Altered mantle peridotites in Wadi Fins contain three distinct alteration zones that record a
gradient of approximately 20 orders of magnitude in fO, and fS, in sulfide/oxide mineralogy
over a distance of 15-20 cm. The black cores are characterized by pentlandite/heazlewoodite/
bornite assemblages, recording very low oxygen fugacities. Such low fO; is associated with
serpentinization at low W/R [1,11]. The black cores contain relict primary mantle minerals
plus alteration products associated with low-temperature, nearly isochemical serpentinization.
The green zones surrounding the black cores show pervasive alteration resulting in relatively
high SiO; concentration and a depletion of MgO and FeO, forming mixtures of stevensite and
lizardite. These mixtures are present in the red zones, intergrown with goethite. Thermodynamic
modelling suggests that iron and magnesium were mobilized from the green zones following
initial serpentinization, via reaction with reduced fluids from core fluids zones. Iron precipitated
to form the red zones when the fluids become oxidized, perhaps by mixing with additional
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incoming pore water. These mass transfer reactions combine to produce a volatile-free mass loss
of 9%, together with a 15% increase in the solid volume, in the green and red zones compared
to the black cores. This volume change is significantly less than calculated for isochemical
serpentinization of harzburgite (constant volatile-free mass and approx. 45% volume increase).
We suspect that the marked zoning seen in this area, which is unusual in the mantle section
of the Samail ophiolite, is due to the proximity of the Cretaceous unconformity. The rocks we
have studied may be viewed as transitional in some ways between typical, partially serpentinized
mantle peridotites in ophiolites and oceanic drill core, on the one hand, and laterites, on the other.
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