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Abstract: Gold, along with other highly siderophile elements, is hosted by Fe-Ni sulfide phases within
peridotites and mantle melts. In this context, the lithospheric mantle emerges as a principal reservoir,
providing materials crucial for the inception, augmentation, conveyance, and genesis of auriferous
CO2-rich mantle fluids. EPMA and laser ablation ICP-MS data, integrated with petrographic and
SEM studies, were used to assess the transfer of base and precious metals into the Earth’s crust,
discerning between inputs from subduction-related processes and post-formation metasomatism.
The study focuses on sulfide minerals in serpentinized peridotites of the Abu Dahr ophiolite in the
Eastern Desert of Egypt. Originating in a supra-subduction setting during the Neoproterozoic era,
the Abu Dahr peridotites underwent serpentinization and contain discrete sulfide minerals, including
pentlandite, nickeloan pyrrhotite, millerite, chalcopyrite, and violarite. The uneven distribution of
calcite ± magnesite ± serpentine veins throughout the host ophiolitic rocks reflects the intricate
interplay of serpentinization and carbonation, as f O2 and f CO2 conditions fluctuated. Geochemical
data of the host rocks reveal a progressive geochemical evolution marked by concurrent silicification
and carbonate alteration, driven by the interaction of ultramafic rocks with hydrothermal fluids,
ultimately leading to the extensive silicification and formation of birbirite. The ICP-MS data show that
pentlandite contains up to 6.11 ppm of Au, pyrrhotite up to 0.41 ppm, millerite 0.34 ppm, and violarite
0.12 ppm. The gold concentration in pentlandite is significantly higher than in pyrrhotite, millerite,
and violarite, which exhibit lower but detectable levels of Au. Desulfurization reactions of sulfide
minerals during progressive serpentinization triggered the release and redistribution of Au as well as
base metals and highly siderophile elements. Published thermodynamic modeling at temperatures
below 300 ◦C and pressures of 50 MPa closely replicates the mineral assemblage observed in the Abu
Dahr ophiolites, including sulfide assemblages and variations in major elements such as Mg and Fe.
This suggests that the serpentinization process, along with associated hydrothermal fluids, played
a crucial role in the mobilization and redistribution of gold, particularly affecting its incorporation
into secondary sulfides. The mobilization of Au and other highly siderophile elements during
serpentinization occurred in an environment marked by strong oxidation, as indicated by the presence
of acicular antigorite, magnetite, millerite, and goethite intergrowths.

Keywords: mantle sulfides; trace element composition; EPMA; LA-ICP-MS data; serpentinization
and Au recycling in subduction zones; Neoproterozoic ophiolites; Egypt

1. Introduction

1.1. Highly Siderophile Elements in Mantle Rocks

Highly siderophile elements (HSEs), encompassing platinum group elements (PGEs),
Re, and Au, play pivotal roles in the geochemical processes within mantle rocks. Mantle-
derived magmas and the subcontinental lithospheric mantle (SCLM) serve as crucial
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reservoirs for these elements, exerting influences on the genesis of globally significant base
and precious metal deposits, e.g., Mungall [1] and Griffin et al. [2]. According to Luguet
and Reisberg [3], the majority of HSEs in the Earth’s upper mantle are primarily found
within accessory base-metal sulfides (BMSs) of the Ni-Fe-Cu system. The dynamics of HSE
recycling within the SCLM are intricately linked to factors such as partial melting, melt
percolation, and the ascent of plume magmas [4].

Gold, categorized as an HSE with thiophile (chalcophile) attributes in geological
processes, often exhibits association with sulfides [5,6]. While the average Au content
in the Earth’s crust stands at 4 ppb, mantle rocks typically host concentrations ranging
from 10−9 to 10−8 ppm [6–8]. Notably, sulfide assemblages showcase significantly ele-
vated gold concentrations, ranging from 10−4 to 10−2, compared to their mantle peridotite
hosts [9]. Distinct geochemical signatures, as evidenced by studies by Large et al. [10],
Morey et al. [11], Cook et al. [12], and Cook et al. [13], underline the spatial relationship be-
tween primary sulfides housing trace metals and nearby high-concentration metal deposits.
Ophiolites, fragments of oceanic lithosphere composed of mafic-ultramafic rocks, further
elucidate the interplay between serpentinization processes, hydrothermal fluid interactions,
and the formation of ore minerals [14,15].

In the extensively serpentinized peridotites, primary ore minerals such as pentlandite,
often accompanied by pyrrhotite and chalcopyrite, are found as inclusions within Fe-Mg
silicate minerals and chromite [16]. These inclusions provide valuable insights into sulfur
content and the fugacity of hydrogen and oxygen [17,18]. Sulfides such as pyrrhotite, pent-
landite, and chalcopyrite, commonly found in ultramafic rocks, can contain trace amounts
of Au that may be released into circulating hydrothermal fluids during serpentinization
when these sulfides break down. The solubility and mobility of Au in these fluids are
significantly influenced by several key factors, including fluid composition, temperature,
and pressure conditions. Fluid composition is critical, as ligands like chlorine, sulfur, and
CO2 can form complexes with Au, enhancing its solubility and facilitating its transport
within the fluid [19]. The activity of SiO2 in the fluid further affects the mineralogy of
serpentinization, influencing the breakdown of sulfides and the subsequent release of Au.
Temperature and pressure also play vital roles; lower temperatures, particularly those
<400 ◦C, favor the stability of serpentine and sulfide minerals [20]. Additionally, the oxida-
tion state of the fluid is a crucial factor, as it governs the stability of Au within the fluid and
its ability to form transportable complexes, ultimately determining how Au is mobilized
during serpentinization. This process is further enhanced by the production of hydrogen
gas (H2) and reducing conditions prevailing during serpentinization, which can increase
the solubility of Au in the fluids. Consequently, Au can be transported over significant
distances and redeposited distally in more concentrated forms [21,22].

Serpentinized peridotites commonly preserve high-sulfur mineral assemblages, along
with magnetite or hematite, formed during serpentinization. The most significant ore
minerals associated with these sulfide assemblages, which represent low-temperature
alteration products, include awaruite (Ni3Fe), wairauite (CoFe), and various base-metal
alloys. These minerals reflect the complex alteration processes and chemical interactions
occurring within the serpentinized ultramafic rocks [21,23–25]. The formation of Cu-bearing
sulfide minerals can occur through two distinct processes: desulfurization of primary
sulfides under strongly reducing and sulfur-depleted conditions due to serpentinization,
and subsequent interaction with Cu-bearing high-temperature solutions [26]. While Cu-
rich sulfides are associated with hydrothermal leaching in mafic sequences, native Cu may
result from the alteration of original Cu-bearing sulfide minerals or potentially have a
primary origin from the Earth’s mantle [27,28].

Gold mobilization during serpentinization and carbonatization of oceanic lithosphere
occurs at moderate temperatures (150–250 ◦C) through the reaction with heterogeneous
H2O–CO2–CH4 hydrothermal fluids [29,30].
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1.2. Sulfide Inclusions in Ophiolitic Peridotites: Primary vs. Hydrothermal Origins

Sulfide phases, observed in mantle xenoliths and the mantle section of ophiolite com-
plexes, are typically present in concentrations of less than 0.1 wt.% and include pentlandite,
pyrrhotite, chalcopyrite, and monosulfide solid solution (MSS), which includes phases
such as pyrrhotite and pentlandite, and rare intermediate solid solution (ISS) phases, i.e.,
cubanite [31]. In these sulfides, Fe is the primary component alongside lesser concentra-
tions of Ni and Cu. According to Guo et al. [32], variations in the composition of mantle
sulfides are evident across different rock types. In the peridotite xenoliths, sulfides typically
contain around 20 wt.% Ni and 4–5 wt.% Cu. Sulfide abundance controls the behavior
of siderophiles, chalcophiles, and PGEs, providing insights into processes such as partial
melting and melt migration within the mantle [33–35].

Mantle sulfides can be classified as interstitial (i-type), inclusions within rock-forming
minerals (e-type), or minor sulfide phases in metasomatic veinlets and/or silicate-carbonate-
interstitial patches (m-type) [36]. The formation of these sulfides involves processes such as
re-equilibration of sulfide melts at low temperatures (<300 ◦C) for i-type sulfides and per-
colating sulfide–carbonate–silicate fluids or melts during low-temperature metasomatism
for the m-type sulfides [36].

Trace element enrichment in sulfides is influenced by physico-chemical factors such as
pressure, temperature, oxygen fugacity (f O2), and the composition of surrounding peri-
dotite [36]. Many of the base metals like Cu, Pb, and Zn, as well as other less common
metals such as Ag, As, Au, Bi, Cd, Co, Ga, Ge, In, Hg, Mo, Ni, Re, Sb, Se, Sn, etc., are com-
monly confined to secondary hydrothermal sulfides. The latter form from hydrothermal
fluids, which can stem from magmatic, hydrothermal, or meteoric sources, at temperatures
ranging from 500 to 100 ◦C. Fontboté et al. [37] suggested that the concentration of these
metals can be modified by supergene processes of hypogene sulfides, resulting in either an
increase or decrease. Throughout these processes, some metals may undergo remobilization
and then precipitate in enriched or oxidation zones, while others may become diluted due
to their adverse environmental impacts.

The present study investigates the trace element composition of sulfide minerals
from Gabal Abu-Dahr serpentinized ophiolitic peridotites using LA-ICP-MS. Our aim
is to understand the metal flux during subduction-related processes and metasomatism.
Particularly intriguing is the role of serpentinization in Au recycling within subduction
zones. Moreover, this study holds promise in significantly expanding our comprehension of
geological processes operative in subduction zones, particularly the mobility and concentra-
tion of important metals like Au. Such insights may extend beyond the realms of geological
research, potentially impacting domains such as mineral exploration and mining.

2. The Gabal Abu Dahr Ophiolite

The Gabal Abu Dahr area, in the South Eastern Desert of Egypt, lies ~70 km northwest
of Shalateen on the Red Sea, between latitudes 23◦30′ N and 23◦40′ N, and longitudes
35◦00′ E and 35◦08′ E (Figure 1). This area is characterized by four primary tectonic
units: autochthonous basal granodiorite gneisses, allochthonous ophiolitic nappes, island-
arc volcanic/plutonic rocks, and syn- to late-tectonic granites [38–41]. A tectonic matrix
composed of carbonaceous metasediments and metavolcanic rocks contains fragments
from pre-existing country rocks (Figure 1).
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Figure 1. (a) Distribution of the ophiolitic block and mélanges in the Eastern Desert of Egypt. Red
lines are anticipated tectonic boundaries between different terranes in the Eastern Desert. (b) Geologic
map of the Gabal Abu Dahr area, adapted from Zoheir et al. [42].

The Gabal Abu Dahr ophiolites encompass fragmented ophiolitic sequences that can
attain a maximum thickness of approximately 17 km, as inferred from the cumulative
thickness of the exposed mantle and crustal rocks in relevant maps [38–41]. The ophiolitic
section comprises serpentinized ultramafic rocks at the lower part, transitioning upward
to layered and isotropic gabbroic rocks, followed by sheeted dykes and capped by pillow
basalt in the uppermost part [38–41]. The matrix of the mélange predominantly comprises
intensely sheared serpentinites and metasedimentary rocks. It also encompasses frag-
ments of metaultramafic rocks, which locally contain chromitite, as well as metagabbro and
metabasalt (Figure 1). The metaultramafic rocks are particularly prominent in the Um Eleiga
area, manifesting as substantial blocks of serpentinites, including talc-carbonate and listven-
ite. These lithological units are distributed across Gabal Abu Dahr, Gabal Arias, Gabal
Siayil, Gabal Belamhandeit, and Gabal Umm Thagar (Figures 1 and 2a). Discrete chromitite
pods were observed within the serpentinites (Figure 2b). The serpentinites of Gabal Abu
Dahr host occurrences of listvenite and silicified ultramafic rocks, specifically birbirite.

Petrographically, the serpentinites are predominantly composed of antigorite, chrysotile,
lizardite, and bastite, alongside accessory chromite (Figure 2c). The metagabbro units form
hills of moderate elevation and contain pockets of pegmatitic and isotropic gabbro. Their
mineralogical composition typically includes altered plagioclase, pyroxenes (augite and
hypersthene), tremolite, and actinolite, along with secondary alteration minerals such as
zoisite, kaolinite, and iron oxides (Figure 2d).
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Figure 2. Geological features within the Gabal Abu Dahr area: (a) serpentinite with talc-carbonate
and listvenite formations at the Um Eleiga area, and (b) chromite ore occurrences in serpentinite.
Transmitted light (TL) microscope images of the different rock units of the Gabal Abu Dahr area:
(c) antigorite, lizardite, bastite and chromite in serpentinite (TL), (d) metagabbro exhibiting altered
plagioclase, pyroxene (augite and hypersthene), tremolite, and actinolite, accompanied by zoisite,
sericite, kaolinite, and Fe-oxides (TL), (e) pillow metabasalt displaying augite porphyroblasts in a
fine-grained matrix of altered plagioclase and actinolite, interspersed with opaque minerals (TL),
and (f) acidic metatuffs primarily composed of kaolinitized microperthite, chlorite, and quartz, with
minor quantities of plagioclase and iron oxide. These are embedded within a much finer tuffaceous
matrix consisting of microcrystalline aggregates of kaolinitized feldspar, quartz, and dusty iron oxide
(TL). Abbreviations used: actinolite (act), antigorite (ant), augite (aug), bastite (bst), chlorite (chl),
chromite (chr), hypersthene (hyp), K-feldspar (kfs), lizardite (Lz), plagioclase (pl), quartz (qz), sericite
(ser), tremolite (tr), and zoisite (zo).
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In the Gabal Abu Dahr area, metabasalt, distinguished by locally pillowed structures,
overlies metagabbro. The metabasalt unit displays a porphyritic texture, characterized by
augite porphyroblasts set within a fine-grained matrix of altered plagioclase and actinolite,
along with interspersed opaque minerals (Figure 2e). These basal rocks are overlain by
volcano-sedimentary formations, predominantly found in the western and northern parts of
the study area (Figure 1). Prominent among these formations are acidic metatuffs, primarily
composed of kaolinitized microperthite, chlorite, and quartz, with minor plagioclase
and iron oxide content. The fine-grained tuffaceous matrix is comprised of kaolinitized
feldspar, quartz, and disseminated iron oxide, indicating a complex history of metamorphic
alteration and sedimentary deposition within the region (Figure 2f).

3. Field Work and Methods

Fieldwork was carried out in the Gabal Abu Dahr area to gain a comprehensive un-
derstanding of the geological context. Samples were systematically collected from both
fresh ophiolitic rocks and altered rocks containing sulfide minerals to ensure representa-
tiveness. Forty polished sections were obtained from the collected samples and were then
petrographically examined using a polarizing microscope to elucidate the mineralogical
and textural relationships.

Whole-rock major element analyses of 9 samples (serpentinite and associated rocks)
were performed by X-ray fluorescence (XRF) at GEOMAR (Kiel) on fused beads using a
Philips X’Unique PW 1480, calibrated with international standards.

Determination of the chemical composition of disseminated sulfide minerals in the
investigated samples was carried out using a JEOL JXA-8900R electron probe microanalyzer
(JEOL Ltd., Tokyo, Japan), equipped with five wavelength-dispersive spectrometers at
the University of Kiel. Operating conditions included an accelerating voltage of 20 kV, a
beam current of 30 nA, a spot size of 1 μm, and a measurement period of 10–30 s. External
calibration was performed utilizing natural and manufactured silicate standards, and data
correction employed the PRZ method (modified ZAF) for all elements.

Trace elements in sulfide minerals were analyzed employing an AGILENT 7900s ICP-
MS (Agilent Technologies, Santa Clara, CA, USA), at the University of Kiel, complemented
by a Coherent GeoLas Pro HD laser ablation system. To facilitate precision, samples were
housed within a Zurich-type low-dispersion high-capacity laser ablation cell (LDHCLAC),
supplied with a carrier gas of 1.0 L min−1 He. Analyses were conducted by laser-ablating
spot sizes ranging from 16 to 32 μm, contingent upon grain size, at a pulse frequency
of 5 Hz. The laser beam energy remained consistently set at 2.6 J cm−2. Each sample
underwent an analysis period of 90 s, comprising 30 s of background measurement with
the laser deactivated and 60 s of active analysis. Measuring parameters were standardized,
with a set acquisition time of 0.02 s for all masses, resulting in a total sweep time of 0.6 s.

Data reduction was carried out utilizing the GLITTER 4.5 software program, as pro-
posed by Longerich et al. [43]. This involved employing the graphical visualization tool
within GLITTER to define integration intervals for each spot analyzed. External standardiza-
tion was facilitated through the utilization of standard MASS-1 and FeS-1 nanoparticulate-
pressed pellets, as advocated by Garbe-Schönberg and Müller [44]. Additionally, NIST
SRM612 silicate glass served as internal standards for GLITTER computations. The con-
centration of the internal standard element, typically aligned with a major element, within
the analyzed spots, was derived through EMPA, leveraging 57Fe concentrations of the
materials under scrutiny.

4. Alteration and Sulfide Mineralogy

The alteration of ultramafic rocks in the Gabal Abu Dahr area exhibits a complex
history of multiple metamorphic and hydrothermal processes [40,45–47]. The presence
of antigorite, lizardite, and bastite in serpentinites indicates extensive serpentinization,
where primary minerals such as olivine and pyroxenes were hydrated and converted into
serpentine minerals (Figure 3). The occurrence of talc-carbonate and listvenite forma-
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tions suggests significant carbonation and silicification, processes driven by the influx of
CO2- and silica-rich fluids, leading to the formation of carbonates like talc and magne-
site, and quartz, respectively. The identification of chlorite points to chloritization, where
serpentine and other minerals were altered under low- to medium-grade metamorphic
conditions [40,45–47]. Oxidation processes are evident from the presence of iron oxides,
likely formed from the oxidation of sulfide minerals such as pyrite, indicative of later expo-
sure to oxidizing conditions. Furthermore, secondary alterations, including kaolinitization,
zoisitization, and sericitization, suggest additional hydrothermal or weathering processes
that have affected feldspar-rich rocks.

  

Figure 3. Transmitted (TL) and reflected light (RL) microscope images of the alteration features and
base-metal sulfides (BMS) in the Gabal Abu Dahr area: (a) sulfide (sulf) associated with antigorite
and calcite in carbonatized serpentinite (TL), (b) tremolite, antigorite, talc (red marks) and quartz
associated with sulfide in silicified serpentinite (TL), (c) antigorite, chlorite, calcite, and quartz, the
main components of chloritized serpentinite (TL), (d) network of quartz veinlets with antigorite and
tremolite and disseminated sulfides in birbirite (TL), (e) violarite replacing pentlandite with pyrite
(RL), (f) millerite replacing pentlandite within serpentinized ultramafic rocks (RL), (g) disseminated
chalcopyrite associated with pentlandite (RL), (h) irregular brownish pyrrhotite (RL), and (i) rim
alteration of chalcopyrite into chalcocite (RL). Abbreviations: antigorite (atg); calcite (cal); chalcocite
(Cc); chalcopyrite (Ccp); chlorite (chl); goethite (Gth); millerite (Mlr); pentlandite (Pn); pyrrhotite (Po);
pyrite (Py), quartz (qz); sulfide (sulf); and violarite (Vr).

The investigated ophiolitic rocks underwent variable alterations in their mineral com-
position along thrust faults and shear zones, accompanied by intense deformation. In the
Gabal Abu Dahr area, the mineralogical studies reveal that the main alteration products
in the serpentinite rocks are silica-carbonate, carbonatized-, silicified-, and chloritized-
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serpentinite, and birbirite (Figures 3a–d and 4). The birbirite also exhibits distinct features,
including a green color, a mesh-like structure with scattered sulfides, and being mostly
composed of quartz (85 vol.%) (Figure 3d). Quartz occurs mostly in the form of stockworks
and/or subhedral grains. Other components include antigorite and tremolite, accompanied
by a significant presence of scattered sulfides (Figure 3d). The sulfide mineralogy of the stud-
ied lithologies—serpentinized peridotite, serpentinite, listvenite, and birbirite—exhibits
a diverse suite of sulfide minerals with varying degrees of alteration. The main sulfides
identified through petrographic and mineralogical investigations (Figure 3e–i) include pent-
landite, pyrrhotite, chalcopyrite, pyrite, chalcocite, millerite, violarite, and rare cubanite.

In serpentinized peridotites and serpentinites, pentlandite is a prominent sulfide,
occurring as pinkish, euhedral to subhedral crystals that are partially altered to violar-
ite (Figure 3e,f). Pyrrhotite appears as irregular, brownish grains, often associated with
pentlandite, while chalcopyrite is found as scattered, irregular grains in association with
pentlandite and pyrite, with partial replacement by chalcocite (Figure 3i). Pyrite is also
present and is commonly altered to goethite, which occurs as a secondary mineral in the
alteration zones (Figure 3i). Millerite forms acicular grains as a replacement of pentlandite,
and violarite typically occurs as an irregular replacement of pentlandite.

In listvenite, pyrite is abundant and often alters to goethite, with chalcopyrite appear-
ing as scattered grains. Pentlandite is less common in listvenite and is almost completely
altered. In birbirite, pyrite occurs as scattered grains, chalcopyrite as patchy, irregular
grains, and millerite is present as dispersed acicular grains. Violarite forms small grains
scattered within the serpentine and talc zones, reflecting the complex alteration and mineral
replacement processes within these lithologies.

5. Results

5.1. Geochemical Characteristics of Abu Dahr Serpentinites and Alteration Products

The geochemical analysis of the variably altered ophiolitic rocks from the Gabal Abu
Dahr area (Table 1), particularly focusing on serpentinite and its alteration products such as
listvenite and birbirite, provides important insights into the geological processes that have
influenced these rocks. The serpentinite samples exhibit high MgO content, ranging from
37.48% to 41.30%, suggesting that the parent rock, likely peridotite, underwent extensive
serpentinization. During this process, primary minerals such as olivine and pyroxene
were altered to serpentine minerals [48]. The studied rocks also exhibit variable contents
of SiO2 (36.05% to 41.07%) and consistently low Al2O3 (0.81% to 1.42%). The total iron
oxide content (Fe2O3

t) ranges from 6.60% to 8.03%, which is consistent with the formation
of secondary magnetite during serpentinization. The Loss on Ignition (LOI) values are
relatively high, between 10.53% and 14.97%, reflecting the hydrous nature of serpentine
minerals [49].

The alteration products, namely listvenite and birbirite, exhibit distinct geochemical
signatures that differentiate them from the serpentinite precursor. The listvenite samples
show increased SiO2 contents (43.03% to 44.46%) alongside MgO contents (33.97% to
35.05%), suggesting that significant silica and carbonate minerals were introduced during
their formation, likely through hydrothermal processes [50]. The Fe2O3

t content in listvenite
is slightly elevated (8.53% to 8.97%) relative to serpentinite, indicating the involvement of
Fe-bearing fluids during the alteration process. The lower LOI values in listvenite (8.02%
to 9.02%) compared to serpentinite are indicative of relative dehydration, consistent with
the replacement of serpentine by anhydrous carbonate and silica minerals. Conversely,
birbirite displays even higher SiO2 content (49.15% to 50.92%) and a significant reduction
in MgO (20.01% to 22.80%), indicating extensive silicification. The observed increase in
CaO content (6.85% to 7.14%) and Fe2O3

t (10.23% to 10.45%) suggests that hydrothermal
fluids enriched in calcium and iron contributed to the alteration, leading to the formation of
iron-carbonate minerals such as ankerite. This geochemical progression from serpentinite
to birbirite highlights a transition toward more silica-rich and carbonate-rich compositions,
representing advanced stages of alteration [51].
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Table 1. Bulk-rock geochemical data of variably altered ophiolitic rocks from the G. Abu Dahr area.

Rock Type Serpentinite Birbirite Listvenite

Sample ID AD_SP1 AD_SP2 AD_S1 AD_S2 AD_S3 AD_B1 AD_B2 AD_L1 AD_L2

SiO2 41.07 40.48 36.05 37.55 36.82 50.92 49.15 43.03 44.46
TiO2 0.05 0.08 0.03 0.02 0.03 0.05 0.06 0.07 0.08

Al2O3 1.21 1.42 0.81 0.90 0.85 0.15 0.18 1.51 1.61
Fe2O3

t 8.03 7.55 7.48 6.99 6.60 10.23 10.45 8.97 8.53
MnO 0.15 0.10 0.07 0.08 0.07 0.07 0.09 0.10 0.12
MgO 38.99 37.48 40.05 39.04 41.30 20.01 22.80 35.05 33.97
CaO 0.61 0.79 0.15 0.10 0.18 7.14 6.85 0.79 0.85

Na2O 0.05 0.08 0.02 0.01 0.03 0.02 0.01 0.05 0.06
K2O 0.02 0.03 0.03 0.02 0.01 0.01 0.02 0.01 0.03
P2O5 0.03 0.02 0.01 0.02 0.01 0.01 0.02 0.02 0.03
Cr2O3 0.32 0.45 0.21 0.24 0.23 0.31 0.34 0.51 0.55
NiO 0.25 0.35 0.20 0.15 0.22 0.08 0.10 0.20 0.25
LOI 11.05 10.53 13.97 14.97 14.21 10.53 9.05 8.02 9.02
Total 101.83 99.36 99.08 100.09 100.56 99.53 99.12 98.33 99.56

Ternary diagrams further elucidate the geochemical evolution of these rocks. In the
SiO2-Fe2O3-CaO + MgO diagram, serpentinite samples cluster toward the MgO-CaO corner,
reflecting their ultramafic origin, whereas listvenite and birbirite samples plot closer to the
SiO2 corner, indicating silica enrichment during alteration (Figure 4a). The LOI-SiO2-CaO
+ MgO diagram shows a similar trend, with listvenite and birbirite exhibiting lower LOI
values, indicative of dehydration during the formation of carbonate and silica minerals
(Figure 4b).

 

Figure 4. Bulk geochemical variations for serpentinite, listvenite, and birbirite in the G. Abu Dahr area.
(a) Fe2O3-SiO2-(MgO + CaO) ternary diagram after Akbulut et al. [52]. (b) (MgO + CaO)-SiO2-LOI
ternary diagram after Boskabadi et al. [50].

5.2. EMPA Data of Sulfides

The chemical composition of sulfide minerals in the Gabal Abu Dahr ophiolites is given
in Table 2 and represented in Figure 5. Sulfides in the ophiolitic units comprise pentlandite,
pyrrhotite, chalcopyrite, violarite, and millerite. The results reveal a spectrum of S, Fe,
and Ni contents, ranging from 32.25–33.73 wt.%, 26.44–27.38 wt.%, and 36.66–39.28 wt.%,
respectively. Remarkably, the stoichiometric composition of pentlandite resembles that of
peridotite sulfide, characterized by notably low Co concentrations < 1.71 wt.%. Pyrrhotite,
occurring in sub-micrometric intergrowths with other sulfides, exhibits a substantial Ni
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concentration (up to 10.48 wt.%) alongside notable S and Fe contents, underscoring its
classification as Ni-pyrrhotite. Chalcopyrite, the second most prevalent BMS in the ex-
amined samples, showcases varying Cu concentrations (33.74–34.67 wt.%) alongside Fe
and S concentrations ranging from 29.13–30.41 wt.% and 34.42–35.39 wt.%, respectively.
Millerite, commonly associated with pentlandite, demonstrates sulfur content ranging
from 30.27–36.05 wt.% and Ni content from 62.70–68.90 wt.%, complemented by traces of
Co and As. Violarite is a secondary mineral that develops from the oxidation of primary
sulfides like pentlandite and pyrrhotite in the oxidized and weathered zones of the super-
gene environment, driven by groundwater flow [53]. This transformation often involves
intermediate stages, such as the formation of millerite, before pentlandite fully converts
to violarite [53]. It manifests varying Fe, Ni, and S contents, with detectable traces of As,
delineating its structural formula as Fe1.12Ni2.08As0.01S3.79. The intergrowth of magnetite
with pyrrhotite and pentlandite is widespread, indicating various forms of intergrowths
and aggregates (Figure 5). The high Fe content in Ni-pyrrhotite may indicate a genetic
association with magmatic sulfides, formed under high-temperature conditions. Violarite’s
composition, characterized by high Ni and S, suggests a genetic link to magmatic sulfides.

5.3. Trace Elements of Sulfide Minerals by LA-ICP-MS

LA-ICP-MS spot analyses conducted on suitable-size pentlandite, nickeloan pyrrhotite,
chalcopyrite, millerite, and violarite grains from the Gabal Abu Dahr area are detailed in
Table 3 and Figures 6 and 7. The measured trace elements encompass siderophile and chal-
cophile elements, alongside a few lithophile elements. Siderophile elements such as Ni, Co,
Mn, Mo, Au, Pd, and Pt and chalcophile elements like Cu, Zn, Cd, Ag, Sn, Pb, Bi, Tl, Sb, Se,
and As possess intermediate electro-negativities, which predispose them to form covalent
or metallic bonds, respectively [54]. Despite their prevalence in mantle sulfides and sulfide
deposits, these elements are comparatively scarce in the Earth’s crust relative to their solar
abundance. The trace element analysis of disseminated sulfides, including pentlandite, nick-
eloan pyrrhotite, millerite, and violarite, in the Gabal Abu Dahr serpentinite reveals notable
disparities in siderophile element concentrations. Specifically, pentlandite, Ni-pyrrhotite,
and millerite exhibit higher concentrations of 197Au and siderophile elements like PGE
(e.g., 195Pt, 105Pd, and 193Ir) compared to violarite (Figures 6 and 7). Pentlandite contains
higher amounts of 197Au (up to 6.1 ppm) along with other PGEs, while Ni-pyrrhotite and
millerite also demonstrate notable concentrations of these elements. Conversely, violarite
generally shows lower concentrations of these elements, with 197Au being detected at levels
up to 0.12 ppm and the other PGEs present in amounts too small to be reliably measured.
Figure 6 demonstrates that earlier magmatic events incorporated significant concentrations
of Au and Co into the pentlandite. As serpentinization advances, primary minerals like
olivine undergo breakdown, facilitating the mobilization of elements like Au, Co, and Se by
hydrothermal fluids. This mobilization results in Au and Co being redistributed into both
primary and secondary sulfide minerals, including millerite and violarite, which have been
formed by oxidation and alteration of pentlandite. The distribution of Au across minerals
like pentlandite and millerite underscores the critical role of serpentinization in concentrat-
ing these economically valuable elements within the lithospheric mantle. Additionally, the
observed variability in Se concentrations in secondary minerals such as violarite suggests
that serpentinization not only alters the mineralogical composition but also influences the
re-concentration of these elements under varying geochemical conditions [48,55–58].
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The correlation between Au and various siderophile elements provides valuable
insights into the mechanisms driving the redistribution and concentration of Au during ser-
pentinization processes (Figure 7). Pentlandite, which originated during earlier magmatic
events, has a significant positive relationship with Au and Co, indicating their simultaneous
incorporation during the crystallization process (Figure 8a,b). Pentlandite serves as the
main conduit for Au. This aligns with the role of magmatic sulfides in the concentration
of gold, which is then redistributed during hydrothermal processes [59,60]. During the
process of serpentinization, pyrrhotite forms from an MSS, exhibiting different relation-
ships between Au and other siderophile elements. In particular, we observe a positive
correlation with Mn (Figure 8c), suggesting that they remain associated with each other
throughout serpentinization. The less strong correlation with Mo and Pd indicates complex
geochemical interactions (Figure 8d,e). The positive correlation between Au with Co and
Mn in millerite (Figure 8f,g) suggests that these elements may be incorporated during
the oxidation of pentlandite, which occurs as serpentinization progresses. The oxidation
process, likely driven by the transition from reducing to more oxidizing conditions, could
facilitate the stability and co-precipitation of Au, Co, and Mn in millerite [61]. Violarite, a
secondary sulfide, exhibits negative relationships between Au and elements such as Co and
Mn (Figure 8h,i). Millerite and violarite are secondary minerals that typically form during
the later stages of serpentinization, often under conditions that promote significant chemi-
cal re-equilibration [17,57]. These findings align with the hypothesis that serpentinization
is a key process in the remobilization and recycling of Au within ultramafic environments,
as it can create heterogeneous zones of Au enrichment [61,62].

 

Figure 5. (a) Ternary (Fe-S-Ni) diagram showing electron probe microanalysis (EPMA) results for
sulfides from the Abu Dahr area. Mineral end-members are taken from Craig [63], while composi-
tional limits of mono-sulfide solid solution (MSS) at 300 ◦C and 600 ◦C are after Naldrett et al. [64].
Peridotite and pyroxenite sulfide fields are from Guo et al. [32] and Gréau et al. [65]. Tie-lines 1 and
2 correspond to the main interstitial sulfide assemblages of the Fe-Ni-S system after Lorand and
Alard [66]. (b) Ternary (Cu-S-Fe) diagram showing EPMA results for chalcopyrite and pyrrhotite
from the Abu Dahr area, black circles after Bortnikov et al. [67].
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Table 3. LA-ICP-MS data of sulfide inclusions in serpentinized peridotites from the Gabal Abu
Dahr ophiolite.

LOD
Pentlandite: n = 14 Nickeloan Pyrrhotite: n = 12 Chalcopyrite: n = 10

Min Max Average STDV Min Max Average STDV Min Max Average STDV

47Ti 2.26 12.55 96.9 37.2 22.9 0.59 12.6 3.93 5.11
51V 0.18 5.94 156 25.2 38.1 0.03 1.9 0.48 0.68 1.12 3.85 2.77 1.45
52Cr 2.08 15.02 1271 238 323

55Mn 1.11 57.8 662 353 196 0.02 55.9 14.43 19.9 6.45 28.31 13.95 9.8
59Co 0.1 448 15,553 2855 3894 1113 4801 2715 1228 0.62 7.35 3.15 2.04
63Cu 0.3 3.03 390 142 135 3.06 170 28.8 50.3
66Zn 0.36 1.66 26.5 7.28 7.43 1.67 41.16 6.9 11.89 468 1050 607 166
75As 0.61 651 1053 836 112 3735 78,733 12,867 22,851
77Se 0.32 14.3 39.5 19.18 6.33

95Mo 0.11 0.68 33.2 3.49 8.57 0.11 2.34 0.7 0.87
105Pd 0.14 0.02 0.18 0.08 0.05 0.01 0.2 0.06 0.08 10.9 14.53 12.62 1.18
109Ag 0.08 0.25 6.64 1.39 1.65 0 6.51 1.01 1.92 1.58 67.46 15.72 24.5
111Cd 0.32 0.03 0.09 0.06 0.02 0 0.05 0.02 0.02 64.6 187 114 40.0
120Sn 0.15 0.04 0.08 0.05 0.02 1.74 44.67 13.5 13.59
123Sb 0.35 3.7 34.38 15.02 8.62 3.32 115.66 19.26 33.94 1.34 10.48 5.1 4.78
184W 0.08 2.86 30.12 11.58 7.88 0 0.08 0.03 0.03
193Ir 0.05 0 0.01 0.01 0 0.02 0.34 0.09 0.12 0.12 0.35 0.23 0.17
195Pt 0.26 0.02 0.26 0.08 0.08

197Au 0.05 0.17 6.11 1.99 1.83 0.03 0.41 0.11 0.12
205Tl 0.06 0.29 3.87 1.38 1
208Pb 0.13 9.68 26.1 18.4 5.3 10.55 361 60.1 106 1.14 86.2 23.52 25.23
209Bi 0.07 0.55 2.41 1.24 0.47 0.02 0.80 0.13 0.24 0.26 14.32 3.55 4.33
60Ni 0.05 3770 98,018 15,683 28,278 1.61 74.31 17.2 31.94
S/Se 8543 23,174 18,381 3779

Millerite: n = 8 Violarite: n = 11

Min Max Average STDV Min Max Average STDV

20.9 267 114 91.4 10.7 234 79.8 68.8
47Ti 20.4 105 52.3 33.2 2.79 124 54.4 40.7
51V 45.2 797 322 293 7.59 1973 300 635
52Cr 380 2619 886 725 203 607 440 126

55Mn 1492 13,776 8443 5397 25,354 42,679 33,623 5336
59Co 66.6 1351 542 379 8.45 538 230 177
63Cu 3.16 215 44.7 74.5 2.02 54.8 15.5 20.1
66Zn 1082 3342 1870 755 939 2052 1294 325
75As 37.44 75.1 50.19 12.96 2.52 81.69 24.3 24.0
77Se 1.6 87.42 30.55 38.53 1.72 247 57.02 76.3

95Mo 0.05 0.61 0.25 0.25
105Pd 0.23 18.29 5.73 6.24 0.34 2.3 1.23 0.58
109Ag 0.07 0.83 0.4 0.39
111Cd 0.06 0.27 0.12 0.1
120Sn 11.2 50.8 25.6 13.5 5.47 80.8 26.2 20.8
123Sb 5.87 47.5 19.8 14.8 2.82 120 34.2 33.0
184W
193Ir 0.08 0.13 0.11 0.04
195Pt 0.06 0.32 0.19 0.13 0.09 0.12 0.11 0.02

197Au 0.72 4.91 2.47 1.78 0.2 6.89 1.77 2.21
205Tl 17.2 114 45.2 32.1 5.94 60.7 32.5 18.7
208Pb 1.44 3.82 2.71 0.8 0.62 4.04 1.99 1
209Bi
60Ni 4526 9177 7129 1667 4546 160,925 45,133 505,245

Blank cells = below detection or quantification limits.
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The correlations between Au and various chalcophile elements like Ag, Se, Cu, and Bi
in the studied sulfide minerals provide valuable insights into the geochemical behavior of
Au during the serpentinization of ultramafic rocks. In pentlandite (Figure 9a,b), there is a
positive correlation between Au and Ag, as well as between Au and Se. This suggests that
during earlier magmatic processes, Au co-precipitated with Ag and Se, indicating that pent-
landite might host these elements under specific conditions. The scatter in the data points,
however, suggests that while pentlandite can accommodate Au, it does so inconsistently,
likely involving trace amounts or micro-inclusions rather than significant lattice incorpora-
tion [59,68,69]. Nickeloan pyrrhotite, formed from MSS during serpentinization, shows a
strong positive correlation is observed between Au and Cu, suggesting that Cu facilitates
the incorporation of Au into pyrrhotite during the serpentinization process (Figure 9c–e).
This is consistent with the behavior of Cu as a chalcophile element that often associates with
Au in sulfide minerals. Additionally, the positive correlation between Au and Sb indicates
that Sb also plays a role in stabilizing Au within pyrrhotite, possibly through substitution
mechanisms within the mineral’s structure. These correlations reflect the strong affinity of
Au for these elements during the crystallization of pyrrhotite from monosulfide solid solu-
tion (MSS) [61]. The tight clustering of data along the trend lines suggests that Au, together
with these chalcophile elements, is preferentially partitioned into nickeloan pyrrhotite
during mineralization processes, reflecting their mutual compatibility within the sulfide
lattice [70]. In millerite (Figure 9f,g), the data shows a negative correlation between Au and
Bi, and a positive correlation between Au and Sb. The negative correlation with Bi suggests
that as Bi content increases, Au concentration decreases, implying that Bi may not favor the
incorporation of Au in millerite. Conversely, the positive correlation between Au and Sb
indicates that Sb may play a more significant role in accommodating Au within millerite,
possibly through substitution or co-precipitation during later stages of serpentinization.
This suggests that millerite can serve as a host for Au, particularly in association with
Sb, though it does so under specific geochemical conditions and less consistently than
pyrrhotite [71]. Violarite shows weak with a slight positive correlation with Ag and a slight
negative correlation with Cu (Figure 9h,i). This indicates that violarite does not serve as
a primary host for Au. Instead, the weak and somewhat inverse relationships suggest
that the presence of Au in violarite is likely due to remobilization during later stages of
serpentinization or alteration rather than through primary mineralization processes. The
role of violarite in hosting Au appears incidental, possibly capturing Au from surrounding
minerals during late stage serpentinization or alteration events [53,72,73].

 

Figure 6. Backscattered electron (BSE) images of sulfide inclusions in serpentinized peridotites from
the Gabal Abu Dahr ophiolite. The gradual transformation of pentlandite into violarite, with visibly
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cracked boundaries demarcating the transition zones. Abbreviations: chalcopyrite (Ccp), magnetite
(Mag), millerite (Mlr), pentlandite (Pn), pyrrhotite (Po), tremolite (Tr), and violarite (Vr). (A) Partially
altered pentlandite in a carbonatized peridotite sample, (B) Extensively altered pentlandite replaced
by violarite in a serpentinite sample, (C) Intergrowths of pentlandite, MSS and magnetite and millerite
in a serpentinite sample (D) Millerite intergrown with chalcopyrite in a listvenite sample.

 

Figure 7. Box and whisker plots showcasing the LA-ICP-MS data, elucidating compositional dis-
crepancies among the analyzed mineral phases. Abbreviations: chalcopyrite (Ccp); millerite (Mlr);
pentlandite (Pn); pyrrhotite (Po); and violarite (Vr).

 

Figure 8. Correlation between 197Au and a variety of siderophile elements, such as 195Pt, 95Mo, 55Mn,
105Pd, 193Ir, and 59Co, in the following minerals: (a,b) pentlandite, (c–f) pyrrhotite, (g) millerite, and
(h,i) violarite.
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Figure 9. Correlation between 197Au and a variety of chalcophile elements, such as 109Ag, 77Se, 63Cu,
123Sb, and 209Bi in the following minerals: (a,b) pentlandite, (c–e) pyrrhotite, (f,g) millerite, and
(h,i) violarite.

6. Discussion

6.1. The Significance of the S/Se Ratios in Ni-Sulfides

The S/Se ratios in Ni-sulfides unveil a multifaceted narrative of geochemical processes
shaping their formation. The Earth’s mantle emerges as a pivotal reservoir, furnishing sulfur
for various geological phenomena. Studies by Eckstrand and Hulbert [74], McDonough
and Sun [75], Hattori et al. [76], and Lorand et al. [77] consistently denote a relatively
uniform S/Se ratio within the mantle, typically falling between 2850 and 4350. This
unwavering range features the fundamental role of mantle-derived sulfur in the genesis
of Ni-sulfides. In contrast, meteoritic materials show a lower S/Se ratio of 2500 ± 270 as
stated by Dreibus et al. [78], which is likely due to sulfur depletion or selenium enrichment
resulting from processes such as volatility during nebular condensation [79], fractional
crystallization [80], and aqueous alteration on parent bodies [81]. Meanwhile, magmatic
sulfides within Earth’s crust exhibit a broad spectrum of S/Se ratios ranging from 4363 to
10,932 [82] and from 3500 to 100,000 according to Yamamoto [83], reflecting the intricate
interplay of sulfur sources and geochemical processes within crustal environments.

The S/Se ratios serve as a key guiding the exploration of Ni-sulfide origins, elucidating
the complex geochemical tapestry woven across different geological domains. The mantle’s
steadfast S/Se ratios underscore its significance as a primary sulfur source, orchestrat-
ing diverse geological phenomena. Conversely, meteoritic materials offer glimpses into
early solar system geochemistry, characterized by distinct elemental ratios compared to
Earth’s mantle. Within the Earth’s crust, magmatic sulfides exhibit a wide range of S/Se
ratios, reflective of the intricate interplay between diverse sulfur sources and geochemical
processes. Collectively, these insights underscore the nuanced interplay of geochemical
factors shaping the genesis of Ni-sulfides and underscore the importance of understanding
sulfur’s journey through Earth’s geological history.

The observed S/Se ratios in the pentlandite, millerite, and violarite samples (ave.
18,381, 7129, and 45,133, respectively) significantly exceed typical mantle values, indicating
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a substantial contribution of sulfur from crustal sources (Lorand et al., 2013). Beyond just
the unusual S/Se ratios, there are additional signs pointing to the influence of subduction.
The variation in S/Se ratios among these sulfide minerals is formed by several geological
factors. For instance, the tectonic setting plays a crucial role. When sulfides form in a
convergent margin, like a subduction zone, the S/Se ratios can differ compared to those
formed in an intraplate setting [84,85]. Redox conditions also matter: oxidizing conditions
generally favor sulfur incorporation into sulfides, while reducing conditions can lead to
more selenium being incorporated [86,87]. Additionally, temperature and pressure during
sulfide crystallization significantly affect the S/Se ratios. Higher temperatures promote
selenium incorporation into minerals, whereas lower temperatures are more favorable
for sulfur [88,89]. Moreover, post-magmatic processes like hydrothermal alteration can
cause remobilization and redistribution of sulfur and selenium, which further modifies
the original S/Se ratios [90]. Metamorphic processes, particularly those associated with
pressure and temperature changes during regional metamorphism, can also lead to the
breakdown and reformation of sulfide minerals, altering their S/Se ratios due to fluid
interactions and mineralogical transformations [91,92]. Therefore, the observed fluctuations
in S/Se ratios point towards a post-magmatic overprint, indicating further alteration
subsequent to initial magmatic events. Moreover, the capability of Ni to be incorporated
into the MSS at high temperatures, around 1000 ◦C [93], suggests a dynamic process
where sulfur enrichment in MSS leads to subsequent recrystallization into minerals such as
pentlandite and pyrrhotite at lower temperatures, typically ranging from 300 to 600 ◦C. As
temperatures drop below 300 ◦C, the MSS undergoes dissolution, facilitating the formation
of pyrite and pentlandite.

6.2. Implications of Pd Contents in the Examined Sulfides

Palladium is commonly associated with nickel sulfide minerals such as pentlandite and
millerite, often occurring as trace elements or in solid solution within their crystal structures.
Additionally, palladium can form distinct mineral phases, which are typically found in
association with magmatic sulfides [94]. As the minerals undergo recrystallization at lower
temperatures, Pd may remain incorporated within them, albeit potentially in variable
concentrations depending on specific geochemical conditions. The dissolution of the MSS
at temperatures below 300 ◦C and the formation of pyrite may influence the distribution
of Pd in the sulfide mineral assemblage [94]. Palladium’s affinity for sulfide minerals,
coupled with temperature-dependent processes, could lead to varying concentrations and
distributions of Pd in the different sulfide phases. The observed geochemical processes
provide insights into the potential incorporation mechanisms and distribution patterns of
Pd within sulfide minerals.

The evolution of sulfide liquids involves complex processes that influence the concen-
tration and distribution of various elements, including those compatible or incompatible
with MSS [94]. Elements like Co, Mo, Re, Rh, and IPGE (iridium-subgroup of the PGEs)
tend to decrease in concentration as the sulfide liquid evolves, contrasting with whole rock
compositions. Conversely, base-metal sulfides crystallizing from the evolving liquid exhibit
higher concentrations of some incompatible elements such as Pd, Ag, Bi, Cd, In, Pb, Sn, Te,
Tl, and Zn [94]. The distribution of Pd is influenced by mechanisms distinct from sulfide
liquid fractionation, owing to its incompatibility with MSS and its association with the
fractionated liquid [95,96]. Pentlandite formed solely through exsolution from MSS and
intermediate solid solution tends to exhibit lower Pd concentrations, while pentlandite
formed via peritectic reactions between MSS and fractionated sulfide liquid shows higher
Pd concentrations [94].

Our data indicate that pentlandite contains a lower concentration of Pd, ≤ 0.18 ppm,
suggesting that Pd is not incorporated into the pentlandite. This mineral forms through
the exsolution of MSS and ISS with Ni-pyrrhotite, which exhibits Pd concentrations of
~ 0.2 ppm. Moreover, the characteristics of this pentlandite are consistent with those
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observed in pentlandite that crystallize from evolved Fe-rich MSS, as documented by
Wei et al. [97], where Pd concentrations range from 0.1 to 0.5 ppm.

The incorporation of trace elements into the chalcopyrite structure is more challenging
compared to other common BMS phases. This difficulty arises from the covalent bonding
present in chalcopyrite, which prevents the application of Goldschmidt’s rules typically
used to predict partitioning trends in purely ionic structures [98,99]. The presence of trace
elements in chalcopyrite is attributed to the co-crystallization of other sulfides in the same
ore system, with Pd potentially exsolved from co-crystallizing base-metal sulfides during
cooling or concentrated in fluid phases at shallow lithospheric levels, e.g., George et al. [98],
Helmy et al. [100], and Mutschler et al. [101]. In the current study, the majority of the
Pd in chalcopyrite (up to 14.53 ppm) was either attributed to the concentration of fluid
phases at shallow intrusive levels [101] or exsolved from the co-crystallizing BMS during
cooling [100].

6.3. Refertilization of the Lithospheric Mantle and Au Mobilization

Subduction zones, crucial for the recycling of materials between the Earth’s surface and
the mantle, contribute significantly to the formation of gold deposits. During subduction,
fluids released from subducting slabs carry metals like Au into the overlying mantle wedge,
enriching mantle rocks [102]. These metals can then be transported back to the surface
through processes such as mantle melting and volcanic activity, leading to the formation of
Au-bearing magmas and mineral deposits, e.g., Qiu et al. [103].

The presence of enriched source regions and/or melts is considered crucial for the
formation of Au deposits [104–106]. Two prevailing hypotheses explain Au deposition: the
subcontinental lithospheric mantle acting as the source of metal-rich magma, carrying Au
as it migrates upwards through the overlaying crust, potentially via pathways from the
underlying mantle, and enriched melts and fluids originating from mid- to lower crustal
reservoirs, settling in the shallow layers of the crust [104,105,107]. Serpentinization of
ultramafic rocks incorporates water into the rock matrix and can generate hydrogen and
possibly hydrogen sulfide, which may contribute to the mobilization of metals, including
Au [102]. Gold may be leached from mantle rocks during serpentinization and transported
to shallower levels through the upward migration of fluids along fractures and faults [57].

In the Gabal Abu Dahr area, chromite in serpentinized peridotites has been found
to originate from depleted mantle sources with a significant degree of partial melting
in a sub-arc tectonic setting. These peridotite samples contain trace amounts of a BMS
assemblage, including pentlandite, pyrrhotite, pyrite, and chalcopyrite, enveloped by
secondary metamorphic sulfides like millerite and violarite. Pentlandite, considered a
relic of mantle sulfide phases, is believed to have originated from sulfide melts trapped
during partial melting events in the residual mantle [32,108,109]. Pyrrhotite forms when
mafic magmas crystallize and become sulfur-saturated [110]. Chalcopyrite originates from
the recrystallization of iron sulfide minerals from a copper-rich liquid at relatively low
temperatures in shallow intrusive levels. During serpentinization, the extensive alteration
of olivine and talc-carbonate significantly transforms the mineralogical and chemical
environment, which destabilizes sulfur-bearing minerals such as pentlandite, leading to
the extraction of sulfur and the subsequent formation of new sulfides and alloys through
complex hydrothermal processes [111].

The higher Au content in pentlandite compared to violarite (Table 3) can be explained
by the influence of peridotite-hosted hydrothermal systems in the Gabal Abu Dahr ophiolite,
which exhibit a significant redox gradient during serpentinization [21,24–26,112]. The low
Au content in violarite suggests precipitation from highly reduced fluids [113]. Violarite
forms through the supergene oxidation of pentlandite at low temperatures, under acidic
conditions with pH levels between 3 and 5 [72]. This process is considered a replacement
reaction, as evidenced by the porous and fractured textures of the violarite grains, indicating
a dissolution-reprecipitation event rather than a direct topotactic transformation, in line
with observations by Putnis [114] and Pring et al. [73].
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6.4. Geologic Evolution and Gold Recycling

The Gabal Abu Dahr ophiolites exhibit a complex geological history characterized
by several transformative processes (Figure 9). Around 730 Ma, the area experienced
subduction and the formation of a forearc basin. During this period, partial melting of a
metasomatized mantle wedge, driven by the dehydration of the subducting slab, generated
silicate melts. These melts played a significant role in the formation of subduction-related
intrusions in the area [115] (Figure 10).

As subduction progressed, the mantle source became significantly depleted, leading
to the formation of ultramafic residual rocks such as refractory peridotites [116]. These
peridotites represent the residual mantle after extensive partial melting in a sub-arc tec-
tonic setting and contribute to the formation of chromite and base-metal sulfide (BMS)
assemblages. The presence of minerals such as pentlandite, pyrrhotite, pyrite, and chal-
copyrite in these peridotites indicates the trapping of sulfide melts during the melting
events. This process was critical in capturing and mobilizing Au within the mantle rocks in
the region [117,118]. Additionally, the interaction between subducted slab fluids and the
overlying mantle wedge led to extensive mantle metasomatism, which enriched the mantle
with various elements, including Au (Figure 10).

Following subduction and partial melting, the section cooled, leading to the crystal-
lization of mafic magma and the onset of sulfur saturation. This cooling allowed for the rare
formation of immiscible sulfide melts, which incorporated base metals such as Ni, Co, and
Au, trapping them within the mantle section as it cooled to about 1000 ◦C [59,119]. During
the cooling phase, early sulfide assemblages in peridotites were enclosed by secondary
sulfides: pentlandite formed from trapped sulfide melts, pyrrhotite from Ni-sulfide, and
chalcopyrite from recrystallized Fe-sulfides in a Cu-rich liquid at lower temperatures [19,57]
(Figure 10).

 

Figure 10. Conceptual model summarizing the evolution and gold recycling in the Gabal Abu
Dahr ophiolites. To the west is a possibly old continental or island arc mass with mainly granitic
composition.
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The final stage involved serpentinization, where hydrothermal fluids interacted with
peridotites in the forearc mantle at temperatures between 300 ◦C and 600 ◦C. This process
caused the breakdown of primary minerals like olivine and sulfides, leading to the forma-
tion of serpentine minerals and the remobilization of sulfur. The elevated temperatures
facilitated the formation of secondary metamorphic sulfides, such as millerite and violarite,
from the breakdown of pentlandite and other primary sulfides. This alteration process was
critical for the recycling of Au, as the newly formed sulfides could capture and concentrate
Au from the surrounding rock matrix. The high-temperature conditions in the forearc
mantle played a key role in the continuous mobilization and redistribution of Au within
the lithospheric mantle [120,121] (Figure 10).

This model highlights the key roles of subduction, partial melting, cooling, and
hydrothermal alteration. Supra-subduction zone-type peridotites, featuring minerals like
clinopyroxene, amphibole, and plagioclase formed through the cooling and crystallization
of sub-arc mantle melts. The development of an accretionary complex and forearc basin,
resulting from the accumulation of sediments and altered oceanic crust at the overriding
plate’s leading edge, further contributes to the area’s geological complexity (Figure 10).

7. Conclusions

The study of the Gabal Abu Dahr ophiolite provides significant insights into the
geochemical evolution and metal mobilization processes in supra-subduction zone (SSZ)
settings. Bulk rock geochemical data, along with electron microprobe and laser ablation
ICP-MS analyses integrated with petrographic and SEM studies, highlight the crucial
role of serpentinization and hydrothermal processes in redistributing Au and other HSEs
within metasomatized peridotites. The observed distribution of Au among different sulfide
minerals, such as pentlandite, pyrrhotite, millerite, and violarite, underscores the complex
interplay between magmatic and hydrothermal processes influenced by fluctuating redox
conditions and the composition of hydrothermal fluids.

Pentlandite, as the primary host of Au, retains higher concentrations due to its early
magmatic formation and favorable crystallization conditions for Au incorporation. In
contrast, secondary sulfides formed during progressive serpentinization, including mil-
lerite and violarite, display lower Au concentrations, reflecting selective mobilization and
retention driven by oxidation and desulfurization reactions. The presence of calcite ±
magnesite ± serpentine veins and mineral assemblages, such as acicular antigorite, mag-
netite, and goethite, further supports the influence of hydrothermal fluids in controlling
metal mobility and the geochemical evolution of the ophiolitic rocks under varying f O2
and f CO2 conditions. These processes are consistent with geochemical studies, such as
those by Leblanc [80], who investigated the remobilization of Au in ophiolitic complexes,
and Lorand and Alard [122], who emphasized the role of sulfur in controlling the behavior
of chalcophile elements, including Au, during the serpentinization of mantle peridotites.

Thermodynamic modeling, validated by the observed mineral assemblages and redox
conditions in the Abu Dahr ophiolites, emphasizes the significance of oxidation-reduction
reactions in the redistribution and concentration of Au and HSEs. This study illustrates the
importance of serpentinization and hydrothermal alteration in SSZ ophiolites, highlighting
their role in the metallogenesis of Au and other siderophile elements within the Earth’s
crust. It also offers a conceptual framework for understanding metal flux and geochemical
processes in forearc ophiolitic environments, contributing to the broader understanding of
mineralization in these geological settings.
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