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A B S T R A C T

Serpentinites in fore-arc settings provide critical constraints on mantle depletion, redox evolution, and 
slab–mantle fluid transfer during subduction initiation. In the northern Semail Ophiolite of the United Arab 
Emirates, serpentinites of the Jabal Mundassah–Malaqet (JMM) are studied using mineral chemistry, whole-rock 
geochemitry, and platinum-group element (PGEs) compositions to constrain protolith characteristics, melting 
history, and tectono-magmatic evolution. The rocks comprise massive and foliated serpentinites dominated by 
intergrown lizardite and antigorite with relict Cr-spinel and altered olivine. The JMM serpentinites are char
acterized by high MgO (34.9–39.2 wt.%), extremely low Al2O3 (0.21–0.92 wt.%) and TiO2 (0.01–0.03 wt.%), 
elevated Ni (up to 2462 ppm) and Cr (up to 3143 ppm), and very low high-field-strength element (HFSE) and 
Th–U contents. These features indicate a highly refractory dunite–harzburgite protolith formed by extensive melt 
extraction. This interpretation is reinforced by Cr-spinel compositions (Cr# = 0.42–0.48; Mg# = 0.58–0.61) and 
low total PGE abundances (ΣPGE ≈ 15–35 ppb), which are diagnostic of a strongly depleted, sulfide-exhausted 
mantle residue. Pronounced depletion in HFSE coupled with diagnostic Nb–Th systematics definitively finger
prints a supra-subduction zone (SSZ) fore-arc tectonic setting. PGE systematics (ΣPGE ≈ 8–26 ppb; modest Pt–Pd 
enrichment over Os–Ir–Ru; low Pd/Ir=1.18-1.61) record moderate partial melting followed by selective mobi
lization of PPGEs during serpentinization, preserving a dominantly magmatic signature with a limited meta
somatic overprint. We propose the JMM serpentinites originated as a highly depleted mantle residue during 
intra-oceanic subduction initiation. It was subsequently serpentinized by slab-derived fluids under fore-arc 
conditions before being tectonically emplaced onto the Arabian margin during Late Cretaceous ophiolite 
obduction. Relative to the main Semail mantle section, the JMM captures an earlier, less-evolved snapshot of 
fore-arc development during Late Cretaceous obduction, refining models for Neo-Tethyan subduction initiation 
and ophiolite assembly.

1. Introduction

Serpentinites represent hydrated segments of the Earth’s mantle, 
formed through the hydration of peridotites (Evans et al., 2013). 

Serpentinization is a widespread process observed in mid-oceanic ridges 
(MOR) and supra-subduction zone (SSZ) settings (Deschamps et al., 
2013; Scambelluri et al., 2019) (Fig. 1a). Serpentinites from these tec
tonic environments exhibit distinct geochemical signatures shaped by 
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Fig. 1. (a) Worldwide occurrences of serpentinite outcrops and massifs (after Deschamps et al., 2013), (b) Simplified map of the Arabian Plate showing the location 
of the UAE (after Stern and Johnson, 2010). (c) Simplified geological map of UAE (modified from Saibi et al., 2021).
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mantle protolith composition, melt depletion, refertilization, and fluid/ 
melt interaction. These variations are reflected in their whole-rock 
major and trace element chemistry, as well as in the composition of 
relict primary minerals such as spinel, and olivine, which are robust 
tracers of serpentinite tectonic regimes (Deschamps et al., 2013; Ali 
et al., 2021). Subduction zone serpentinites are increasingly recognized 
for their critical roles in arc magma chemistry, redox balance regulation, 
and controlling the oxidation state of fluids released into the mantle 
during dehydration (Scambelluri et al., 2019). In fore-arc settings, these 
processes are especially important because slab-derived fluids can 
strongly modify the oxidation state of the mantle wedge during the 
earliest stages of subduction (Kelley & Cottrell, 2009; Evans, 2012). 
Subduction-zone serpentinites are of three types: mantle wedge, abyssal, 
and subducted serpentinites (Yin et al., 2024). The mantle wedge ser
pentinites originate from hydrated peridotites in the mantle through 
fluids from subducted slabs. Abyssal serpentinites form via seawater 
hydration of oceanic peridotites through seafloor hydrothermal pro
cesses. Subducted serpentinites develop as fluids from dehydrating 
oceanic crust and slab sediments migrate upward into the mantle wedge 
(Li et al., 2025). Because these serpentinites commonly comprise mix
tures of serpentine polymorphs, their mineralogy requires confirmation 
by crystallographic methods such as XRD or Raman spectroscopy (Beard 
& Frost, 2017). In particular, fore-arc mantle wedge serpentinites 
formed during subduction initiation are especially valuable because 
they record the earliest stages of slab–mantle interaction, extreme melt 
depletion, and the onset of oxidizing fluid metasomatism (Deschamps 
et al., 2013; Saha et al., 2018).

In the United Arab Emirates (UAE), serpentinites occur within the 
northern Semail Ophiolite, one of the world’s largest and best-preserved 
ophiolite complexes (Searle, 2019) (Fig. 1b). In Al-Ain area, they are 
exposed in the Jabal Mundassah–Malaqet (JMM) anticlines, where se
quences of peridotite, serpentinized peridotite, and serpentinite repre
sent dismembered fragments of the ophiolite (El Tokhi et al., 2014) 
(Fig. 1c). Although the structural and tectonostratigraphic framework of 
these rocks has been studied (Faris et al., 2012; Abd-Allah et al., 2013), 
their chemical and mineralogical characteristics remain poorly con
strained. In particular, the geochemical signatures of JMM serpentinites 
and their constituent Cr-spinel and platinum-group elements (PGEs) 
have received limited attention, despite their significance for con
straining mantle source composition, melt evolution, redox state, and 
fluid–rock interactions (El Tokhi et al., 2014; Eickmann et al., 2021). In 
particular, whole-rock PGE systematics provide sensitive constraints on 
sulfide exhaustion, degree of melt extraction, and residual mantle 
fertility in supra-subduction zone environments (Lorand et al., 2013). 
However, it remains unclear whether the JMM serpentinites record 
typical abyssal mantle hydration or instead represent highly depleted 
fore-arc mantle formed during intra-oceanic subduction initiation. Be
sides, the serpentine polymorphs in UAE mantle sections have not been 
previously verified using crystallographic criteria, despite their impli
cations for fluid sources, metamorphic grade, and subduction-related 
processes.

To resolve these uncertainties, this study integrates new field ob
servations, petrography, serpentine polymorph identification by X-ray 
diffraction (XRD), whole-rock major and trace element geochemistry, 
Cr-spinel mineral chemistry, and PGEs systematics for the JMM ser
pentinites. These datasets are used to (i) constrain the nature and degree 
of mantle melt depletion recorded by the protolith, (ii) evaluate the 
redox conditions and extent of slab-derived fluid metasomatism during 
serpentinization, and (iii) establish the tectonic and geodynamic setting 
of serpentinite formation within the Neo-Tethyan system. The results 
provide new constraints on the origin, metasomatic evolution, and fore- 
arc mantle architecture of the Semail Ophiolite in the eastern UAE.

2. Geological Background and Field Observation

The UAE, located on the northeastern Arabian Plate and bordered by 

distinct tectonic boundaries, sits on a largely stable plate with minimal 
internal deformation over the past 2000 Ma (Stern and Johnson, 2010) 
(Fig. 1b). While much of the UAE is blanketed by Quaternary sediments, 
bedrock exposures are prominent in the Hajar Mountains, the JMM in 
the east, and western region of Abu Dhabi (Fig. 1c). These thick suc
cessions of Paleozoic–Cenozoic sedimentary deposits rest above deeply 
buried Precambrian crust (Abd-Allah et al., 2013). The basement ex
posures are prominent within the Arabian shield, and less so along the 
Arabia coastline (Jabir et al., 2023). The crust of UAE, with thickness of 
~40–45 km belongs to the stable eastern Arabian basement, which has 
undergone minimal tectonic deformation since ca. 750 Ma, and expe
rienced subsidence and sedimentation that culminated during the Neo
proterozoic–Phanerozoic periods (Stern and Johnson, 2010).

The geology of the eastern UAE is dominated by the Late Cretaceous 
Semail Ophiolite, a fragment of oceanic lithosphere obducted onto the 
Arabian continental margin during ca. 95–68 Ma (Rioux et al., 2016; 
Searle, 1999). The Semail Ophiolite is globally significant because it 
preserves a complete oceanic lithospheric section, from mantle perido
tites through crustal gabbros and sheeted dikes to volcanic rocks, 
making it a key analogue for understanding ophiolite formation and 
obduction processes (Nicolas et al., 2000; Rollinson, 2017). Its 
emplacement exerted major control on the tectonic architecture of the 
Hajar and UAE mountains, leading to flexural deformation, thrust 
stacking, and foreland basin development.

Serpentinites are a volumetrically important component of the 
Semail Ophiolite, occurring as altered mantle peridotites (harzburgite, 
dunite, and lherzolite). In Al-Ain area, these rocks are particularly well- 
exposed in the Jabal Mundassah–Malaqet (JMM) anticlines, where they 
represent dismembered fragments of the mantle section. The JMM area 
is characterized by arcuate post-emplacement folds and thrusts, with a 
basal ophiolitic mélange overlain unconformably by Tertiary carbonates 
(El Tokhi et al., 2014) (Fig. 2a). Lithological units include massive and 
foliated serpentinites, serpentinized peridotites, and minor dunite, 
prominently exposed in the cores of the JMM anticlines (Abd-Allah 
et al., 2013).

The JMM serpentinites occur as steeply exposed ultramafic bodies 
showing distinct textural variations. The massive serpentinites (Fig. 2b) 
display coarse, blocky structures with minimal foliation, forming rugged 
outcrops typical of strongly serpentinized peridotites. In contrast, the 
foliated serpentinites exhibit well-developed planar fabrics and are 
structurally overlain by Cretaceous–Tertiary carbonate sequences 
(Fig. 2c). The sharp contact between the serpentinites and the carbon
ates suggests a tectonic boundary, likely related to post-serpentinization 
deformation and regional thrusting. Structurally, the JMM serpentinites 
occur as thrust sheets emplaced prior to and synchronous with folding. 
They are cut by vertical and horizontal fractures and characterized by 
foliations, mylonitic fabrics, and NNW–SSE trending folds associated 
with compressional deformation. The overlying carbonates also record 
deformation, forming asymmetrical anticline disrupted by thrusts both 
within the serpentinites and adjacent to the Hawasina mélange (El Tokhi 
et al., 2014).

This local geology provides the framework for understanding 
mineralogical and geochemical variations discussed in this study. In 
addition, the serpentinites of the JMM area share textural and miner
alogical similarities with those of the well-documented Oman ophiolite, 
including mesh-textured serpentine after olivine and bastite after py
roxene. However, the JMM serpentinites are more extensively carbon
ated and talc-altered, reflecting distinct fluid–rock interaction histories. 
Comparisons with Oman serpentinites (e.g., those exposed in the Samail 
Massif) show similar lithological and structural features, particularly in 
terms of mantle protoliths, deformation fabrics, and serpentinization 
styles (Godard et al., 2000; Kodolányi et al., 2012). The JMM exposures 
are more localized, occur within smaller anticlines, and remain less well 
studied geochemically compared to their Oman counterparts. This 
highlights the importance of investigating the mineralogical and 
geochemical records of the JMM serpentinites to better understand their 
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mantle source characteristics, tectonic evolution, and the broader dy
namics of the Semail Ophiolite.

3. Analytical Methods

3.1. Electron microprobe mineral analyses

For mineralogical and petrographic analysis, polished thin sections 
were prepared and examined at the Department of Geosciences, UAE 
University. Some of the sections were carbon-coated for mineral analysis 

of serpentine and spinel. The microprobe analysis was conducted at the 
Department of Lithospheric Research, University of Vienna, Austria, 
using electron microprobe (CAMECA SX5) fitted with one Energy 
Dispersive X-ray Spectroscopy (EDS) and four Wavelength Dispersive X- 
ray Spectroscopy (WDS) spectrometers. During the analysis, accelera
tion voltage and beam current were set at 15kV and 20 nA, respectively, 
while the beam diameter was set to 5 μm. For the major element anal
ysis, peak and background times of 20 and 10 seconds, respectively, 
were used, while for the trace element analysis, peak and background 
count times of 60 and 30 seconds, respectively, were applied. Both 
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synthetic and natural standards were used for calibration, and the 
Pouchou–Pichoir method (PAP) correction method was applied for the 
processing of raw data. Detection limits were typically ~0.02–0.05 wt.% 
for major oxides, with analytical uncertainties better than 2% relative.

3.2. X-ray diffraction analysis

The mineralogical composition of the bulk serpentinite samples was 
determined by X-ray diffraction (XRD) using a Rigaku SmartLab SE 
diffractometer at Wuhan Sample Solution Analytical Technology Co., 
Ltd. (Wuhan, China). The instrument was operated at 50 kV and 40 mA 
with Cu Kα radiation (λ = 1.54056 Å). Powdered samples were prepared 
by gentle grinding in an agate mortar and pestle and mounted as random 
specimens using the side-loading method to minimize preferred orien
tation. Diffraction data were collected over the range 3–70◦ 2θ, with a 
step size of 0.02◦ 2θ and a counting time of 1 s per step. Additional high- 
resolution low-angle scans (3–15◦ 2θ, step = 0.01◦) were performed to 
identify possible antigorite superstructure reflections. The obtained 
diffraction patterns were processed to determine mineral phases and 
their relative proportions. The presence of superstructure reflections at 
low angles (<15◦ 2θ) and indexing to a long a-axis (≈ 40–50 Å) were 
taken as diagnostic of antigorite, whereas a simple stacking sequence 
without superstructure peaks (a ≈ 5.33 Å, c ≈ 7.27 Å) was used to 
identify lizardite.

3.3. Whole rock analysis

Analysis of major elements was conducted at the Central Analytical 
Facilities, Stellenbosch University using X-ray fluorescence (XRF) on 
fusion disks prepared with lithium tetraborate. To ensure homogeneity 
in the glass fusion disks used for XRF analysis, the samples were crushed 
and milled to a fine particle size of less than 70 µm. The loss on ignition 
(LOI) was calculated by measuring the weight difference of the samples 
after they were heated to a temperature of 1000◦C. Analysis of trace 
elements and rare earth elements (REEs) was conducted at the Central 
Analytical Facilities Lab, Stellenbosch University, South Africa using 
Laser Ablation ICP-MS. An automated Claisse M4 Gas Fusion and ul
trapure Claisse Flux equipment was used for the preparation of the 
fusion disks, employing a sample-to-flux ratio of 1:10. The samples were 
crushed and mounted onto a resin disk, where it was mapped and pol
ished prior to the analysis of trace elements and REEs. A 193-nm Exci
mer laser from Applied Spectra, coupled with an Agilent 7700 Q ICP-MS, 
was used. Prior to the analysis, the ICP-MS was calibrated for optimal 
precision and minimal oxide ratios (< 0.2%) by adjusting both the laser 
and ICP settings while ablation was performed using NIST612 standard. 
Ablation was perfumed in helium gas, utilizing a 0.35-L/min flow rate, 
which was subsequently mixed with 0.9 L/min of argon and 0.003 L/ 
min of nitrogen before entering the ICP plasma. For trace element 
analysis in fused samples, 104-μm spots were ablated at a frequency of 8 
Hz and fluence of ~3.5 J/cm2. Calibration was performed using the 
NIST 610 glass standard, with BHVO-2G and BCR-2G used as secondary 
standards to monitor accuracy and external reproducibility. Detection 
limits for most trace elements were <0.1 ppm, with external reproduc
ibility better than 5% (1σ) based on repeated analyses of these reference 
materials. Fusion control standards (BHVO-1 and BCR-2) were run at the 
start of each analytical sequence to ensure consistent ablation of fused 
disks. The data was processed using the Norris Scientific LADR software 
(Norris and Danyushevsky, 2018).

For whole rock analysis of PGEs, a 30-gram sample is combined with 
a mixture of nickel oxide, sulfur, silica, borax, and soda ash, then heated 
to over 1000◦C to create a nickel sulfide button. After weighing, the 
button was dissolved in hydrochloric acid after it was ground into a fine 
powder. Tellurides of the PGEs and gold are deposited onto a cellulose 
nitrate membrane filter, and subsequently dissolved in a mixture of ni
tric and hydrochloric acids. The resulting solution was analyzed at ALS 
Global using inductively coupled plasma–mass spectrometry (ICP-MS). 

Analytical precision was better than 1.0 wt.% for element compositions 
exceeding 5 wt.%. Detection limits for PGEs were generally 0.1–0.5 ppb, 
with reproducibility better than 10% (relative) at concentrations above 
1 ppb, as verified by repeated analyses of international reference 
materials.

4. Results

4.1. Petrography and mineral chemistry

Photomicrographs and BSE images of JMM serpentinites reveal a 
dominant mineral assemblage of lizardite, antigorite, Cr-spinel, and 
altered olivine (Fig. 3a–f). The serpentine species were identified using 
petrographic criteria and backscattered electron (BSE) imaging. Liz
ardite exhibits a distinct fibrous texture with parallel alignment of fibers, 
creating a linear, banded appearance characteristic of foliated serpen
tinites (Fig. 3a, b). Antigorite contrasts with lizardite by its massive to 
granular texture and its occurrence as interstitial fillings between liz
ardite fibers. Petrographic and BSE observations reveal mesh-, vein-, and 
ribbon-textured serpentine consistent with serpentinization of an 
olivine-rich protolith, while electron-microprobe analyses define Si–Mg 
trends typical of lizardite–antigorite solid solution. Because these 
petrographic and compositional features alone cannot discriminate 
serpentine polymorphs, X-ray diffraction (XRD) was used for definitive 
phase identification (ESM 1). The XRD patterns display a dominant basal 
reflection at ~12◦ 2θ (d ≈ 7.2–7.3 Å), with Serp-1 characterized by a 
lizardite-1T pattern and Serp-2 showing additional low-angle reflections 
indicative of antigorite. These crystallographic data confirm the pres
ence and co-occurrence of lizardite and antigorite in the JMM serpen
tinites, consistent with the observed microtextures and mineral 
chemistry.

Chromite spinel occurs as opaque black grains within the serpentine 
matrix (Fig. 3b). Altered olivine exhibits a distinctive granoblastic 
texture with fibrous serpentine aggregates along irregular, curved 
boundaries, indicating the replacement of olivine by serpentine during 
serpentinization (Fig. 3c). The BSE image (Fig. 3d) shows Cr-spinel 
grains enclosed in a fine-grained matrix of antigorite and lizardite. 
The Cr-spinels exhibit irregular margins, indicating partial alteration 
during serpentinization of the ultramafic protolith. In other BSE views, 
antigorite generally appears darker than lizardite, although local vari
ations in gray tone (Fig. 3e) reflect compositional or orientation differ
ences between grains. Cr-spinel grains are large, elongated, and highly 
fractured, and are often rimmed by altered sulfides (Fig. 3f).

Serpentine-group minerals (antigorite and lizardite) and accessory 
Cr-spinel were analyzed to constrain the mineralogical evolution and 
geochemical fingerprint of the studied serpentinites. Representative 
ranges of major oxides (wt.%) and calculated cations (apfu) are sum
marized in ESM2 Table 1. Antigorite displays SiO2 contents ranging from 
36.85–41.72 wt.%, Al2O3 from 1.66–2.93 wt.%, and FeO from 4.99–7.82 
wt.%, with minor Cr2O3 (up to 1.01 wt.%). MgO contents are relatively 
high (35.20–36.77 wt.%), consistent with its Mg-rich composition. The 
corresponding cationic proportions (apfu) vary between Si = 1.75–1.91, 
Al = 0.09–0.16, Fet = 0.19–0.31, and Mg = 2.45–2.59 (Mg# =
89.32–91.47).

Lizardite shows broadly similar compositions, with SiO2 ranging 
from 36.68–42.08 wt.%, Al2O3 from 0.02–0.88 wt.%, and FeO from 
3.52–11.27 wt.%. MgO contents are higher and more variable 
(30.73–39.36 wt.%) compared to antigorite. In terms of apfu, lizardite 
has Si = 1.79–1.92, Al = 0.00–0.05, Fet = 0.13–0.47, and Mg =
2.30–2.69 (Mg# = 89.32–9.472). Compared to antigorite, lizardite is 
typically more Fe-rich and Al-poor. On the SiO2–MgO diagram (Fig. 4a), 
the majority of both lizardite and antigorite analyses plot within the 
“antigorite with interpenetrating texture” field. A smaller subset of liz
ardite compositions occurs within the “lizardite after metamorphic 
olivine (pseudomorphic)” field, while a few antigorite data points fall 
between these two domains. This indicates that the bulk of the 
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serpentine minerals, regardless of petrographic identification, share 
overlapping MgO–SiO2 compositions comparable to those of antigorite 
with interpenetrating textures.

The chemical compositions of Cr-spinel from the analyzed serpen
tinites are presented in ESM2 Table 2. The Cr-spinel samples exhibit a 
range of chemical compositions, with SiO2 (0.02–0.07 wt.%) and TiO2 
(0.02–0.03 wt.%) showing very low concentrations. Al2O3 (29.24–31.38 
wt.%) and Cr2O3 (34.51–38.39 wt.%) are notably high. FeO 
(16.23–18.78 wt.%) and MgO (13.47–14.06 wt.%) are moderately high, 
while MnO (0.63–0.70 wt.%) and NiO (0.11–0.15 wt.%) are present in 
low amounts. The Cr-spinels exhibits low Cr# [Cr/(Cr+Al) < 0.5; 
0.42–0.48] and high Mg# [Mg/(Mg+Fe2+) > 0.5; 0.58–0.61], consistent 
with typical spinel compositions (Fig. 4b; Kapsiotis et al., 2009). Cr- 
spinels from the Oman ophiolite, characterized by high Cr# (>0.5), 
plot mainly within the chromite and magnesiochromite fields, with only 
a few extending into the spinel field (Fig. 4b). In the MnO versus Cr# 
discrimination diagram (Fig. 4c), some Cr-spinel analyses show MnO 
contents approaching the upper limit of the primary Cr-spinel field. The 
analyzed grains are texturally homogeneous, lack ferritchromite rims, 

and display high Mg# (0.58–0.61) and moderate Cr# (0.42–0.48), 
indicating preservation of primary magmatic compositions. Minor Mn 
enrichment is therefore interpreted as reflecting primary crystallization 
under relatively oxidizing mantle conditions and/or limited subsolidus 
re-equilibration during serpentinization, rather than formation of sec
ondary Cr-spinel. The apfu values of the Cr-spinel yield Cr = 6.69–7.94, 
Al = 8.26–9.29, Fe2+ = 0.13–3.97, and Mg = 0.03–4.99, showing wide 
variability in Fe2+–Mg substitution. All analyzed spinels plot in the 
ophiolitic complex field (Fig. 4d).

The ternary Cr-Al-Fe3+ classification diagram (Fig. 4e) shows that 
the JMM spinels fall largely within the Cr-spinel field commonly asso
ciated with fore-arc peridotites. However, their compositions also partly 
overlap with spinels from abyssal serpentinites (Fig. 4f).

4.2. Bulk rock geochemistry

The whole-rock major element compositions of the JMM serpentin
ites, normalized to an anhydrous volatile-free basis, are presented in 
ESM2 Table 3. They are characterized by high MgO (34.94–39.15 wt.%) 
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and low Al2O3 (0.21–0.92 wt.%), TiO2 (0.01–0.03 wt.%), and alkali 
contents (Na2O+K2O = 0.02–0.04 wt.%). Compared with the global 
serpentinite database of Deschamps et al. (2013), these values overlap 
with the lower ranges of abyssal serpentinites (MgO = 26.6–43.4 wt.%; 
Al2O3 = 0.04–6.39 wt.%; TiO2 = 0.004–0.06 wt.%; Na2O+K2O =

0.01–0.46 wt.%) but are more consistent with subduction-zone serpen
tinites, which are similarly depleted in Al2O3 and TiO2 (0.02–20.7 wt.% 
and 0.01–1.34 wt.%, respectively). Mantle wedge serpentinites show 
broader compositional ranges that encompass the JMM values, but the 
systematic depletion in Al and Ti in JMM samples is a diagnostic feature 

Fig. 4. Microprobe analyses of serpentinites are plotted in (a) SiO2 vs. MgO (after Wicks, 1979), Serpentinite comparison data for the Central Eastern Desert, Egypt, 
are from Ali et al. (2021) and Abdelfadil et al. (2024); ophiolitic serpentinites comparison data from New Caledonia, SW Pacific (after Ulrich et al., 2020) and Kane 
transform fault, MARK area (after Andréani et al., 2007). Microprobe analyses of Cr-spinel are plotted in (b) Cr# (Cr/Cr + Al) vs. Mg# (Mg/Mg + Fe2+) diagram; (c) 
Cr# (Cr/Cr + Al) vs. MnO diagram. Fields of primary and secondary chromian spinel are after Khedr, et al. (2017); (d) Cr# vs. TiO2 diagram and (e) Al-Cr-Fe3+

ternary diagram (after Barnes & Roeder, 2001). Fields of ophiolitic and non-ophiolitic complexes are after Modjarrad et al. (2024). Comparison data of Cr-spinel from 
Oman Ophiolite (after Arai et al., 2020 & Ahmed and Arai, 2002), Centra Eastern Desert, Egypt (after Abdelfadil et al., 2024); from Gysian ophiolitic serpentinites, 
Iraq (after Modjarrad et al., 2024).
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commonly associated with forearc and subduction-related settings. High 
loss on ignition values (13.02–15.97 wt.%) confirm significant hydra
tion during serpentinization, consistent with the petrographic observa
tion of scarce relict pyroxene. Despite serpentinization, bulk-rock 
compositions retain meaningful protolith geochemical signatures 
(Deschamps et al., 2013).

The JMM serpentinites contain elevated concentrations of compat
ible elements (Ni = 686–2462 ppm, Cr = 337–3143 ppm, Co = 57.3–118 
ppm, V = 12.4–70 ppm). These values plot well within the fields of 
subduction-zone serpentinites (Ni = 111–7427 ppm; Cr = 201–6302 
ppm; Co = 53–151 ppm; V = 8–241 ppm) and partly overlap with 
abyssal serpentinites (Ni = 36–3760 ppm; Cr = 37–10,033 ppm; Co =
9.3–219 ppm; V = 1–200 ppm). However, the consistently high Ni and 
Cr coupled with low V contents of the JMM samples suggest derivation 
from highly depleted harzburgitic protoliths, a hallmark of subduction 
forearc serpentinites rather than abyssal types, which often show greater 
compositional heterogeneity.

Incompatible trace elements are also distinctive. The JMM serpen
tinites are enriched in LILE (Rb = 0.29–3.86 ppm; Sr = 7.8–68.7 ppm; Ba 
= 0.85–39.5 ppm; K = 70–288 ppm), within the narrow but enriched 
ranges of subduction-zone serpentinites (Rb = 0.02–9.5 ppm; Sr =
0.25–733 ppm; Ba = 0.044–143 ppm; K = 25–4732 ppm). By contrast, 
abyssal serpentinites typically show lower and more variable Ba and Sr 
contents, reflecting the lack of fluid addition. This LILE enrichment is 
interpreted as the imprint of slab-derived fluids and is diagnostic of 
subduction settings (Deschamps et al., 2013).

JMM serpentinites also exhibit moderate enrichments in Ti 
(50.6–151 ppm) and P (21.8–43.6 ppm) and are strongly depleted in Th 
(0.01–0.03 ppm), U (0.03–0.10 ppm), and Pb (0.89–6.30 ppm). These 
values are consistent with the restricted ranges of subduction-zone ser
pentinites, which tend to have low Th–U contents relative to abyssal 
counterparts. The high-field strength elements (Nb = 0.03–0.07 ppm; Zr 
= 0.05–0.48 ppm; Hf = 0.006–0.031 ppm; Ta = 0.002–0.006 ppm) are 
uniformly depleted and lie at the lower limits of global serpentinite 
fields.

The rock/primitive mantle pattern of the JMM serpentinites (Fig. 5a) 
are comparable to the typical subduction zone serpentinites (Deschamps 
et al., 2013). They are characterized by strong enrichment in fluid- 
mobile elements (Ba, U, Sr, Pb) and depletion in HFSE (Nb, Ta, Ti, 
Zr), are typical of forearc serpentinites formed through fluid–rock 
interaction in subduction channels. The samples exhibit low rare earth 
element (REE) contents. Chondrite-normalized REE patterns of the JMM 
serpentinites exhibit somewhat U-shaped trends, characterized by var
iable enrichment in light rare earth elements (LREE; La–Sm) and heavy 
rare earth elements (HREE; Gd–Lu), together with depletion in middle 
rare earth elements (MREE; Eu–Dy). These features are comparable to 

published subducted serpentinites derived from harzburgitic protoliths 
(Fig. 5b). The chondrite-normalized REE patterns also show a variable 
range of HREE enrichment (Gd/YbN = 0.15–0.82; Dy/YbN =

0.076–0.782) relative to the LREE (La/SmN = 0.15–2.55; La/YbN =

0.10–2.06) (Fig. 5b). While some samples exhibit HREE enrichment 
(Gd/YbN and Dy/YbN < 1), others display LREE enrichment (La/SmN 
and La/YbN > 1).

The PGEs concentrations in the analyzed serpentinite samples are 
detailed in ESM2 Table 4. The PGEs reveal a range of values, with Ir 
(1.45–4.65 ppb), Os (1.25–4.13 ppb), Pd (2.33–6.08 ppb), Pt (2.18–6.85 
ppb), Rh (0.45–1.51 ppb), and Ru (0.86–2.35 ppb) showing moderate to 
high contents. Higher values are observed for Pt (2.18–6.85 ppb) and Pd 
(2.33–6.08 ppb), while Rh (0.45–1.51 ppb) and Ru (0.86–2.35 ppb) 
exhibit lower concentrations. On average, Pt and Pd (means = 4.42 ±
1.87 and 3.95 ± 1.51 ppb, respectively) are notably higher than 
Os–Ir–Ru (means = 2.84 ± 1.21, 3.05 ± 1.15, and 1.51 ± 0.64 ppb, 
respectively), with relative standard deviations between 20 and 35%, 
indicating moderate compositional variability.

5. Discussion

5.1. Robust geochemical proxies and mantle protolith

Interpretation of the tectonic setting and mantle protolith of the 
JMM serpentinites requires first identifying which geochemical signa
tures preserve primary igneous information and which have been 
modified by serpentinization and associated fluid–rock interaction 
(Deschamps et al., 2013). The HFSE (e.g., Ti, Nb, Zr, Hf, Y), Al, Cr, Mg# 
and PGEs, particularly the Ir-group PGEs (IPGE: Os, Ir, Ru), are 
considered largely immobile during low-temperature serpentinization 
and hydrothermal alteration (e.g., Pearce et al., 2000; Deschamps et al., 
2013; Paulick et al., 2006). Primary cores of Cr-spinel reliably record 
protolith melting and tectonic affinity (Dick & Bullen, 1984; Arai, 1994), 
and empirical calibrations of Cr# allow first-order estimates of melt 
fraction (Kamenetsky et al., 2001). Spinel core compositions are typi
cally resistant to low-T alteration (Bach et al., 2006), although meta
somatic modification of rims/host peridotites can occur (Gamal El Dien 
et al., 2019) and cores must therefore be identified texturally. In 
contrast, large-ion lithophile elements (LILE: e.g., Ba, Sr, Pb, Cs, Rb), 
boron, sulfur, and to some extent the Pd-group PGEs (PPGE: Pt, Pd, Rh) 
are fluid-mobile and can be enriched or redistributed during serpenti
nization and metasomatism (e.g., Scambelluri et al., 2019; Barrett et al., 
2022). Rare earth elements (REEs) may be affected by fluid-mediated 
processes, but their overall patterns and HFSE ratios often preserve 
magmatic trends (Schmidt et al., 2009; Ague, 2017). With this frame
work, we interpret the primary history of the JMM mantle section, 

Fig. 5. (a) Primitive mantle-normalized trace element patterns, (b) Chondrite-normalized REE patterns of JMM serpentinites. Normalization values are from 
McDonough and Sun (1995). Comparison data of subducted, mantle wedge, and abyssal serpentinites derived from harzburgite are obtained from Deschamps 
et al. (2013).
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recognizing where secondary overprints provide additional petrogenetic 
context.

Given the extensive serpentinization of the JMM serpentinites, the 
modal-based ultramafic classification of Streckeisen (1976) is unsuitable 
because alteration obscures the original proportions of olivine, clino
pyroxene, and orthopyroxene. Although relic bastite textures locally 
record former pyroxenes (Viti & Mellini, 1998), their sparse preserva
tion prevents reliable modal estimation (Mével, 2003). Consequently, 
whole-rock geochemistry is used to infer the protolith. The serpentinites 
display high Mg# (89.32–91.47), SiO2 (35.87–40.90 wt.%), and 
extremely low LaN (0.009–0.12) values (ESM2 Table 3), plotting mainly 
within the dunite field with minor excursions into the harzburgite field 

(Fig. 6a, b; Le Maitre, 2002). These geochemical signatures, together 
with elevated Ni (≤2462 ppm), Cr (≤3143 ppm), and Co (≤118 ppm) 
(ESM2 Table 3) and low CaO and Al2O3 contents (Fig. 6c), are consistent 
with residues of extensive melt extraction from highly depleted mantle 
peridotites (Deschamps et al., 2013), indicating refractory duni
te–harzburgite protoliths. The tectonic setting of this melting event is 
constrained by robust, immobile element ratios. The low Al2O3/SiO2 (<
0.03) and MgO/SiO2 (< 1.1) ratios overlap precisely with the field for 
global forearc serpentinites (Fig. 6d; Pearce et al., 2000). The extremely 
low TiO2 contents (0.008–0.025 wt.%, Fig. 6e) are a key indicator, as Ti 
behaves as a relatively immobile element during low-temperature ser
pentinization compared with LILE, and shows no systematic covariance 

Fig. 6. Plots of whole rock Mg# vs. (a) SiO2 and (b) LaN, indicating a dunite-harzburgite protolith. Discrimination fields for Mg#, SiO2 and LaN are based on Le 
Maitre (2002). Chondrite normalization values were sourced from McDonough and Sun (1995); (c) CaO vs. Al2O3 diagram (after, Ishii et al., 1992); (d) Al2O3/SiO2 
vs. MgO/SiO2 diagram; (e) TiO2 vs. Cr diagram (after Pearce et al., 1984); (f) Yb vs. Ti diagram (after Deschamps et al., 2013). The “terrestrial array” represents the 
bulk silicate Earth evolution (Hart and Zindler, 1986). Fields of abyssal and fore-arc peridotite are after Niu (2004); Pearce et al. (2000) and Parkinson and Pearce 
(1998). ANS ophiolitic peridotite field is after (Ahmed and Habtoor, 2015). Serpentinite comparison data for the Eastern Desert, Egypt, are from Ali et al. (2021) and 
Abdelfadil et al. (2024); Voltri Massif, Italy (after Cannaò et al., 2016); Western Alps, France (after Chalot-Prat et al., 2003); Zagros suture zone, Iraq (after Monsef 
et al., 2018), Feather River region, California (after Li and Lee, 2006); and Betic Cordillera, southern Spain (Garrido et al., 2005).
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with LOI or LILE in the JMM dataset, supporting preservation of a pri
mary protolith signal (Modjarrad et al., 2025). This pronounced Ti 
depletion, alongside low Yb and high Cr (Fig. 6e, f), signifies melt 
extraction within a supra-subduction zone (SSZ) mantle wedge, a setting 
characterized by highly refractory peridotites (Parkinson & Pearce, 
1998). While a few samples plot near abyssal peridotite fields (Fig. 6c, f), 

the collective evidence from HFSE depletion and diagnostic Cr-spinel 
and PGE systematics (discussed below) firmly supports a fore-arc SSZ 
origin (Deschamps et al., 2013). These few abyssal-like data points likely 
reflect localized sampling of less-depleted mantle domains or small-scale 
chemical heterogeneity within the fore-arc mantle wedge, rather than a 
fundamentally abyssal protolith for the JMM suite.

Fig. 7. Microprobe analyzes of JMM Cr-spinel plotted in (a) Mg# vs. Cr# variation diagram (after Pearce et al., 2000), showing that the JMM spinels plot within the 
forearc peridotite field and overlap with Mariana forearc peridotite compositions; (b) TiO2 vs. Cr# variation diagrams (after Pearce et al., 2000) where the JMM 
spinels plot mainly within the abyssal peridotite field, with minor overlap toward the boninite–peridotite interaction field. Fields of chromian spinel in forearc 
peridotites (after Dick & Bullen, 1984), boninites (Barnes & Roeder, 2001), abyssal peridotites (after Dick & Bullen, 1984), Mariana forearc peridotites (Ohara & 
Ishii, 1998), SED peridotites (Farahat et al., 2011). Cr-spinel comparison data from Oman Ophiolite (after Arai et al., 2020 & Ahmed and Arai, 2002), Central Eastern 
Desert, Egypt (after Abdelfadil et al., 2024); Gysian ophiolitic serpentinites, Iraq (after Modjarrad et al., 2024). Plots of whole rock PGEs compositions of JMM 
serpentinites.(c) (Pt/Ir)N vs. (Pd/Ir)N. For comparison are displayed Baigang peridotites, Tibet (after Xu et al. 2020) western Ladakh peridotites (after Bhat et al. 
2021), and Jijal harzburgite and dunites (after Zafar et al., 2024); fractional and metasomatic trends from Bhat et al. (2021). (d) Pt/Pt* vs. Pd/Ir. Fractionation and 
partial melting trends are from Garuti et al. (1997). Fields for mantle peridotite and alpine type peridotite (Garuti et al., 1997) and peridotites from Manipur ophiolite 
belt (Singh, 2013) are also shown. (e) chondrite-normalized ΣPPGE/ΣIPGE vs. ΣPGE plot. Upper mantle values and ophiolitic trend are from Melcher et al. (1999)
respectively. For comparison, fields for podiform chromitites and peridotites from the Manipur Ophiolite Complex (Singh, 2013); main ore field chromitites, 
Kempirsai ophiolite massif, Urals (Melcher et al., 1999), podiform chromitites, Eskisehir ophiolite NW-Turkey (Uysal et al., 2009) are shown. (f) Chondrite 
normalized PGEs patterns. Normalizing factors are from McDonough and Sun (1995). The fields of Andaman ophiolite, Himalaya, India from Saha et al. (2018), 
Mawat ophiolite, Iraq from Ismail et al. (2010), and Oman ophiolite from Ahmed (2024) and Hanghøj et al. (201). All peridotites are subduction-zoned type.
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5.2. Tectonic setting and comparison with the Semail Ophiolite

The nearby Semail ophiolite, a classic example of obducted Neo- 
Tethyan oceanic lithosphere, provides a critical regional analogue. Its 
formation is interpreted as the product of intra-oceanic subduction 
initiation and subsequent seafloor spreading in a supra-subduction zone 
setting, culminating in its Late Cretaceous obduction onto the Arabian 
margin (e.g., Searle & Cox, 1999; Rioux et al., 2016). The mantle section 
of the Semail ophiolite is predominantly composed of highly depleted 
harzburgites with dunite channels, reflecting high degrees of partial 
melting.

A detailed comparison reveals both similarities and important dis
tinctions. The JMM Cr-spinels have Cr# (0.42–0.48) and Mg# 
(0.58–0.61) that are consistent with formation from a highly depleted 
mantle residue, yet their Cr# is notably lower than many Semail spinels, 
which commonly exhibit Cr# from 0.43 to >0.8 (Ahmed & Arai, 2002; 
Arai et al., 2020; Cocomazzi et al., 2020) (ESM3 Table 1, Fig. 7a, b). This 
indicates a marginally lower, but still high, degree of melt extraction for 
the JMM protolith. This contextualization is further refined by consid
ering the heterogeneous nature of the Semail mantle as revealed by 
detailed studies of its basal sections. Prigent et al. (2018) documented 
that the basal “banded unit” peridotites directly overlying the meta
morphic sole show evidence of significant syn-deformational meta
somatic refertilization by slab-derived hydrous fluids during the earliest 
stages of subduction. This process generated localized domains of more 
fertile lithologies (Cpx-rich harzburgites to lherzolites) and is charac
terized by extreme enrichment in fluid-mobile elements (e.g., B, Li, Cs) 
and crystallization of amphibole, signatures indicative of intense, 
channelized fluid flux in a nascent mantle wedge shear zone. Indeed, the 
JMM serpentinites record LILE enrichment consistent with slab-derived 
fluids (Zhang et al., 2021). However, these values are moderate 
compared with the extreme enrichments reported for intensely meta
somatized Semail basal shear zones (Prigent et al., 2018). Moreover, 
neither petrography nor XRD shows amphibole crystallization, indi
cating a regional slab-fluid overprint (Evans, 2004) rather than extreme, 
amphibole-bearing basal-shear metasomatism. This key distinction 
suggests that the JMM fragment was not subjected to the intense, 
focused fluid–rock interaction that affected the basal Semail shear zone. 
Instead, the JMM likely represents a slice of the more typical, highly 
depleted fore-arc mantle wedge situated above this localized meta
somatic front. This is consistent with fore-arc mantle analogues from the 
Izu–Bonin–Mariana and Tonga systems where extreme metasomatism is 
similarly restricted to narrow shear zones or channels (Parkinson & 
Pearce, 1998). Moreover, while Prigent et al. (2018) demonstrate that 
fertile compositions occur in specific tectonic settings within Oman, the 
JMM geochemistry aligns more closely with the depleted end of the 
mantle spectrum, supporting its interpretation as a less-modified frag
ment of fore-arc lithosphere tectonically juxtaposed against more 
complexly metasomatized Semail sequences.

The PGE systematics underscore this difference. The JMM serpen
tinites show low total PGE abundances (ΣPGE ≈ 15–35 ppb; calculated 
as the sum of Os, Ir, Ru, Rh, Pt and Pd; ESM2 Table 4), which are 
consistent with sulfide exhaustion during high-degree melting (Maier 
et al., 2003; Zaccarini et al., 2022), although locally higher ΣPGE may 
occur in chromitite- or sulfide-rich microdomains in other SSZ settings 
(González-Jiméne et al., 2014). Their near-chondritic IPGE/PPGE ratios 
are characteristic of such residues. The JMM PGEs plot along the 
primitive mantle melt depletion trend (Fig. 7c), and their specific ratios 
are diagnostic. The low Pd/Ir ratios (1.18–1.61) and elevated Pt/Pt* 
ratios (1.43–2.43) align with the partial melting array and are distinct 
from the compositional field of highly fluid-fluxed mantle wedges 
(Fig. 7d). However, they are not as extremely depleted as some Oman 
peridotites, which can have ΣPGE contents exceeding 1000 ppb in 
chromitites (Fig. 7e) and show more pronounced IPGE enrichment 
(Ahmed, 2024; Hanghøj et al., 2010). This is further evident in the 
chondrite-normalized patterns (Fig. 7f), where the JMM suite shows 

stronger Ir depletion and more balanced Pd-Pt anomalies compared to 
the Oman patterns, which have higher absolute PGE levels and less 
pronounced Ir depletion. This contrast suggests that while both mantle 
sections experienced high-degree melting in an SSZ setting, the JMM 
fragment represents a domain that underwent slightly less extreme 
melting and, crucially, was not subjected to the same degree of late-stage 
metasomatic sulfide addition or chromite-controlled PGE segregation 
that affected parts of the Oman mantle. This supports the interpretation 
that the JMM captures an earlier or less mature stage of fore-arc 
development.

Therefore, we interpret the JMM serpentinites not as a fragment of 
the main Semail oceanic crust, but as a highly depleted fore-arc mantle 
slice that was tectonically juxtaposed against it during obduction. It 
represents a fragment of the depleted fore-arc mantle wedge that was 
not subjected to the intense, late-stage metasomatism or extreme melt- 
rock interaction documented in specific Semail shear zones. It likely 
represents an older or laterally distinct fragment of the Neo-Tethyan 
fore-arc lithosphere, capturing a stage of mantle depletion that was 
extensive but preserved a less modified magmatic and metasomatic 
history.

5.3. Redox conditions and secondary modification

Although pervasive serpentinization precludes direct thermobar
ometry, qualitative redox constraints for the JMM serpentinites are 
inferred from V–MgO systematics (Fig. 8a; Lee et al., 2003), following 
calibrations that demonstrate V partitioning is strongly dependent on 
oxygen fugacity (fO2) (Canil, 2002; Mallmann & O’Neill, 2009). The use 
of V is justified because stable isotope and whole-rock studies confirm it 
is not systematically remobilized during serpentinization, thereby pre
serving a primary igneous redox signature where hydrothermal leaching 
is limited (Prytulak et al., 2013). The JMM data plot along a trend 
suggestive of relatively elevated fO2 conditions (around FMQ+2) 
(Fig. 8a), but this estimate remains qualitative because MgO is reported 
on a hydrous basis and no rehydration correction was applied. Notably, 
the measured MgO contents are on a hydrous basis and are lower than 
the anhydrous values used in the model trends (Lee et al., 2003); thus, 
the diagram provides a qualitative redox indicator rather than a precise 
fO2 calculation. This interpretation of relatively oxidized conditions is 
corroborated by the petrographic ubiquity of magnetite. The elevated 
fO2 is consistent with modification by slab-derived, oxidizing fluids in a 
fore-arc environment. Complementary petrographic observations, 
particularly the presence of magnetite along serpentine veins and the 
coexistence of antigorite with lizardite, provide mineralogical evidence 
for oxidation during fluid–rock interaction at elevated fore-arc tem
peratures (Hilairet et al., 2006; Beard et al., 2009).

The bulk-rock geochemistry reveals the distinct geochemical imprint 
of this fluid overprint on the protolith. Primitive mantle-normalized 
patterns show the diagnostic SSZ decoupling: strong depletion in 
immobile HFSE (Nb, Ta, Ti, Zr) contrasting with marked enrichment in 
fluid-mobile LILE (e.g., Ba, Sr, Pb) (Fig. 5a). This is the definitive 
fingerprint of interaction with slab-derived fluids (Pearce, 1982; Pearce 
& Stern, 2006). Chondrite-normalized REE patterns are generally flat to 
weakly U-shaped (Fig. 5b), with variable LREE enrichments in some 
samples attributable to limited and heterogeneous metasomatism by 
these fluids (Deschamps et al., 2013).

The JMM serpentinites exhibit LREE-enriched patterns with (La/ 
Sm)N = 0.15–2.55, plotting between modeled residual harzburgites and 
crustal-/MORB-contaminated peridotites (Fig. 8b; Sharma & Wasser
burg, 1996). Their elevated Zr/Hf (4.0–45.5) and Nb/Ta (6.6–20.8) 
ratios indicate slab-derived melt/sediment refertilization, while nega
tive Zr anomalies (Fig. 5a) denote limited crustal input (Taylor & 
McLennan, 1985), pointing to multi-source SSZ-type metasomatism. The 
significant LREE-HFSE decoupling highlights a dominant fluid-rock 
(hydrothermal) overprint, akin to serpentinites from Egypt, California, 
and France but distinct from the Spanish Betic Cordillera (Fig. 8c). This 
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multi-stage history, involving initial high-degree melting to create a 
refractory residue followed by fluid-mediated metasomatism, is a hall
mark of fore-arc mantle evolution. Concurrent MREE–HFSE enrichment 
trends further reflect superimposed melt/rock and fluid/rock in
teractions, consistent with global SSZ serpentinites (Fig. 8d). Mantle 
metasomatism thus involved significant melt–rock interaction (Zhang 
et al., 2020), while fluid–rock interaction primarily accounts for the 
HFSE–LREE decoupling (Brenan et al., 1995). However, additional 
processes are evident: episodic melt addition (via Eu anomalies, variable 
Zr/Hf), sulfide segregation during refertilization (via PGE fraction
ation), and a late-stage overprint by slab-derived oxidizing fluids (via 
selective PGE mobility). This supports a multi-stage SSZ mantle-wedge 
history involving both melt- and fluid-driven events (Xu & Liu, 2019; 
Uysal et al., 2025).

The overall low ΣPGE and the flat, depleted nature of the JMM 
chondrite-normalized PGE patterns (Fig. 7f) are primary magmatic sig
natures, reflecting the high-degree melting and sulfide exhaustion 
inferred from major elements (Deschamps et al., 2013). The IPGEs (Os, 
Ir, Ru) are considered immobile and effectively record this melting event 
(Pagé et al., 2012). However, the relative enrichment of Pt and Pd over 
Ir (evident in the average PPGE > IPGE and positive Pd anomalies, 
Fig. 7f) cannot be explained by melting alone. We interpret this as 
localized, post-melting, fluid-assisted redistribution of the more mobile 
PPGEs during serpentinization by oxidizing slab-derived fluids, without 
significant external PGE addition. This interpretation is supported by the 
absence of strong correlations between PPGE/IPGE ratios and fluid- 
mobile elements such as Ba and Sr. This is consistent with studies 
showing PPGE mobility in hydrous environments (e.g., Marchesi et al., 

2014). Although slab-derived fluids have the potential to mobilize Os 
(Barrett et al., 2022), the internally consistent IPGE patterns observed in 
our samples suggest that such effects, if present, were minor. The 
absence of strong correlations between PGE ratios and fluid-mobile 
element abundances suggests the redistribution was a localized, grain- 
scale process during fluid infiltration, preserving the primary 
magmatic PGE depletion signature at the whole-rock scale (Lorand et al., 
2013; Becker & Dale, 2016).

5.4. Geodynamic Implications

The JMM serpentinites preserve a record of Neo-Tethyan mantle 
wedge processes during intra-oceanic subduction initiation. Their highly 
refractory compositions (Cr# 0.42–0.48; Mg# 0.58–0.61) unequivocally 
identify them as residues of extensive melt extraction (Deschamps et al., 
2013). This high-degree melting signature is further supported by pro
nounced depletion in incompatible elements, reflected in low whole- 
rock Thn and Nbn values, with Nbn–Thn systematics plotting within 
fields typical of nascent fore-arc and convergent margin settings (Fig. 9a, 
b; Saccani, 2015). Collectively, these geochemical fingerprints position 
the JMM as a fragment of the highly depleted, early-stage fore-arc 
mantle wedge (Fig. 9c; Deschamps et al., 2013; Aldanmaz et al., 2020), 
formed during subduction initiation prior to intense metasomatic 
overprinting. This proto-fore-arc lithosphere was subsequently modified 
within the evolving subduction system. Interaction with slab-derived, 
oxidizing fluids led to pervasive serpentinization, imprinting the 
observed LILE enrichment, elevated fO2, and magnetite formation, a 
process analogous to the hydration mechanism in fore-arc mantle 

Fig. 8. (a) Plot of whole rock V vs. MgO diagram (recalculated under anhydrous forms) illustrating melting degrees and oxygen fugacities modeling (after Lee et al., 
2003). Curves represent partial melting trend at 1 log unit intervals, spanning ƒO2 from FMQ− 3 to FMQ+2 (thick solid curve is for FMQ). Dashed lines represent the 
degree of melt extracted in 10% increment (Lee et al., 2003); (b) Chondrite-normalized (1/Sm)N vs. (La/Sm)N diagram (after Sharma and Wasserburg, 1996). MORB 
mid-ocean ridge basalts, UM upper mantle composition, UDM ultra-depleted melt composition, CC continental crust composition, HZ1, HZ2 and HZ3 model dunite- 
harzburgite compositions. Fields of Trinity ophiolite is shown for comparison (Gruau et al., 1998) (c) Primitive mantle (PM) normalized LaN vs. NbN contents of the 
JMM to discriminate between hydrothermal and magmatic origin serpentinites. Primitive mantle values are from McDonough and Sun (1995). (d) Geochemical 
record of interactions between melt/fluid and residues of the JMM serpentinites through Gd/LuN vs. NbN diagram after Deschamps et al. (2013).
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wedges (Fig. 9d; Deschamps et al., 2013). The JMM lacks the extreme 
fluid-mobile element (FME) enrichment diagnostic of intense meta
somatism at the plate interface. This key distinction indicates it was not 
fluxed by the deep, channelized fluids released during advanced sub
duction and metamorphic sole dehydration (Fig. 9c) (Prigent et al., 
2018), reinforcing its origin in the overlying mantle wedge rather than 
the basal shear zone.

The final tectonic emplacement of the JMM fragment onto the 
Arabian margin is attributed to the Late Cretaceous closure of the Neo- 
Tethys. During the large-scale obduction of the Semail ophiolite, 
disparate lithospheric fragments were juxtaposed and accreted (Rioux 
et al., 2016; Pilia et al., 2021). Thus, we proposed that the JMM likely 
represents a slice of fore-arc mantle that was mechanically incorporated 
into the obduction thrust system (Fig. 9e). Its preservation as a less- 
modified fragment supports models of a laterally heterogeneous 
ophiolite belt (Searle, 1999) and provides petrological evidence for the 
multi-stage obduction of fore-arc lithosphere.

6. Conclusion

The Jabal Mundassah–Malaqet (JMM) serpentinites represent a 
highly refractory mantle residue that preserves an important record of 
supra-subduction zone processes during the early evolution of the Neo- 
Tethyan fore-arc. Integrated petrography, X-ray diffraction, mineral 
chemistry, whole-rock geochemistry, and PGEs systematics demonstrate 
that these rocks derive from a dunite–harzburgite protolith formed by 
high-degree melt extraction. This interpretation is supported by their 
very low Al2O3 and TiO2 contents, high MgO, elevated Mg#, enrich
ments in compatible elements (Ni, Cr, Co), depleted HFSE and Th–U 
concentrations, and low total PGE abundances consistent with sulfide 
exhaustion during extensive melting.

XRD confirmation of coexisting lizardite and antigorite indicates 
progressive serpentinization under fore-arc conditions. The enrichment 
of fluid-mobile large-ion lithophile elements (Rb, Sr, Ba and K), together 
with abundant magnetite and elevated oxygen fugacity inferred from 
V–MgO systematics, documents overprinting by oxidizing slab-derived 
fluids. However, the moderate magnitude of this enrichment and the 
absence of amphibole crystallization indicate that the JMM serpentinites 
were not affected by the intense, channelized metasomatism that char
acterizes basal shear zones within the Semail Ophiolite. Instead, they 
record a more regional fore-arc fluid overprint superimposed on a highly 
depleted mantle residue.

Cr-spinel compositions (Cr# = 0.42–0.48; Mg# = 0.58–0.61) and 
PGE fractionation patterns further support formation within a nascent 
fore-arc mantle wedge and distinguish the JMM fragment from 
chromite-rich and strongly refertilized domains of the Oman ophiolite. 
Together, these data indicate a multi-stage evolution involving (i) high- 
degree melt extraction during intra-oceanic subduction initiation, (ii) 
subsequent serpentinization and redox modification by slab-derived 
oxidizing fluids, and (iii) final tectonic emplacement during Late 
Cretaceous obduction onto the Arabian margin.

The JMM serpentinites therefore provide new constraints on the 
composition, redox state, and metasomatic architecture of the Neo- 
Tethyan fore-arc mantle preserved in the eastern UAE. More broadly, 
this study highlights the strong lateral heterogeneity of fore-arc mantle 
domains and emphasizes the value of integrated PGE, spinel, and whole- 
rock geochemical approaches for reconstructing subduction initiation 
and early fore-arc evolution.
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Fig. 9. Geodynamic evolution, (a) Whole rock Al2O3 contents of the JMM serpentinites compared with those from other tectonic settings (Deschamps et al., 2013), 
(b) NbN vs ThN tectonic discrimination diagram (after Saccani, 2015), (c) Geodynamic model for the tectonomagmatic evolution of the JMM area in an intra-oceanic 
environment (modified after Deschamps et al., 2013). The model illustrates the formation of the JMM complex during subduction between the Arabian and Eurasian 
plates, highlighting subduction-related serpentinization and the geological impact of serpentinites. (d & e) Magnified views of subduction and exhumation processes 
from Fig. c. (d) Oceanic lithosphere, including serpentinites, is subducted into the mantle, with fluids released from serpentine minerals playing a key role in fluid- 
rock interactions and potential partial melting in the mantle wedge, (e) Subducted serpentinites, after undergoing high pressure and temperature, are exhumed to the 
surface through tectonic processes.
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