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GENESIS AND GEODYNAMIC EVOLUTION OF SERPENTINIZED
ULTRAMAFICS AND ASSOCIATED MAGNESITE DEPOSITS IN THE
AL-WASK OPHIOLITE, ARABIAN SHIELD, SAUDI ARABIA
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ABSTRACT. Situated along the Yanbu Suture Zone, the Al-Wask ophiolite is one of
the largest and best-preserved ophiolite sequences in the Proterozoic Arabian shield. A
mantle section of serpentinized ultramafics is structurally overlain by a crustal section
of gabbros and pillow lavas. The whole ophiolite sequence is capped by pelagic
sedimentary cover, and tectonically emplaced over a metamorphosed island-arc volcano-
sedimentary succession. The Al-Wask ultramafic rocks are strongly deformed, metamor-
phosed, and altered by carbonatization and silicification. Samples dominated by
antigorite indicate upper greenschist to lower amphibolite facies peak metamorphic
grade, whereas samples dominated by lizardite and magnesite preserve lower grade
conditions that we interpret as a cooling path buffered to low CO, activity by the
increasing stability of magnesite with decreasing temperature. Nearly all the primary
silicate minerals have been replaced by serpentine minerals, leaving only relics of
primary olivine and chromian spinel. Petrographic observation of relict olivine and
spinel and of mesh and bastite textures in the serpentines suggest that the peridotite
protoliths were mainly harzburgite with minor dunite. Whole-rock compositions of
serpentinites show low CaO (<0.1 wt.%), Al,O,4 (<1.5 wt.%), and Y (<0.4 ppm)
combined with high Mg# (0.90-0.92), Ni, Co, and Cr contents; all these indicate a
highly refractory mantle protolith. The mineral chemistry of relict primary spinel and
olivine provides additional petrogenetic and geodynamic indicators. The high Cr# (>
60) and low TiO, (=0.2 wt. %) of spinel and high forsterite contents (90-92) of
associated olivine indicate residual mantle that underwent extensive partial melt
extraction. The whole-rock and mineral chemistry of the serpentinized ultramafic
rocks are both consistent with extracted melt fractions from ~32 to 38 percent. This
extent of melting is typical of fore-arc supra-subduction zone settings, which is the
most likely tectonic environment for formation and preservation of the Al-Wask
ophiolite.

Two types of magnesite deposits can be distinguished in the Al-Wask mantle
section: an early generation of massive magnesite and a later generation of magnesite
veins. Hence the Al-Wask ophiolite underwent multiple stages of carbonatization,
likely involving different sources of CO,-bearing fluids. The massive magnesite likely
formed at relatively high temperature during cooling from peak metamorphic condi-
tion from COy-bearing fluid probably derived from decomposition of subducted
carbonates. Using thermodynamic calculations in the simple MgO-SiO,-H,0-CO,
system, we constrain the path of the reaction boundary where lizardite and magnesite
can coexist at equilibrium. On the other hand, the cryptocrystalline magnesite veins fill
tectonic fractures and likely formed at low temperature and shallow levels, after
serpentinization and ophiolite obduction.
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INTRODUCTION

Ophiolites are fragments of oceanic lithosphere, tectonically emplaced onto
continental margins during the closure of ocean basins. These sequences consist of a
lower “mantle” unit of serpentinized ultramafic rocks and an upper “crustal” unit of
layered and isotropic gabbro, sheeted dikes and pillow basalts (Coleman, 1977; Stern
and others, 2004; Johnson and others, 2004). They may have formed in a variety of
tectonic settings, associated with both divergent margins (mid-ocean ridges) and
convergent margins (subduction systems) (for example, Dilek and others, 2008; Dilek
and Furnes, 2011, 2014; Furnes and others, 2014). Accordingly, ophiolites can record
the paleotectonic history of oceanic lithosphere. Although there are numerous
well-preserved and intact Phanerozoic-aged ophiolites, those of Precambrian age are
typically dismembered, altered and metamorphosed to various extents.

The Arabian-Nubian Shield (ANS) formed in the Neoproterozoic between ca. 870
and ca. 540 Ma (Stern, 1994) and, especially in the Arabian Shield, a number of
ophiolite sequences were obducted during its amalgamation. The ANS ophiolites (ca.
870-690 Ma; Stern and others, 2004; Ali and others, 2010) are of great importance for
defining the shield’s crustal growth and the events of the Pan-African orogeny, yet the
Arabian Shield ophiolite occurrences remain comparatively under studied.

Conspicuous within the ophiolites of the Arabian Shield is the abundance of
carbonate-altered ultramafic rocks. Altered ultramafic rocks in the ophiolites of the
Arabian Shield include serpentinite, talc-carbonate rocks, magnesite and several
varieties of listvenite (Stern and others, 2004; Johnson and others, 2004). Although
carbonate-altered ultramafic rocks have been known in the Saudi basement complex
for many years, the process or processes that caused the carbonation and other effects
related to these processes remain poorly studied and understood. The large volume of
carbonated rocks implies significant fluxes of COs-bearing fluids — fluxes that might
have occurred (in principle) before, during, or after the Late Neoproterozoic (~600
Ma) amalgamation of the ANS. The origin of these COgy-bearing fluids in the Arabian
Shield has not been studied in detail.

Carbonate-altered rocks are spatially associated with magnesite veins and host
shear zones that serve as focused areas for development of talc, gold (Botros, 2002),
and garnierite deposits (Hamdy and Gamal El Dien, 2017). Hence the scientific
objective of studying the Arabian Shield ophiolites is closely linked to the economic
objective of understanding the relative roles of the ophiolite itself and of externally-
derived fluids that infiltrated the ophiolite in determining the type and location of ore
deposits within ultramafic-hosted metallogenic provinces.

The Al-Wask ophiolite belt (Western Arabian Shield, Saudi Arabia) is one of the
most famous ophiolitic occurrences in the Arabian Shield, yet no detailed petrological
studies have described the geochemical and mineralogical characteristics of this important
ophiolite suite. This is the first detailed geochemical and mineralogical investigation of the
mantle section of the Al-Wask ophiolite. We integrate field observations, petrography,
whole-rock and mineral chemistry in order to discern the petrological characteristics and
geodynamic setting of the Al-Wask ophiolite. We furthermore offer a characterization of
the carbonate alteration products and economically viable deposits of the industrial
mineral magnesite in the Al-Wask ophiolite.

GEOLOGIC SETTING

The Neoproterozoic ophiolites of the Arabian Shield (AS) are fragments of
oceanic lithosphere obducted onto continental crust during closure of the Mozam-
bique Ocean and collision between West and East Gondwana (for example, Pallister
and others, 1988; Stern, 1994; Dilek and Ahmed, 2003; Stern and others, 2004). Many
AS ophiolites lie along large faults and major shear zones and demarcate the sutures
between terranes of different lithostratigraphy (fig. 1). The AS ophiolites are typically



238 H. A. Gahlan and others—Genesis and geodynamic evolution of serpentinized

T
36°E 38° 40° 42° 44°

!
MIDYAN 2 o
+TE/R‘RANE N e, + £y 28° N+

Approximate
Edge of exposed outline of
Arabian Shield Shammar
2 basin _ N
Jabal Ess P 0 200
_~ophiolite
basin km
I-26° + + 26°
Baladiya f.z. AD DAWADIMI
z Hadiyah % TER:RANE
S basin

AR RAYN
TERRANE

Yanbu suture
zone
Ghamr basins 24°-

-24° +

{
/
> \
TEFIQJRAAZNE Furayah and

Bi'r Umq
Suture zone

AFRICA

JIDDAH

Tharwah TERRANE
. ophiolite o
22 Molasse basins: *F \22 n
Murdama and \
equivalent Al Amar
- , Jiddah basin
. Outline of
2 Shammar basin
0 (approximate)
tom, »
- ®
\ Jibalah basins =
-20° i 20°

(J
)

y

Darb Zubaydah

Suture zone ophiolite

I
\
S
e

Quaternary
sediments

Nabitah suture of Red Sea
zone \ coastal plain
l-18° e i 18°-]
’ Ophiolite
Major faults

(f.z. = fault zone)

Terrane boundaries
(faulted)

36‘D E 3|8° 4(I)°

Fig. 1. Regional tectonic map of the Arabian Shield showing suture zones hosting ophiolite sequences in
western Saudi Arabia (Nehlig and others, 2002).

dismembered and have suffered multiple phases of alteration, deformation and
metamorphism (Al-Shanti and Gass, 1983; Nassief and others, 1984; Ahmed and
Hariri, 2008; Habtoor and others, 2017).

The Al-Wask (also spelled Al Wasq) ophiolite outcrops in the central part of the
Yanbu suture (fig. 1), a NE-oriented belt that extends from the north-western AS into
northeast Africa (for example, Abdelsalam and Stern, 1996; Abdelsalam and others,
2003; Johnson and Woldehaimanot, 2003; Ali and others, 2010). Stern and others
(1990) named this extended series of suture structures (Yanbu—Onib-Sol Hamed-Gerf-
Allaqi-Heiani) the YOSHGAH suture. The YOSHGAH suture zone is typically about 50
km wide and consists of gneisses, ophiolites, island arc metavolcanic-metasedimentary
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Fig. 2. Geologic map indicating outcrop area of the Al-Wask ophiolite and its country and cover rocks,
modified after Hadley (1987).

successions and gabbroic to granitic intrusions (for example, Kroner and others, 1992;
Abd El-Naby and Frisch, 2002; Kusky and Ramadan, 2002; Abdelsalam and others,
2003; Ali and others, 2010; Azer and others, 2013). The Yanbu segment of the
YOSHGAH suture separates the Midyan and Hijaz microplates in northwestern Saudi
Arabia and includes the Jabal Al-Wask and Jabal Ess ophiolites, which yield model ages
of 740 to 780 Ma (Pallister and others, 1988).

The Al-Wask ophiolite complex is one of the largest and best-preserved ophiolite
sections in the AS (for example, Al-Shanti, ms, 1982; Pallister and others, 1988;
Johnson and others, 2004). It lies between latitudes 24° 45" and 25° 30’ N and
longitudes 37° 30" and 38° 15’ E (fig. 2), extending about 80 km from northeast to
southwest, parallel to the general structural fabric of the Yanbu Suture. The ophiolite
forms a series of folded thrust sheets intercalated with a group of Late Neoproterozoic
arc-related volcanic and sedimentary successions and granitoids. The area is unconform-
ably overlain by the Neogene Harrat Lunayyir plateau basalts.

The Al-Wask ophiolite is dominated by the lower units of the lithologic sequence
that defines a classic Penrose-type ophiolite suite (fig. 3; Penrose Conference Partici-
pants, 1972). Most contacts between the different rock units are structural (faults). An
extensive mélange zone accompanies the sole thrust at the base of the sequence. The
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Fig. 3. Schematic lithostratigraphic section of the Al-Wask ophiolite (not to scale).

mélange consists mainly of metagabbro and metavolcanic blocks entrained in a
serpentinite matrix. A mantle section of serpentinized ultramafic rocks is overlain by a
crustal section of gabbros and pillow lavas. The pelagic sediments cap the sequence.
Notably, sheeted dikes have not been recognized. The Al-Wask ultramafic rocks are
highly serpentinized, deformed and mylonitized. Serpentinized harzburgite is the
dominant rock type, while serpentinized dunite is less common. Chromitite, though
scarce, forms small pods and lenticular layers often enveloped by serpentinized
ultramafics, with both massive and disseminated textures.

Extensive mylonitization and carbonatization are associated with major tectonic
lineaments and faults cutting the ophiolite. This post-emplacement deformation is
probably connected with reactivation of the Najd fault system (Stern, 1985; Agar, 1987;
Kusky and Matsah, 2003). In the study area, subvertical shear zones are defined by
serpentinite schist, listvenite, magnesite, and mélange (fig. 4A). Along shear zones and
fault planes, ultramafic rocks are largely altered to talc-carbonates, magnesite and
listvenite (fig. 4B). In places, the Neogene Harrat Lunayyir basalt flowed directly over
exposed serpentinite outcrop (fig. 4C).

Magnesite bodies are commonly hosted by serpentinite, most often at contacts with
country rocks and along regional faults. Magnesite forms masses, pockets and snow-white
veins, all with sharp but irregular boundaries (figs. 4D and 4E). It is very hard and
sometimes variably stained with iron oxides. The magnesite veins vary from microscale
networks infiltrating the serpentinite matrix through cm-scale and up to a maximum width
of 0.5 m. The magnesite veinlets are generally concordant to foliation in the sheared
serpentinites, and rarely pass gradually into magnesite stockworks. Serpentinite rock
fragments can be observed enclosed in some of the magnesite masses.
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Fig. 4. Field photos of the Al-Wask ophiolite, Arabian Shield, Saudi Arabia; (A) ophiolitic mélange along
the sole thrust of the sequence, with blocks of serpentinite, listvenite and metavolcanic rock; (B) talc-
carbonate and magnesite along a shear zone; (C) Neogene Harrat Lunayyir basalt unconformably overlying
serpentinite; (D) massive magnesite with serpentinite; (E) magnesite veins within a shear zone; and (F)
metagabbro overlying serpentinized ultramafic rocks.

Listvenite bodies of various shapes and sizes developed by alteration of ultramafic
rocks, particularly along shear zones. Reddish-brown in color and resistant to erosion,
the Al-Wask listvenites form prominent ridges along major shear zones and fault planes
or within mélange zones. In poorly exposed areas, the presence of ridges of listvenite
may be the only evidence for underlying mafic-ultramafic rocks.

A normal thickness (up to 2 km; Stern and others, 2004) of metagabbro overlies
the ultramafic cumulates with typically sheared or structural contacts (fig. 4F). Modally
layered gabbros constitute a very thin zone, exposed only at few localities; the bulk of
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the crustal section is isotropic gabbro. The metagabbros grade upwards from pyroxene-
rich to hornblende-rich varieties, with minor diorites throughout. Spilites, sparse
metasediments, and metatuffs overlie the metagabbro.

PETROGRAPHY AND MINERALOGY

Serpentinized Ultramafic Series

The ultramafic rocks of the Al-Wask ophiolite are almost completely serpen-
tinized; harzburgite is the most dominant mantle lithology, followed by dunite and
chromitite. In thin section, samples consist essentially of serpentine minerals
(> 90%) with variable amounts of carbonates, talc and magnetite and minor
amphibole and chlorite. Most samples include relics of fresh olivine and chromian
spinel. We confirmed the specific identity of the serpentine minerals using both whole-
rock powder X-ray diffraction and in situ Raman spectroscopy, examining both the
low-wavenumber (silicate structure vibrations) and high-wavenumber (hydrogen species
vibrations) regions (Petriglieri and others, 2015). The serpentine mineralogy varies from
sample to sample. Some samples are dominated by antigorite with minor veinlets of
chrysotile. The antigorite forms plates and fibers with interlocking to interpenetrative
textures or scaly aggregates (fig. bA). The veinlets of chrysotile cross-cut the fibers of the
antigorite matrix (fig. 5B). The antigorite-rich samples have only minor magnesite. In
other samples all the serpentine is lizardite, forming elongated fibrous crystals, sometimes
agglomerated into bundles. The lizardite-rich samples have abundant magnesite. Serpen-
tinites, particularly the antigorite-dominated samples, commonly preserve the original
texture and crystal habits of orthopyroxene and olivine, indicating harzburgite and dunite
protoliths. Original crystals of orthopyroxene are marked by bastite texture, with thin
magnetite striations decorating the cleavage planes of the original orthopyroxene (fig.
5C). Pervasive mesh texture after olivine indicates dunite parentage (fig. 5D). Mesh zones
occasionally feature olivine relics in the centre and iron oxides along the rims (fig. 5E).

The fresh relics of primary olivine form anhedral strained and cracked crystals
dissected by networks of serpentine in interlocking textures (fig. 5E). In massive serpentin-
ite, chromian spinel forms subhedral to euhedral crystals, whereas in sheared serpentinite
the chromian spinel is mostly brecciated. Sometimes, chromian spinel is partly replaced by
ferritchromite and magnetite around its rim (fig. 5F). Carbonates occur as patches, sparse
crystals and fine aggregates. Magnetite occurs as disseminated crystals, fine opaque clusters
surrounding olivine crystals, rims on spinel, and inclusions in bastite. Traces of tremolite
are observed in a few samples as fibrous aggregates with strong birefringence embedded in
serpentine matrix. Minor chlorite occurs as fine aggregates or scattered flakes intermixed
with serpentine minerals. Traces of talc occur as fine anhedral aggregates or as microcrys-
talline fibers associated with carbonates.

Magnesite

In addition to the disseminated magnesite principally found in lizardite-rich serpen-
tinite specimens, magnesite forms nearly pure (> 97 vol. %) veins and irregular masses.
The vein magnesite is cryptocrystalline and anhedral. Minor phases in magnesite bodies
include serpentine minerals, chrome spinel and iron oxides, sometimes in the form of
angular fragments of host serpentinite within the massive magnesite (fig. 5G). Chromian
spinel is anhedral and highly altered to magnetite (fig. 5H). Rare coarse crystals of
dolomite and calcite can be observed in a few samples and a few quartz veinlets are found
in the massive magnesite. The magnesite masses display evidence of shearing via recrystal-
lization along grain boundaries and stretched grain ribbons.

MINERAL CHEMISTRY

Primary fresh relics of olivine and chrome spinel as well as secondary minerals
(serpentine, amphibole and chlorite) were analyzed for mineral chemistry by electron
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Spinel

Fig. 5. Photomicrographs showing petrographic textures. All photos are taken in crossed polarized
light, except that (f) and (h) are plane polarized transmitted light images. (A) Fibrolamellar aggregates of
antigorite in sample W57, (B) chrysotile veinlets cutting antigorite and carbonates in sample W22, (C)
bastite texture and fresh olivine relics within serpentine minerals in sample W52, (D) mesh texture with
dispersed crystals of magnesite in sample W37, (E) fresh olivine relics within a matrix of serpentine minerals
in sample W40, (F) chromian spinel crystal altered along the margins and cracks to ferritchromite in sample
W57, (G) angular fragment of serpentinite within massive magnesite in sample W8, (H) ferritchromite with
fresh core of chromian spinel in sample W43.
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microprobe. The fivespectrometer JEOL JXA-8200 instrument in the Division of
Geological and Planetary Sciences at the California Institute of Technology was
operated at 15 kV accelerating voltage with a focused (~1 wm diameter) 25 nA beam.
Each peak was counted for 20 seconds and high and low background positions were
counted for 10 seconds each. Primary standards included synthetic (anorthite for Ca
and Al; forsterite for Si and Mg; fayalite for Fe; Mn-olivine for Mn; NiO for Ni; CryOg4
for Cr; TiO, for Ti) and natural (Amelia albite for Na; Asbestos microcline for K)
minerals. Complete data are given in Appendix tables A1-A8 and are duplicated in the
supplement tables 1S-8S (http://earth.geology.yale.edu/ %7eajs/SupplementaryData/
2020/ Gahlan).

Olivine

Fresh primary olivine relics were analyzed in both serpentinized harzburgite and
dunite. Chemical analyses and calculated structural formulae and end-member propor-
tions of olivine are given in Appendix tables Al and A2 and in supplementary data
tables 1S and 2S. All measured olivine is unzoned forsterite with a relatively narrow
compositional range in each rock type. Olivine in dunite has higher MgO content
(49.21-51.47 wt.%; av. 50.22) than in harzburgite (48.56—49.92 wt.%; av. 49.45). Fo
content ranges from 89 to 91 (av. 90) in harzburgite and from 91 to 93 (av. 92) in
dunite. Despite some overlap, NiO contents are generally higher in olivine from dunite
(0.39-0.52 wt.%) than in harzburgite (0.34-0.46 wt.%). Both groups lie in the range
of the olivine mantle array (fig. 6A). All the analyzed olivines have negligible (with this
analytical protocol) amounts of TiO, (< 0.02 wt. %), CryO5 (< 0.06 wt. %), Al,Og4 (<
0.02 wt. %), and CaO (< 0.07 wt. %).

The NiO and Fo contents of primary olivine from both harzburgite and dunite in
the Al-Wask mantle section are similar to typical mantle olivine compositions (Taka-
hashi and others, 1987) and to previously reported primary olivine from other
ophiolitic peridotites in the ANS (for example, Pallister and others, 1988; Ahmed and
Habtoor, 2015; Gahlan and others, 2018; Azer and others, 2019) (fig. 6A). However, Fo
and NiO contents are distinctly higher than in olivine from non-ophiolitic mafic-
ultramafic intrusions throughout the ANS (for example, Khudeir, 1995; Helmy and
El-Mahallawi, 2003; Farahat and Helmy, 2006; Azer and El-Gharbawy, 2011; Azer and
others, 2016, 2017).

Chromian Spinel

Chromian spinel was analyzed in both serpentinized ultramafic and massive
magnesite samples. The compositions and structural formulae of spinel-group miner-
als are given in Appendix tables A3-Ab and supplementary tables 3S (harzburgite), 4S
(dunite), and 5S (magnesite masses). Most of the analyzed spinel grains have fresh
Cr-spinel cores with altered rims consisting of an inner zone of ferritchromite and an
outer zone of Cr-magnetite. In magnesite masses, Cr- magnetite may be the only
alteration Eroduct around Cr-spinel. Fresh spinel cores are rlch in Al,O3, CryOg and
MgO; FeO' systematically increases outwards. On an Al-Cr—Fe®* trlangular plot (fig.
6B), ferritchromite and Cr-magnetite plot along or close to the Cr—Fe®" join, whereas
fresh Cr-spmels plot close to the Cr-Al j Jom Evidently, alteration and metamorphlsm
are marked by increases in Fe,O (as FeO™'); the well-defined Fe-rich overgrowth rims
indicated that, most likely, the addition of Fe increased the molar proportion of spinel
and magnetite in the rocks, diluting Al and Cr contents, rather than substituting for
those elements in a rock with a constant 1Proportion of the spinel phase All fresh
Cr-spinel cores have low Fe3™# [Fe®' /(Fe® T +Cr+Al)], <0.09, which is considered to
be a diagnostic feature of primary mantle-derived spinel (for example, Dick and
Bullen, 1984; Irvine, 1965, 1967; Hattori and Guillot, 2007; Bernstein and others,
2013). The Fe®*# in the Al-Wask samples resembles that in Cr-spinel from ophiolitic
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Fig. 6. Mineral chemistry indicators. (A) NiO vs. Fo content of olivine in serpentinized harzburgite and
dunite compared to mantle olivine array after Takahashi and others (1987) and field of ANS ophiolites after
Khalil and others (2014), Gahlan and others, (2015, 2018), Obeid and others (2016) and Azer and others
(2019). (B) Cr-Al-Fe®* plot of chromian spinels and their alteration products. (C) Cr# vs. Mg# diagram for
fresh Cr-spinels (after Stern and others, 2004), The melting trend of experimental equilibrium (melting %)
is from Hirose and Kawamoto (1995). (D) CryO4 vs. Al,Og diagram for fresh relics of Cr-spinel (after Franz
and Wirth, 2000).

serpentinites in the Eastern Desert of Egypt (for example, Azer, 2014; Khalil and
others, 2014; Gahlan and others, 2015).

Cr-spinel in magnesite masses is notably higher in Cr,O4 (51.89-54.56 wt.%) and
MgO (11.97-13.46 wt.%) than disseminated Cr-spinels in either serpentinized harz-
burgite or dunite (44.33-52.32 wt.% Cr,O4 and 6.04-12.42 wt.% MgO). Likewise,
ferritchromite in magnesite masses is higher in MgO (4.02-7.11 wt.%) and Cr,O4
(42.31-51.51 wt.%) and lower in FeO' (36.58-46.432 wt.%) and MnO (0.63-1.18
wt.%). wt%) than that in the serpentinites (0.67-3.98 wt.% MgO, 24.63-43.06 wt.%
Cry03, 46.56-69.25 wt.% FeO' and 1.29-1.72 wt.% MnO). Minor silica contents are
detected in ferritchromite (0.11-0.29 wt.%) analyses in serpentinite; the spatial
pattern of these measurements is inconsistent with secondary fluorescence artifacts,
rather they are attributed to effects of alteration (Burkhard, 1993).
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The Cr# [molar Cr/(Cr+Al)] of fresh Cr-spinel in serpentinized harzburgite and
in dunite are similar, though more scattered in harzburgite (0.59-0.68; av. 0.64 in
harzburgite and 0.62-0.66; av. 0.64 in dunite). The Mg# [Molar Mg/ (Mg+Fe*")] of
fresh Cr-spinel ranges from 0.46 to 0.60 in harzburgite and from 0.30 to 0.55 in dunite.
The Cr# and Mg# values are mostly consistent with spinel from peridotites that have
been assigned to fore-arc settings in the ANS and elsewhere (for example, Stern and
others, 2004; Azer and Stern, 2007; Khalil and others, 2014; Obeid and others, 2016;
Gahlan and others, 2018). On the other hand, Cr-spinel in magnesite masses forms a
clearly distinct population with higher Cr# (0.65-0.74; av.0.69) and Mg# (0.57-0.65; av.
0.61) (fig. 6C). The CryO3 and Al,Og contents of fresh Cr-spinel cores of serpentinized
harzburgite and dunite plot within the spinel mantle array (Franz and Wirth, 2000) (fig.
6D). The high Cr# (0.59-0.68) and low TiO, content (= 0.4 wt. %) of spinel indicate that
the ultramafic rocks of the Al-Wask ophiolite are depleted residues after high degrees of
partial melting (for example, Uysal and others, 2012).

Serpentine Minerals

Chemical compositions and structural formulae (on a 5 O basis) of serpentine
minerals are presented in Appendix table A6 and supplementary table 6S. The
serpentine minerals are chemically homogeneous and occupy a small range of
composition space. They contain 43.09-44.57 wt.% SiO,, 37.2-41.1 wt% MgO, 0.01-
0.56 wt.% Al,Og, 1.63-4.99 wt.% FeO, and 0.01-0.21 wt.% Cr,Os. Although all the
serpentine analyses are similar, there is a statistically significant difference between
lizardite (sample W12, Si atoms per formula unit = 2.051 = 0.018, n = 9) and
antigorite (sample W57, Si atoms per formula unit = 2.058 = 0.014, n = 10).

Amphiboles

The chemical compositions and structural formulae of amphiboles are listed in
Appendix table A7 and in supplementary table 7S. The chemical formulae of amphi-
boles were calculated on the basis of 23 oxygen atoms in the anhydrous total using the
13-CNK method of Leake and others (1997, 2004). The studied amphiboles have low
contents of Al,O3 (0.80-2.34 wt. %), TiOy (0.02-0.11), Na,O (0.33-0.79 wt. %) and
Cr,04 (0.05-0.31 wt. %). The low-TiO, contents (=0.11 wt. %) indicate their secondary
origin (Girardeau and Mevel, 1982). All the amphibole analyses are calcic and are
classified as tremolite according to the nomenclature of Leake and others (1997) (table

AT).

Chlorite

The chemical compositions and structural formulae of chlorites are presented in
Appendix table A8 and supplementary table 8S. The analyzed chlorites display wide
chemical variations in SiO,, Al,Og, CroOg and FeO. Few of the chlorite analyses in
serpentinized harzburgite are Cr-bearing chlorite (kdmmererite; 2.48-3.67 wt. %
Cry0g3). Using the classification diagram of Hey (1954), the analyzed chlorites are
classified mainly as ripidolite and pycnochlorite with minor clinochlore (table A8).

The chemical composition of chlorite can be used to determine the temperature of its
formation because its composition is sensitive to prevailing physicochemical conditions
during its formation (for example, Kranidiotis and MacLean, 1987; Cathelineau and
Nieva, 1985; Cathelineau, 1988; Bourdelle and Cathelineau, 2015; Yavuz and others,
2015). According to the calibrated geothermometer equation of Kranidiotis and MacLean
(1987) for chlorite that coexists with aluminous spinel or muscovite, the estimated
temperatures for chlorite formation range between 235 and 360 °C, with an average of 286
°C (table 8S).
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GEOCHEMICAL CHARACTERISTICS

Based on petrographic examination, 21 serpentinized ultramafic samples showing
minimal effects of (late) alteration and weathering (16 harzburgite and 5 dunite) and 12
magnesite samples (7 veins and 5 massive magnesite) were selected for whole-rock XRF
analyses at the GeoAnalytical Lab, Washington State University, USA. The samples were
crushed to pebble size and then homogenized and pulverized in an agate grinding
bowl. Concentrations of major and trace elements were determined on a Ther-
moARL X-ray Fluorescence Spectrometer. The complete XRF procedure and its
analytical precision and detection limits are listed on the laboratory website
(https://environment.wsu.edu/facilities/geoanalytical-lab). Based on the dupli-
cate analyses of samples, the analytical precision is better than 1 percent (20) for
most major elements, and better than 5 percent (20) for most trace elements
(exceptV, Cr, Ni and Sc).

All the serpentinized ultramafic samples (table 1) show high concentrations of
MgO (37.34-43.27 wt. %), and moderate total iron as Fe,O4 (6.9-8.07 wt. %). Al,O4
and CaO contents are usually low (0.35 to 0.92 wt. % Al,O4 and 0.34 to 0.79 wt. %
CaO). The low and restricted range of CaO and Al,O4 contents samples suggest that
Ca-metasomatism has had no effect in the Al-Wask serpentinites, despite their proxim-
ity to carbonate-altered magnesite and listvenite. All the nalysed samples have high
LOI values (11.52-14.29 wt. %), attributable to H,O in serpentine and CO, in
carbonate minerals.

Due to the severely serpentinized nature of the ultramafic rocks, the modal
percentages of primary minerals cannot be accurately determined and rock classifica-
tion by a modal scheme such as Streckeisen (1976) can only be approximate.
Neglecting changes to anhydrous composition during hydration, however, we can
apply a classification based on normative composition (table 2), which places all the
serpentinized ultramafic samples in the harzburgite and dunite fields (fig. 7), in
agreement with petrographic and field assessments.

All whole-rock Mg# values are high, from 89 to 93, as expected from the mineral
chemistry analyses. The range of Mg# is consistent with modern oceanic peridotites
(Mg# > 0.89, Bonatti and Michael, 1989) and similar to other ophiolitic serpentinites
in the ANS (for example, Azer and others, 2013; Khalil and others, 2014; Obeid and
others, 2016; Gahlan and others, 2018). The trace element contents of the ultramafic
rocks are highly variable (table 1), but they are uniformly depleted in most trace
elements, with the exceptions of the compatible elements Cr (1177-2974 ppm), Ni
(1508-2568 ppm), and Co (90-119 ppm). Y, a proxy for heavy rare-earth elements
that can be measured by XRF, is <0.4 ppm in all serpentinized peridotite samples.

Whole rock geochemical data for 12 magnesite samples (6 veins and 6 massive
magnesite) are shown in table 3. The compositions are surprisingly variable for such
nearly monomineralic rocks. The massive-type magnesite has higher SiO, (1.65—-4.58
wt. %), Fe,Og (0.91-1.24 wt. %), Cr (123-209 ppm), Ni (118-215 ppm), Sr (98-135
ppm), Ba (18-25 ppm), Cu (3-5 ppm) and Pb (15-23 ppm) than the vein-type
magnesite. Increased concentration of these particular elements is consistent with an
admixture of minor fractions of serpentine minerals, Cr-spinel, calcite, dolomite and
magnetite in the massive-type magnesite, as observed petrographically. Disseminated
Cr-spinel hosts the elevated Cr content of the massive-type magnesite.

DISCUSSION

Ophiolitic peridotites can be used as petrogenetic indicators for processes that took
place in the mantle during formation of the overlying oceanic crust, once due caution is
exercised to account for later effects such as serpentinization. Given the long-lived debates
about the tectonic history of the ophiolitic rocks of the AS (for example, Bakor and others,
1976; Ledru and Augé, 1984; Nassief and others, 1984; Pallister and others, 1988; Ahmed
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Fig. 7. Nomenclature of Jabal Al-Wask serpentinized ultramafic rocks based on Ol-Opx-Cpx normative
composition, compared to field and petrographic assignment (after Coleman, 1977).

and Hariri, 2008; Ahmed and Habtoor, 2015; Ahmed and Surour, 2016), new contribu-
tions that might constrain their interpretation are welcome. In the case of the Al-Wask
ophiolite, despite its size and excellent exposure, there have been few detailed field
studies and limited mineralogical or petrological data. Therefore, we attempt to
combine our observations from field study, petrography, mineralogy and geochem-
istry to deduce the tectonic setting of the ultramafic sequence and hence of the
whole ophiolite and then to place it in the broader context of the Neoproterozoic
evolution of the AS.

Metamorphism

Clearly, the ultramafic rocks of the Al-Wask ophiolite have undergone various
degrees of deformation, metamorphism and alteration. This is shown by the petro-
graphic abundance of alteration minerals, dearth of primary minerals, and the high
LOI. The observed mineral assemblage in some of the ultramafic samples (antigorite—
magnetite—tremolite—chlorite = talc, with residual olivine and Cr-spinel) is consistent
with upper greenschist to lower amphibolite facies metamorphism (for example, Evans
and Trommsdorff, 1974; Evans, 1977). Petrographic observation, X-ray diffraction,
and Raman spectroscopy indicate that the main serpentine mineral in ultramafic
samples such as W57 is antigorite, with minor chrysotile in distinct veins. Generally,
antigorite is the high-temperature polytype of serpentine, stable at higher tempera-
tures than chrysotile and lizardite (Falk and Kelemen, 2015); the boundary tempera-
ture depends on pressure, silica activity, water activity, and iron content but it remains
generally near 200 °C. In the present case, the abundant antigorite in these samples is
interpreted to represent hydration of primary mafic mineral phases (for example,
Evans, 1977; Deer and others, 1992; Azer and Khalil, 2005; Derbyshire and others,
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TABLE 3

Major and trace element concentrations in the magnesite deposits of the Al-Wask
ophiolite

Magnesite veins Massive magnesite
VM2 VM6 VM9 VMI2 VMIS VMI8| MMl MM4 MM7 MMI10 MMI13 MMIS
SiO, 121 1.04 072 131 0.91 0.65| 1.65 361 458 332 327 2.08

TiO, 0 0.01 002 0 0 001 0.01 002 003 0.05 005 0.06
ALOs 0.08 0.01 0.42  0.02 0.15 0.03| 025 039 049 051 037 0.69
Fe0; 0.18 0.1 024 021 0.32 0.19| 1.06 0091 124 097 115 1.07

MnO 0.01  0.01 0.03  0.02 0.06 0.02| 0.02 0.04 007 0.04 004 0.04
MgO | 42.72 42.65 4145 4148 4339  43.08 | 41.19 39.74 39.1 4045 40.14 40.01
CaO 431 457 512 5.14 2.99 362 | 238 301 491 3.04 364 4.09

Na,O 0 0.04 0.01  0.03 0 0 0.0 002 0.03 002 0.03 001
K,O 001 O 0.04  0.03 0.01 0.02| 0.02 001 002 0.03 002 0.01
P05 0.02 0.11 0.09 0.03 0.04 0.02| 0.11 007 006 0.04 008 0.15

LOI 51.01 5112 5I.1 5093  50.65 52.02| 5295 51.12 4929 5142 50.8 51.17
Total 99.55 99.66  99.24 99.2 98.52  99.66 | 99.65 9894 99.82 99.89 99.59 99.38

Ni 4.6 35 8.4 4.7 9.6 84 | 1183 156.1 214 2066 1685 2153
Cr 6.3 11.6 6.4 4.9 4.6 53 | 1673 1226 1584 188.6 209 16l1.6
Sc 1.2 0.6 1.1 0.5 2.1 1.2 1.2 1.2 1.3 1.26 1.4 1.3
A\ 8.7 8.3 10.8 9.8 12.3 73 20.1 202 167 189 176 256
Ba 4 7.3 14.2 7.1 12.5 803 | 203 21.7 182 17.6 152 248
Rb 0.6 0.7 1.8 1.4 1.9 1.1 1.8 1.1 1.5 1.6 1.4 1.7
Sr 81.9 71.2 77.9 75.3 74.1 81.7 | 97.8 1354 1152 1204 108.6 126.6
Zr 2.3 22 3.4 1.7 3.1 1.7 22 2.7 44 4.1 43 25
Y 1.4 2.8 3.7 0.8 5.6 2.5 1.3 1.8 1.4 1.3 1.2 1.5
Ga 1.3 0.5 1.7 0.7 1.3 0.6 0.8 0.9 0.6 0.7 0.8 0.9
Cu 1.8 35 2.1 2.8 6.7 43 3.6 4.8 29 3.7 39 38
Zn 5.8 7.1 7 6.2 12.1 9.8 6.4 8.1 53 4.9 6.8 5.8
Pb 4.5 4.7 53 7.1 5.6 6.2 226 147 186 186 204  23.1

2013), whereas minor chrysotile in cross-cutting veins indicates a small amount of later,
lower temperature recrystallization. The preserved mesh and bastite textures pseudo-
morphing primary olivine and orthopyroxene suggest that the antigorite formed
directly from primary mafic minerals without an intervening early stage of serpentiniza-
tion. Antigorite-dominated samples contain only minor carbonate as magnesite and
show little evidence of extensive interaction with COgy-bearing fluids.

Cr-spinels of the Al-Wask ophiolite preserve fresh cores mantled by ferritchromite
and rimmed by Cr-magnetite. Ferritchromite formation has been associated with
temperatures near 500 °C and upper greenschist or lower amphibolite facies metamor-
phism (for example, Evans and Frost, 1975; Kimball, 1990; Suita and Streider, 1996;
Mellini and others, 2005; Azer and others, 2019).

The presence of kimmererite (Crrich chlorite), which derives its Cr content from
decomposition of Crspinel, reflects a low-temperature episode of alteration. During the
alteration of chromian spinel to ferritchromite, most Cr and Fe enter into ferritchromite,
whereas Al and Mg are released to the surrounding silicate minerals. Later, at somewhat
lower temperatures, the vailable Al supports alteration of serpentine to chlorite and
liberation of sufficient Cr to produce kimmererite (Azer and Stern, 2007; Gahlan and
others, 2018). The inferred temperatures for the formation of disseminated chlorite
and kammererite range between 235 and 360 °C, with an average of 286 °C. However, the
distinct boundaries between Cr-spinel cores and their ferritchromite rims together with
the high-Cr spinels preserved in the massive magnesites both indicate that the Cr# of the
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spinel cores has not been raised by chlorite formation and can be taken as a minimum for
the composition of primary residual spinels after melt extraction.

Some of the serpentinized harzburgites lack antigorite. These samples are mod-
ally dominated by lizardite and disseminated magnesite, as shown by X-ray diffraction,
Raman spectroscopy, and optical examination. In principle, it is possible that the
lizardite-dominated samples experienced lower peak metamorphic conditions than
the antigorite-dominated samples, or they may have recrystallized from earlier antigo-
rite upon cooling. Likewise, in principle the antigorite-dominated samples may have
been initially serpentinized in the stability field of lizardite and then been recrystallized
at higher temperature or they may have formed antigorite directly from igneous
precursor minerals. We argued above that the preservation of mesh and bastite
textures in the antigorite serpentinite suggests direct formation of antigorite from
olivine and orthopyroxene. Furthermore, the presence of abundant magnesite specifi-
cally in the lizardite-bearing samples offers an additional clue.

Boskabadi and others (2017) describe an occurrence in the Meatiq Dome area of
the Central Eastern Desert of Egypt where lizardite and antigorite serpentinites are found
in geographically distinct parts of a single massif. In the Meatiq case, the lizardite-rich
specimens preserve mesh texture, whereas the antigorite-rich specimens have no remain-
ing pseudomorphs after primary igneous minerals and are also heavily converted to
magnesite. These authors conclude that the lizardite-forming process was the initial
serpentinization stage and that antigorite serpentinites are recrystallized from lizardite
serpentinite. The current case at Al-Wask is different; it is the antigorite that preserves
mesh texture and the lizardite that coexists with abundant disseminated magnesite.

Lizardite and magnesite together is an unusual mineral assemblage. To determine
its stability field and test whether these samples might represent equilibrium assem-
blages at some conditions, we carried out thermodynamic calculations with Perple_X
(Connolly, 2005) in the chemical system MgO-SiOy-Hy,O-CO,. All calculations used
Perplex_X version 6.8.7, the Holland and Powell (2011) mineral database version
6.3.3, and the H,O-CO, fluid equation of state with Pitzer and Sterner (1994)
end-member properties and mixing terms from Holland and Powell (2003). The
results are shown in figure 8. Figure 8A shows that fluid-saturated peridotite bulk
compositions have a significant stability field for antigorite +magnesite, but not for
lizardite+magnesite. The topologies of these fields are different in Perple_X because
of the small but significant difference in stoichiometry that Perple_X assumes for
lizardite (MgsSioO5(OH),) and antigorite (Mg,gSi34Og5(OH) ). The increase in silica
activity promoted by carbonation thus favors antigorite over lizardite, when the
variance allows. Essentially, with decreasing temperature at constant pressure, the
magnesite-in boundary sweeps across from pure CO, at 800 K to essentially pure H,O
at 300 K. At temperatures low enough to form lizardite rather than antigorite (<460 K
at 2000 bars), quartz+magnesite is stable relative to lizardite+brucite if the fluid
contains any appreciable CO, at all. Logarithmic activity diagrams provide an alterna-
tive way of viewing the very low-CO, part of the system; figures 8B and 8C reveal that
there is a boundary at specific values of SiO, activity, CO, activity, temperature, and
pressure where lizardite coexists with magnesite. For appropriate values of SiO,
activity, cooling through the antigorite field at constant CO, activity will eventually
cause magnesite saturation. If the volume of fluid is limited enough that the system is
rock-buffered rather than fluid-buffered, the formation of magnesite will draw down
the COy activity, allowing the system to track along the antigorite + magnesite bound-
ary until (for the particular pressure and SiO, activity shown), lizardite begins to form
at 338 K. Continued addition of fluid could then continue to generate more magne-
site, leading to preservation of a lizardite + magnesite rock. The capacity of the fluid to
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remove aqueous SiO, from the system will affect the detailed path of SiO, activity and
hence the temperature at which lizardite forms.

This scenario is most consistent with metamorphism of the entire massif to at least
upper greenschist facies, converting olivine and orthopyroxene in the whole ultra-
mafic section almost quantitatively to antigorite. CO, content of the serpentinizing
fluid was low (mole fraction = 0.3). Upon cooling from peak metamorphic conditions,
some areas of the massif preserved the antigorite-dominated lithology, perhaps due
to low fluid activity, low strain, or rapid decompression. Other areas became
saturated with magnesite, driving the CO, activity in the fluid down along the
antigorite + magnesite boundary until, at sufficiently low temperature, antigorite
was converted to lizardite. The serpentine textures, relative abundance of magnesite
in different lithologies, and petrological modelling lead us to a different interpretation
than that proposed by Boskabadi and others (2017) for the Meatiq Dome example.

Tectonic Setting

The AS ophiolites are important elements for reconstructing the geodynamic evolu-
tion of the ANS Pan-African belt. However, ophiolites can originate in diverse and
complex tectonic settings, fingerprints of which can be found in their whole-rock and
mineral chemistry. The AS ophiolites have in fact been assigned to a range of inconsistent
tectonic settings. Petrological studies have been interpreted to indicate formation in both
mid-ocean ridge (MOR) and supra-subduction zone (SSZ) settings (for example, Neary
and Brown, 1979; Quick, 1990; Ahmed and others, 2012; Ahmed and Habtoor, 2015;
Ahmed and Surour, 2016; Habtoor and others, 2017). The debate about tectonic setting of
AS ophiolites in general is mirrored in work on the Al-Wask ophiolite in particular (Bakor
and others, 1976; Kemp, 1981; Ledru and Augé, 1984). Bakor and others (1976) inter-
preted the Al-Wask ophiolite complex as a back-arc ophiolite, while Kemp (1981) regarded
the complex as a non-ophiolitic intrusion altogether. Ledru and Augé (1984) rejected
emplacement of the sequence by obduction on a low-angle fault and treated the Al-Wask
ophiolite as a mafic-ultramafic assemblage emplaced by vertical movement along a
subvertical shear zone.

The present study indicates that the serpentinized ultramafic rocks of the
Al-Wask ophiolite are derived mainly from harzburgite with minor dunite, similar
in this regard to the ultramafic tectonites formed in supra-subduction environ-
ments (for example, Pearce and others, 1984; Qiu and others, 2007). The Al-Wask
ophiolite ultramafic rocks have MgO/SiO, (0.90-1.20) and Al,O4/SiO, (0.01-
0.03) ratios similar to fore-arc peridotites (fig. 9A) (Parkinson and Pearce, 1998;
Pearce and others, 2000; Niu, 2004). On the MgO/SiO, versus Al,O3/Si0, diagram
(Jagoutz and others, 1979; Hart and Zindler, 1986), the samples plot at low
AlyO4/S810, (fig. 9A); the harzburgites in particular resemble residues of a mantle
source that experienced high degrees of partial melt extraction, higher than is
typical of MOR settings. The serpentinized peridotite samples from the Al-Wask
ophiolite containing no carbonates are depleted in Al,Og and CaO, similar to
typical fore-arc peridotites (fig. 9B). Likewise, all the ultramafic samples have low
TiO, (= 0.05 wt. %), which is characteristic of arc-related peridotites that experi-
enced high degrees of partial melt extraction (for example, Arai, 1992; Kamenetsky
and others, 2001; Uysal and others, 2012).

The chemistry of relict primary minerals, particularly olivine and spinel, are often
used to infer tectonic settings, even in highly serpentinized ultramafic rocks (for
example, Azer and Stern 2007; Khalil and others, 2014; Obeid and others, 2016;
Gahlan and others, 2018; Azer and others, 2019, among others). Indeed, the mineral
chemistry characteristics of primary phases in the Al-Wask serpentinites support a
fore-arc tectonic setting. This is compatible with recent studies of the tectonic settings
of rocks of similar age throughout the ANS (for example, Azer and others, 2013; Khedr
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Figure 9. (A) MgO/SiO, versus Al,O3/SiO, diagram comparing Jabal Al-Wask ultramafic rocks to the
abyssal peridotite field after Niu (2004), the field of fore-arc peridotites after Pearce and others (2000) and
Parkinson and Pearce (1998), and the terrestrial array after Jagoutz and others (1979) and Hart and Zindler
(1986). (B) Al,Og versus CaO diagram for serpentinized ultramafic rocks of Jabal Al-Wask compared to fields of
Ishii and others (1992). (C) TiO, versus Al,Og discrimination diagram of chromian spinel (after Kamenetsky and
others, 2001). (D) Al,O, vs. Fe** /Fe** diagram for spinels showing the fields of supra-subduction zone (SSZ)
and mid-ocean ridge (MOR) peridotite (after Kamenetsky and others, 2001).

and Arai, 2013; Azer, 2014; Gahlan and others, 2015). On the Al,O4 vs. TiO, and Al,Og4
vs. Fe?" /Fe®t diagrams (Kamenetsky and others, 2001), the compositions of primary
Cr-spinels from Al-Wask lie squarely in the SSZ peridotite field (figs. 9C and 9D) and
their Cr# (mostly >0.60) is similar to those of modern fore-arc peridotites (fig. 6C).
The forsterite and NiO-rich nature of fresh olivine from the Al-Wask serpentinites is
also consistent with residual mantle olivine from rocks that experienced extensive
melting, as in fore-arc peridotites (for example, Arai, 1994; Pearce and others, 2000;
Coish and Gardner, 2004). Degrees of partial melting, estimated based on the Cr# of
fresh spinel cores and interpreted here as lower limits, are 32 to 38 perhaps (fig.
6C), similar to those of supra-subduction zone peridotites (15-40%; Parkinson and
Pearce, 1998; Pearce and others, 2000). The measured concentrations of Y, a
moderately incompatible and fluid-immobile element similar in behaviour to the
heavy rare-earth elements, also provide a quantitative estimate of the degree of
melting. All the serpentinized harzburgites have <0.4 ppm Y (most are ~0.1 ppm
Y), which is <0.1x the primitive mantle concentration (0.43 ppm, Sun and
McDonough, 1995). Fractional melting models with experimentally constrained
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partition coefficients show that such depletion requires =25 percent melt extrac-
tion (for example, Niu, 2004).

Petrogenesis of Magnesite

Carbonation of ultramafic rocks in the crust and mantle is an important geologi-
cal process with implications for the formation of ore deposits and for the balance of
CO, fluxes to and from the Earth’s atmosphere (for example, Skelton, 2011; Kelemen
and Manning, 2015; Boskabadi and others, 2017). The carbonation occurs when
silicate rocks interact with COy-bearing fluids, promoting alteration reactions that
precipitate carbonates and other minerals, including in some cases talc and gold
(Groves and others, 1998; Boskabadi and others, 2017). Mafic and ultramafic rocks are
particularly susceptible to carbonation, with significant reaction rates even at relatively
low temperatures. Natural and potentially artificial mineral carbonation have drawn
attention in the contexts of historical climate changes and the search for means of
sequestration of anthropogenic CO, emissions in geological reservoirs (for example,
Kelemen and others, 2011, 2018; Power and others, 2013).

Reaction between COy-bearing fluids and olivine or serpentine usually produces
the industrially useful mineral magnesite (MgCOs) (for example, Kelemen and
Matter, 2008; Klein and Garrido, 2011), which is commonly found worldwide in
networks of veins in the ultramafic parts of ophiolite sequences. A key question
concerning the formation of such magnesite is the source of COy-bearing fluids,
whether they are of hydrothermal (magmatic or metamorphic) or superficial origin
(for example, Fallick and others, 1991). Most studies using stable isotopes have
concluded that the fluids are dominantly meteoric (for example, Launay and Fontes,
1985; Clark and Fontes, 1990; Fallick and others, 1991; Bruni and others, 2002;
Gartzos, 2004; Kelemen and others, 2011; Oskierski and others, 2013; Boskabadi and
others, 2017; Canovas and others, 2017; de Obeso and Kelemen, 2018). However, a
considerable number of factors affects the stable isotope composition of preserved
carbonates, including kinetic and temperature effects as well as source fluid composi-
tion (for example, Falk and others, 2016).

In the ANS, most of the known magnesite ores are associated with structural
features such as faults and shear zones cutting through serpentinized ophiolitic peridot-
ites. Published literature on the ANS magnesite deposits is sparse and leaves questions of
their timing and origin unsettled (for example, Stern and Gwinn, 1990; Boskabadi and
others, 2017; Azer and others, 2019). Early work by Stern and Gwinn (1990) suggested a
mixed mantle and sedimentary carbon source based on C, O, and Sr isotope ratios,
whereas more recent stable studies of stable C, O, and H isotope ratios indicate an
exclusively mantle-derived carbon source (for example, Boskabadi and others, 2017;
Hamdy and Gamal El Dien, 2017). Other authors have adopted a model of metamorphic
degassing as the CO, source leading to magnesite veins along tectonic fractures in
serpentinite (for example, Shukri and Lutfi, 1959; Salem and others, 1997; Ghoneim and
others, 1999, 2003; Hamdy and Lebda, 2007).

A meteoric scenario for magnesite formation, especially one related to weathering
upon modern exposure, would not be expected to require a close connection between
carbonation and tectonic events or structures. However, there is substantial evidence
to the contrary. Some authors have noted close links between carbonated ultramafic
rocks and tectonic events (for example, Dabitzias, 1980) and structures (Kelemen and
others, 2011; Azer and others, 2019). Recent studies (Quesnel and others, 2013;
Borojevic¢ Sostari¢ and others, 2014; Falk and Kelemen, 2015; Scarsi and other, 2018;
Menzel and others, 2018; Azer and others, 2019) demonstrate that magnesite veins
formed at the base of some obducted ophiolites during shear deformation, and not at
the exposed surface. These examples of syn-tectonic carbonation imply that tectonic
events including ophiolite development, near-ridge detachment faulting, and ophio-
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lite obduction may be genetically linked and contemporaneous with the suite of
alteration processes leading to magnesite veins and the formation of associated ore
deposits, at least in some metallogenic provinces.

The present study found clear evidence for two different styles of magnesite
occurrence in the Al-Wask ophiolite, namely massive and vein-type magnesite
deposits. This is interpreted to reflect at least two successive stages of serpentinite
carbonatization, likely with different fluid sources. In the first stage, magnesite
masses were formed after leaching of magnesia and other components by CO,-
bearing solutions and deposition of magnesite in the pore space opened by loss of
solid volume. Such a replacement mechanism is supported by the presence of
Cr-spinel in the massive magnesite, similar in composition to that in the host
serpentinite, and the presence of some angular to sub-angular fragments of
serpentinite. The formation of magnesite by replacement of serpentinite protoliths
requires a substantial input of externally-derived CO, in order to achieve nearly
complete replacement of the original serpentine minerals (Quesnel and others,
2013; Borojevic¢ Sostari¢ and others, 2014; Falk and Kelemen, 2015; Scarsi and
others, 2018; Menzel and others, 2018). Azer and others (2019) interpreted similar
magnesite types as the products of deep-seated metasomatism and alteration,
synchronous with serpentinization during the final stages of emplacement of the
mantle section into fore-arc oceanic lithosphere. An obvious and abundant source
for COy-bearing fluids in such an environment is the decomposition of carbonates
in the subducted slab underlying the original fore-arc (Quesnel and others, 2013;
Borojevic Sostari¢ and others, 2014; Falk and Kelemen, 2015; Scarsi and other,
2018; Menzel and others, 2018; Azer and others, 2019).

The magnesite veins have a different origin from the massive magnesite. Field
relations and petrographic observation show that the magnesite veins formed after
serpentinization and fill tectonic fractures that likely represented conduits for ascend-
ing or circulating hydrothermal solutions carrying CO, and Mg?*. These veins are
entirely consistent with widely accepted models of the formation of magnesite veins that
involve meteoric fluid circulation and vein precipitation, after obduction of the ophiolite,
and limited to depths of a few hundred meters below the current or paleo-exposure
surface. Fluids of meteoric origin that infiltrate the sole thrust of an ophiolite and then
discharge through the upper plate of a thrust system experience decompression leading to
saturation of magnesite, most likely at temperatures below 300 °C (Johannes, 1970). Such
an origin is consistent with the following observations: (1) the veins are predominantly
cryptocrystalline, mono-mineralic magnesite; (2) no angular fragments of serpentinite
host are observed within the magnesite veins; and (3) there are no relics of minerals such as
chromian spinel, olivine, orthopyroxene, or serpentine in magnesite veins. The cryptocrystal-
line texture of magnesite indicates a rapid addition of COyrich fluids and precipitation of
magnesite from solutions under near-surface conditions (Azer and others, 2019).

The present study indicates that the Cr-spinel enclosed in the magnesite masses is
notably higher in CryO4 and MgO than disseminated Cr-spinels in either serpentinized
harzburgite or dunite. Given the presence of fragments of serpentinite in the massive
magnesite, we consider the Cr-spinels in the magnesite to be relics derived from the
replaced serpentinized peridotite. Now, given the presence of some Al-bearing amphi-
bole and chlorite phases in the serpentinized peridotite, there is a chance that the Cr#
of the primary spinels in peridotite was raised by loss of Al to these metamorphic
phases. However, if this had been the case then we would expect to observe the
opposite relationship between spinel in serpentinite and in magnesite. That is, the
unexchanged spinels in magnesite would preserve an original low-Cr# composition.
Once encased in carbonates, spinels become highly resistant to exchange or alteration
due to the absence of nearby silicate phases with which to exchange (Gahlan and
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others, 2018). Therefore, the spinels captured in massive magnesite early in serpentini-
zation and at high temperature likely reveal a more primary composition than those
now found in serpentinite matrix. It is not clear what process might have lowered the
Cr# of the spinels in the serpentinites, but the data certainly argue against the idea that
there has been significant increase in the Cr# of the serpentinite spinels during
metamorphism. Their present Cr# is likely a lower bound on their primary Cr#. This
argument lends support to the conclusions drawn above about the refractory character
of the peridotite protoliths, the high degrees of melt extraction that they experienced,
and their likely assignment to a fore-arc setting.

CONCLUSIONS

1. The Al-Wask ophiolite is a weakly dismembered ophiolite sequence; most litholo-
gies of the classic sequence are present in order, although layered gabbro is highly
attenuated and sheeted dikes are missing. The ophiolite has undergone multiple
phases of alteration, deformation and metamorphism up to at least greenschist
facies. The pervasive shearing during ophiolite emplacement and extensive serpen-
tinization, carbonatization and silicification resulted in the development of magne-
site and listvenite along shear zones.

2. All primary silicate minerals in the ultramafic mantle section have been replaced by
serpentine minerals, except for a few relics of fresh olivine and chromian spinel. The
Al-Wask serpentinized ultramafics display bastite and mesh textures after orthopyrox-
ene and olivine, reflecting exclusively harzburgite and dunite protoliths. The presence
of antigorite-dominated serpentinites indicates that (at least parts of) the AlFWask
ultramafic sequence was hydrated at relatively high temperature (Evans, 1977).

3. The serpentinized ultramafics of the Al-Wask ophiolite show low whole-rock
SiOy, TiO,, CaO, and Al,O4 contents combined with high MgO, Mg#, Ni, Co
and Cr contents that all point to highly refractory mantle protoliths as
commonly found in supra-subduction zone settings, most likely a fore-arc. The
high Cr# and low TiO, content of fresh spinel relics and the high Fo-contents
of associated primary olivine are consistent with this interpretation, indicating
residual mantle after extensive melt extraction.

4. Magnesite in the Al-Wask ophiolite forms both massive and vein types. Massive
magnesite formed by alteration and replacement of ultramafic rocks with
evidence of structural control that localized the COy-bearing fluid flux. The
massive magnesite generation is correlated with lizardite-dominated serpentine
assemblages, suggesting the coexistence of magnesite and lizardite developed
upon cooling of antigorite serpentinite at a specific COy-buffered reaction bound-
ary. Fluids driving reaction during this cooling stage may have involved CO,
derived from underlying, subducted carbonates, perhaps during ophiolite emplace-
ment. The vein magnesite, by contrast, formed superficially, after serpentinization
and obduction, involving meteoric fluid circulation and precipitation in fractures
rather than by replacement of serpentinite.
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