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A B S T R A C T   

Serpentinized peridotite and associated listvenites of Neoproterozoic age outcrop in the Bir Umq area of western 
Saudi Arabia. The mantle section of the Bir Umq ophiolite is extensively serpentinized. Serpentinite host samples 
are low in Al2O3 (0.48–0.75 wt%) and CaO (0.28–1.24 wt%) and have high Mg# (0.90–0.92), indicating a 
strongly depleted mantle protolith, typically associated with supra-subduction zone environments and more 
specifically with fore-arc settings. Listvenite bodies of various shapes and sizes developed by alteration of ser
pentinite. Listvenites occupy the hanging walls of a stack of thrust faults, while serpentinite dominates the 
footwalls. Based on mineralogical composition and whole-rock geochemistry, the listvenites of Bir Umq are 
distinguished into carbonate listvenite and silica-carbonate listvenite; the latter is further divided into miner
alized and non-mineralized samples. Carbonate listvenite is high in MgO, Fe2O3, and CaO, but depleted in SiO2. 
Silica-carbonate listvenite is characterized by the presence of rhythmic banding of quartz and carbonate minerals 
and by the presence of fuchsite. The Bir Umq listvenites preserve various stages of the progressive alteration and 
metasomatic transformation of their ultramafic protoliths due to interaction with hydrothermal fluids enriched 
in CO2, SiO2, Au, K, and other fluid-mobile elements. The association with thrusting suggests that faults acted as 
conduits for fluids derived from metamorphism of the underlying units during subduction and obduction. 
Schistosity and deformation fabrics in carbonate listvenite imply that initial listvenitization took place at con
ditions similar to the conditions of serpentinization. On the other hand, the absence of deformation fabrics in 
silica-carbonate listvenite suggests that it postdates serpentinization and therefore represents a separate and later 
fluid infiltration event. Finally, the mineralized silica-carbonate listvenite is highly enriched in fluid-mobile 
elements Zn, Pb, Cu, Ag, and most notably Au; this enrichment is not correlated with silica content. This sug
gests that yet a third fluid infiltration event is responsible for the mineralization and Au enrichment. Au con
centrations are 0.84–2.31 ng g−1 in host serpentinite, 26–403 ng g−1 in carbonate listvenite, 152–545 ng g−1 in 
non-mineralized silica-carbonate listvenite, and 2286–3712 ng g−1 in mineralized silica-carbonate listvenite.   

1. Introduction 

Abundant ophiolites are distinctive components of the Arabian 
Shield, the eastern part of the Arabian-Nubian Shield (ANS). The ANS is 
a juvenile tract of continental crust that formed in Neoproterozoic time 
from a collage of Neoproterozoic juvenile arcs, volcano-sedimentary 
successions and voluminous granitoid intrusions (e.g., Johnson and 
Woldehaimanot, 2003; Genna et al., 2002; Meert, 2003; Ali et al., 2010). 
The ophiolites of the ANS represent fragments of oceanic lithosphere 

whose tectonic emplacement onto pre-Pan-African continental margins 
during closure of the Mozambique ocean caused metamorphism, 
deformation, cataclasis and mylonitization (Azer and Stern, 2007; Ali 
et al., 2010; Boskabadi et al., 2017). The Arabian Shield ophiolites are 
all affected by extensive alteration, marked by chemical changes such as 
silicification and carbonatization (Ahmed and Hariri, 2008; Gahlan 
et al., 2020a, b, c; Abuamarah et al., 2020). 

Ultramafic members of the ANS ophiolites were transformed by 
carbonate alteration into distinct lithologies including magnesite, talc- 
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carbonate, and listvenite; mafic layers in proximity to such units may be 
transformed to rodingite. In this work we focus on listvenite, which 
refers to an assemblage of carbonate minerals, quartz and Cr-bearing 
muscovite (fuchsite), together with disseminated sulfides and a variety 
of accessory minerals (Halls and Zhao, 1995). In the geological litera
ture, a number of spellings of the term “listvenite” have appeared, 
including “listvanite”, “listwanite”, and “listwaenite”. In the present 
work, we use the spelling “listvenite,” which we judge to be the most 
correct rendering in English. 

Carbonatization of mafic-ultramafic rocks is an important geological 
process with implications for the formation of ore deposits (Boskabadi 
et al., 2017; Gahlan et al., 2020a; Moussa et al., 2021) as well as the 
sequestration of surficial carbon (Power et al., 2013). The 

listvenitization of ophiolitic rocks has been a matter of particular in
terest because of its spatial and temporal association with gold miner
alization (e.g., Uçurum, 2000; Akbulut et al., 2006; Pirouei et al., 2020; 
Gahlan et al., 2020a). A variety of elements are mobilized by the hy
drothermal fluids that drive carbonate alteration and may be deposited 
along with the carbonate. Hence carbonatized and listvenitized shear 
zones in the mantle section of ANS ophiolites are valuable targets for 
mineral exploration, particularly for gold (e.g., Zoheir and Lehmann, 
2011; Azer, 2013; Gahlan et al., 2018, 2020a; Moussa et al., 2021). 
Advances in our understanding of listvenite formation and associated 
mineralization enable refinement of petrogenetic models that support 
targeted mineral exploration (e.g., Kelemen et al., 2011; Beinlich et al., 
2012; Van Noort et al., 2013). 

Fig. 1. Regional tectonic map of the Arabian Shield showing the distribution of ophiolitic belts along major suture zones (after Nehlig et al., 2002). The listed ages 
are from Pallister et al. (1988), Kröner et al. (1991), Agar et al. (1992), Whitehouse et al. (2001) and Hargrove et al. (2006a,b). The study area enlarged in Fig. 2 
is noted. 
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Although listvenite has long been recognized among the Neo
proterozoic rocks of Saudi Arabia, a number of these occurrences have 
been the subject of renewed study in recent years, motivated primarily 
by their intimate association with gold mineralization (e.g., Harbi et al., 
2003, 2006, 2011; Al Jahdali et al., 2003; 2004; Al Shanti, 2009; Gahlan 
et al., 2020a). However, the listvenite associated with the Bir Umq 
ophiolite, despite similarities to other listvenites in Saudi Arabia known 
to be associated with high gold concentrations, has not been the subject 
of any recent study. Here we present detailed field work, petrographic 
study, mineral chemistry, and bulk-rock geochemical data for the Bir 
Umq listvenites. The chemical analyses of Bir Umq listvenites track the 
behavior of key chemical elements through progressive stages of alter
ation and transformation of the primary ultramafic rocks. We apply 
these data to constrain the sources, compositions and timing of the fluids 
involved in listvenitization; discuss the assessment of the potential of 

listvenites as a source for gold; and propose a basic conceptual model of 
listvenitization in the area. 

2. General geology and field observations 

The Neoproterozoic Arabian Shield was part of the contiguous ANS 
before the opening of the Red Sea. It consists of well-defined tectonos
tratigraphic terranes separated by sutures; these sutures are decorated 
by a series of ophiolite complexes. A complete, classic ophiolite 
sequence features a lower “mantle” unit of serpentinized peridotite and 
an upper “crustal” unit of layered and isotropic gabbro, sheeted dykes, 
pillow basalts and pelagic sediments. However, most of the Arabian 
Shield ophiolite sequences are dismembered and lack one or more of 
their diagnostic lithologies due to folding, shearing and thrusting. 
Numerous listvenite outcrops have been described in association with 
the Arabian Shield ophiolites (e.g., Harbi et al., 2003, 2006; Al Jahdali 
et al., 2003; 2004; Al Shanti, 2009; Abuamarah, 2020; Gahlan et al., 
2020a,b), and many of these listvenite occurrences are known to host 
significant gold enrichment, particularly along shear zones (Al Shanti, 
2009; Harbi et al., 2006; Al Jahdali et al., 2003; Al Jahdali, 2004; Gahlan 
et al., 2020a). 

The Bir Umq ophiolite is situated on the western side of Saudi Arabia 
within an extensive Neoproterozoic fold-and-thrust belt (Fig. 1). The 
ophiolite outcrops at the northeastern end of the Bir Umq (or Bir Umq- 
Nakasib) suture, which extends about 600 km in a southwesterly di
rection across the ANS (Johnson, 2003; Ali et al., 2010). The map area of 
the Bir Umq ophiolite lies between latitudes 23◦ 55′ and 24◦ 00′ N and 
longitudes 40◦ 54′ and 41◦ 02’ E (Fig. 2). It forms low relief land and is 
dissected by many strands of the Najd fault system. 

The main Neoproterozoic rock units in the Bir Umq area include 
ophiolitic rocks, volcanic members of an island arc assemblage, and a 
granodiorite intrusion. Quaternary alluvium and wadi deposits cover 
some of the Neoproterozoic rock, but basement outcrop makes up >80% 
of the study area. The ophiolitic rocks occupy an elongated chain of 
discontinuous hills with an ENE-WSW structural trend. They are thrust 
between metasedimentary and metavolcanic host rocks. The main unit 
outcropping north of the serpentinite belt in the study area is the 
Sumayir formation, which consists mainly of metabasalt with subordi
nate metatuff and metasedimentary members (Al-Rehaili and Warden, 
1980). Some authors have considered the metabasalt and metatuff of the 
Sumayir Formation to be part of the ophiolite sequence (Al-Rehaili and 
Warden, 1980; Kemp et al., 1982; Pallister et al., 1988). However, the 
present field work indicates that the Sumayir Formation is instead part 
of the island-arc stage volcanosedimentary succession. Along thrust 
faults and shear zones, the metavolcanic members of the Sumayir for
mation are carbonatized and have been mapped as listvenite (Al-Rehaili, 
1980; Al-Rehaili and Warden, 1980). 

The Bir Umq ophiolite is dismembered and consists mainly of ser
pentinized peridotite with small outcrops of metagabbro, plagiogranite 
and ophiolitic mélange. A few pockets of metapyroxenite are observed 
within the metagabbro. The ophiolitic mélange consists of blocks of 
different sizes and compositions including serpentinite, metabasalt, 
metadolerite, and metagabbro embedded in a sheared serpentinite ma
trix. The metagabbro appears out-of-sequence in fault-bounded blocks 
that are furthermore cross-cut by many vertical faults marked by sig
nificant brecciation. In a few outcrops the metagabbro is rodingitized 
along its margins (Fig. 3a). The ophiolitic metagabbro in this area has 
yielded a Sm–Nd isochron age of 828 ± 47 Ma (Dunlop et al., 1986). 
However, plagiogranite intruding the serpentinized peridotite gave 
zircon model ages of 764–782 Ma (Pallister et al., 1988), which is 
considered a more robust constraint on the minimum age of ophiolite 
emplacement. 

The Bir Umq ophiolite proper is dominated by serpentinite, much of 
which is highly fractured and shows a folded schistose foliation indi
cating extensive shearing (Fig. 3b). The sheared serpentinites are fer
ruginated due to circulation of fluids along shear planes (Fig. 3c). Along 

Fig. 2. Geologic map of the Bir Umq area (modified after Kemp et al., 1982).  
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shear zones and fault planes, extensive metasomatism and alteration has 
transformed the ultramafic rocks to talc-carbonates, magnesite and 
listvenites. A few veinlets and irregular pockets of magnesite and quartz 
are observed in the sheared serpentinite. The magnesite pockets and 
veinlets are generally concordant with the serpentinite foliation. The 
listvenite bodies have a range of different shapes and sizes (Fig. 3d); they 
are fine-to medium-grained rocks and may appear grey, brownish black, 
greenish grey, yellowish brown or reddish brown. Some listvenite out
crops show a porous texture. Deformation and schistosity similar to that 
in the host serpentinite is observed in some listvenite outcrops; small 

veins of quartz and carbonates occur in the sheared listvenite bodies. 
Based on the field observations, the Bir Umq listvenites are distin

guished into two types: carbonate listvenite and silica-carbonate list
venite; the latter is further divided into mineralized and non- 
mineralized varieties. Silica-carbonate listvenite is more common; it 
forms upstanding resistant ridges and shows black, grey and green colors 
(Fig. 3e). Most samples are foliated and rhythmic banding of quartz and 
carbonate minerals is a characteristic feature (Fig. 3f). Masses of silica- 
carbonate listvenite may incorporate fragments of serpentinite with 
gradational contacts. Bright green flecks of fuchsite can be observed in 

Fig. 3. Field and hand-sample photos of the Bir Umq ophiolite: (a) metagabbro rodingitized along the margins; (b) strongly folded serpentinite; (c) ferruginated 
serpentinites; (d) ridge of listvenite along a shear zone; (e) greenish grey to reddish grey silica-carbonate listvenite; (f) Rhythmic banding of quartz and carbonates in 
silica-carbonate listvenite; (g) reddish brown carbonate listvenite; (h) stained carbonate listvenite forming banding with serpentinites and quartz. 
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hand specimen. Carbonate listvenite is not common and occurs as 
pockets and lenses of fine-to medium-grained rock. It is yellowish or 
reddish brown in color (Fig. 3g). A few carbonate listvenite outcrops are 
stained by iron oxide derived from oxidative weathering of Fe-bearing 
carbonates (Fig. 3h). 

3. Petrography 

Petrographic studies were carried out on both thin and polished 
sections of the listvenites and their host serpentinite. The field-based 
division of listvenite into carbonate and silica-carbonate varieties is 
confirmed by the petrographic studies. The petrographic characteristics 
of serpentinized peridotite and associated listvenites are described 
below. 

3.1. Serpentinite 

Massive and sheared serpentinite samples have the same mineral
ogical composition, but in the sheared type the minerals are aligned, 
defining a schistose foliation. Massive serpentinite is mostly fine-to 
medium-grained and greenish black. It consists essentially of serpen
tine minerals with accessory carbonates, tremolite, talc, chlorite and 
opaque minerals. Serpentine minerals show characteristic mesh and 
bastite textures indicating alteration of olivine and orthopyroxene, 
respectively. Primary silicate minerals are rarely preserved as fresh 
relics, but small rounded crystals of fresh primary orthopyroxene and 
olivine can be found (Fig. 4a and b). 

Antigorite is the essential serpentine mineral, displaying a feather- 
like habit in massive samples. A few chrysotile veinlets are present, 
suggesting minor retrograde metamorphism. Sparse cryptocrystalline 
magnesite occurs as discrete crystals, fine clusters, patches, and fill in 
through-going fractures. It is stained by reddish-brown by finely 

Fig. 4. Photomicrographs showing petrographic textures in serpentinite and listvenites between crossed nicols (a, b and c), plane-polarized transmitted light (d and 
f) and reflected light (e): (a) fresh relics of orthopyroxene; (b) fresh relics of primary olivine forming interlocking textures; (c) fibers of tremolite in serpentine matrix; 
(d) fuchsite flakes (light blue); (e) fine speck of gold associated with pyrite; (f) euhedral crystal of Cr-spinel. 
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disseminated iron oxide inclusions. The large magnesite crystals show 
kink banding and fragmentation as well as recrystallization into fine- 
grained aggregates. Chlorite occurs as fine flakes randomly distributed 
among the serpentine minerals and carbonates and as rims around 
altered Cr-spinels, especially ferritchromite. Tremolite and anthophyl
lite occur as fibrous aggregates embedded in serpentine matrix or as 
veinlets (Fig. 4c), especially in the serpentinite developed from dunite 
protoliths. 

Opaque minerals include sulfides, magnetite and Cr-spinel. The 
sulfides include pyrite, chalcopyrite, pyrrhotite and pentlandite. Pyrite 
occurs mainly as euhedral to subhedral grains randomly scattered 
among the serpentine minerals. Chalcopyrite occurs as homogenous 
subhedral to anhedral crystals as well as intergrowths with pyrite. 
Pyrrhotite is replaced partially or completely by pyrite which, in turn, is 
oxidized to goethite. Pentlandite is found mainly as small, randomly 
scattered, anhedral to rounded grains. It is commonly altered to garni
erite and Ni-magnetite. Cr-spinel forms deep reddish-brown, euhedral to 
subhedral crystals that are slightly affected by alteration along grain 
boundaries and cracks. It is partly replaced by inner rims of ferritchro
mite and outer rims of Cr-bearing magnetite. Magnetite shows martiti
zation due to oxidation. Scarce gold is observed in situ as very fine specks 
along fractures. 

3.2. Silica-carbonate listvenite 

Silica-carbonate listvenite samples show a wide range of grain sizes, 
but medium-grained samples are most common. It consists essentially of 
quartz and carbonates with accessory talc, chlorite, fuchsite, goethite, 
illite, vermiculite, fluorapatite, rutile, barite, baddeleyite, and opaque 
minerals. The modal quartz fraction may be nearly equal to or somewhat 
greater than that of carbonates. The rhythmic banding of quartz and 
carbonate minerals is expressed at thin-section scale. Sometimes, the 
essential minerals show weak preferred orientation and fine magnetite 
trails define the rock foliation. Late silica and carbonate veinlets are 
common. Relics of serpentine minerals with mesh texture after olivine 
are observed in some samples of silica-carbonate listvenite, hinting at 
their ultramafic protolith. 

Quartz forms large anhedral crystals, fine aggregates, and patches. 
Two stages of silicification are recognized. The first was contempora
neous with carbonatization and led to the formation of microcrystalline 
quartz, whereas the second stage postdates carbonatization and resulted 
in coarse quartz crystals corroding the carbonate minerals and filling 
fractures. The quartz veins cutting silica-carbonate listvenite are brec
ciated and consist of variously-sized quartz clasts cemented by rhombs 
of siderite. Fractures in quartz are filled with calcite. 

The carbonates are mainly magnesite with minor calcite, dolomite, 
siderite, and ankerite. Two generations of magnesite are observed. The 
first generation is often stained with iron oxides. Fine specular hematite 
decorates the grain boundaries and grains may show polysynthetic 
twinning outlined by trails of oriented fine magnetite. The second gen
eration is represented by later magnesite veinlets and filled fractures, 
highly stained by Fe-oxides. Calcite occurs as coarse stained crystals 
among the magnesite and as veinlet filling. Veinlet calcite includes both 
equant interlocked crystals and elongated crystals perpendicular to the 
walls of fractures. Dolomite occurs as zoned rhombs forming bands 
concordant to the rock foliation. Later siderite rhombs are observed, 
particularly along silicified fractures. 

Fuchsite is observed in some, but not all, samples of silica-carbonate 
listvenite. It is characterized by its diagnostic green color in plane- 
polarized light (Fig. 4d) and shows an intimate relationship with high
ly altered Cr-spinel, often forming a continuous mantle around Cr-spinel 
relics. Fuchsite also occurs as surface veneers, thin bands, fine green 
flakes, inclusions in carbonates, and cavity fillings. Talc is formed at the 
expense of magnesite and occurs as dense aggregates that are occa
sionally oriented along micro-shear planes. Talc also occurs as large 
plates and fine aggregates associated with antigorite bundles. Chlorite 

occurs as fine flakes squeezed between magnesite and quartz. 
Opaque minerals in the silica-carbonate listvenite include Cr-spinel, 

magnetite, sulfides, nickelphosphide, gold, and patches of Cu mineral
ization. Cr-spinel is brecciated and occurs as lensoidal crystals altered to 
ferritchromite at their margins. Rarely, it contains silicate inclusions, 
altered to chlorite and serpentine. Magnetite occurs as fine, euhedral to 
anhedral grains interstitial between quartz and carbonates or filling 
veinlets. Oriented magnetite streaks may trace the original cleavage 
planes of orthopyroxene in replaced patches of former bastite-textured 
serpentine. Sulfides are represented by pyrite, pyrrhotite, wurtzite, 
galena, arsenopyrite, molybdenite, “femolite”, and chalcopyrite. Euhe
dral pyrite grains are mildly oxidized to goethite. Some pyrite crystals 
are rimmed by later chalcopyrite and others are replaced by arsenopy
rite. Pyrrhotite occurs as anhedral to subhedral crystals associated with 
pyrite or as anhedral specks along fractures. Some pyrrhotite crystals are 
corroded and replaced by pyrite and others are perfect, homogeneous, 
six-sided crystals. Very rare and fine composite chalcopyrite-pyrrhotite 
crystals are observed. Sphalerite occurs as fine disseminated crystals. 
Nickelphosphide occurs as euhedral and subhedral crystals. Gold occurs 
as fine specks associated with altered pyrite (Fig. 4e), needle-like crys
tals and blebs in the quartz veinlets and along fractures in the rock. Also, 
it occurs as inclusions within large quartz crystals. The patches of Cu 
mineralization include dioptase, tenorite, and what appears to be a fine 
aggregate with a (Cu, Fe, Zn)-silicate composition. The identification of 
accessory minerals, e.g. gold included in goethite, was confirmed by EDS 
analysis in the SEM (see section 5, Mineral Chemistry). 

3.3. Carbonate listvenite 

Carbonate listvenite is reddish brown in color due to pervasive 
staining by Fe oxides. It consists essentially of carbonates (>65 vol%) 
with smaller amounts of quartz (<30%) and minor talc, chlorite, 
goethite, baddeleyite, barite, and opaque minerals. Carbonates include 
mainly magnesite with less calcite, dolomite, and occasional siderite. 
Magnesite forms granular, optically zoned, lenticular crystals as well as 
fracture-fill. The coarse magnesite shows a variety of deformation fea
tures, ranging from kink to fragmentation and recrystallization into fine- 
grained, highly-stained magnesite aggregates. Rarely, coarse stained 
magnesite crystals are partly replaced by fine talc flakes. Calcite veinlets 
are sometimes concordant with rock foliation and are occasionally dis
placed along micro-faults. Dolomite occurs as late, coarse-grained veins 
that crosscut the other minerals. Microcrystalline quartz is overgrown 
and cut by batches and veinlets of magnesite. Chlorite occurs as fine 
interstitial flakes. 

Opaque minerals include Cr-spinel, pyrite, pyrrhotite, chalcopyrite, 
magnetite, nickelphosphide and gold alloy. Pyrite occurs as subhedral to 
euhedral crystals; some are visibly sheared. Pyrite is mostly fresh but 
may be altered along fractures or margins to colloform goethite. The 
replacement of pyrite by goethite indicates a coupled process of oxida
tion and hydration. Chalcopyrite occurs as homogenous subhedral to 
anhedral crystals as well as intergrowths with pyrite, altered in places to 
covellite. Nickelphosphide is documented in some samples. Cr-spinel is 
fractured and rarely occurs as euhedral crystals, altered at the margins 
into ferritchromite and Cr-magnetite (Fig. 4f). Magnetite shows varia
tion in the grain size and slight martitization. Magnetite is strictly 
confined to the cores of coarse magnesite crystals. Native gold in car
bonate listvenite is rare and occurs as fine anhedral crystals. 

4. Analytical methods 

Representative samples of listvenites and associated serpentinite 
were selected for the preparation of polished thin sections for micro
probe analyses. Mineral chemical analyses were performed at the Divi
sion of Geological and Planetary Sciences, California Institute of 
Technology, USA (Caltech) on carbon-coated polished thin sections 
using a five-spectrometer JEOL JXA-8200 electron microprobe. 
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Operating conditions were 15 kV accelerating voltage, 25 nA beam 
current, a focused beam (1 μm), 20 s on-peak counting times, the mean 
atomic number background subtraction method, a mix of natural and 
synthetic mineral standards, and the CITZAF matrix correction routine. 

Backscattered electron images and energy dispersive X-ray spectra 
(EDS) were obtained with the Zeiss 1550VP field-emission scanning 
electron microscope (SEM) in the Division of Geological and Planetary 
Sciences at Caltech. To detect heavy elements, a 25 kV primary beam 
was chosen and spectra were collected in the 0–20 kV range. To achieve 
high spatial resolution and reduce contamination of the spectra of small 
grains by electron penetration and secondary fluorescence from neigh
boring phases, the accelerating voltage was reduced for some acquisi
tions to 15 or 8 kV. Deadtime was maintained below 60% and spectra 
were integrated for 60 s of live time. The EDS detector is a Si-drift type 
Oxford Max, and data were processed with Oxford’s AZTec software, 
using factory standards for quantification. 

Representative samples of listvenites (20 silica-carbonate listvenite 
and 7 carbonate listvenite) and serpentinite (13 samples) were analyzed 
for bulk chemistry (major, trace and REE) at Activation Laboratories Ltd. 
(Actlabs, Canada). The samples for chemical analyses were crushed in an 
agate mortar, quartered several times to obtain representative samples, 
and powdered to ~40 mesh in an agate ring mill. The major oxides were 
measured by lithium metaborate/tetraborate fusion ICP-AES. Trace and 
rare earth elements were measured by ICP-MS following lithium borate 
fusion and acid digestion. In addition, a separate 0.5 g split was digested 
in hot (95 ◦C) Aqua Regia and analyzed by ICP-MS to determine precious 
and base metals. All trace and REE elements concentration are given in 
μg g−1 (parts per million) except that gold is given in ng g−1 (parts per 
billion). Loss on ignition (LOI) was determined by weight difference 
after ignition at 1000 ◦C. Precision and accuracy were controlled by 
analysis of international reference materials and replicate analyses and 
are 1% for major elements and 2%–5% for trace elements. 

5. Mineral chemistry 

The identification of the essential and accessory minerals under the 

microscope was refined and supported by microprobe, SEM/EDS and 
EBSD. However, not all observed essential mineral phases were suitable 
for microprobe analysis due to the limited number of elements that can 
be analyzed in a practical protocol and poor totals for carbonates; 
microprobe data are presented only for arsenic-bearing goethite and for 
illite. A number of accessory minerals that are too small for quantitative 
electron probe analysis were identified and analyzed with energy- 
dispersive X-ray spectroscopy on a high-resolution field-emission SEM. 
They include gold and gold alloys, sulfides, clay minerals, carbonates, a 
Ce-rich ZrO2 phase (possibly baddeleyite), Cu minerals, and barite. 
Selected backscatter images and EDS spectra of these minerals are re
ported in Supplementary Fig. 1S to 6S. The complete mineral chemistry 
dataset is given in the Electronic Appendix (Supplementary Tables A1 to 
A3). 

The most notable features of the mineral chemistry dataset are: (1) 
the highly elevated concentration of arsenic (average 7.9 wt% and up to 
13.1 wt% As2O3) in goethite in mineralized silica-carbonate listvenite 
only, (2) the variety of sulfides in silica-carbonate listvenite whether 
mineralized or not, (3) the confirmed presence of pure Au in mineralized 
silica-carbonate listvenite versus the presence of Au–Pd–Pt alloy in 
carbonate listvenite, (4) the unusual Ce- and Zr-rich phase or fine 
aggregate in both mineralized silica-carbonate listvenite and in car
bonate listvenite, and (5) the unidentified (Fe, Cu, Zn)-silicate or fine 
aggregate in Cu mineralized veins in mineralized silica-carbonate 
listvenite. 

6. Geochemistry 

6.1. Serpentinites 

Whole rock geochemical data and the normative compositions of the 
serpentinized ultramafic samples from the Bir Umq ophiolite are shown 
in Tables 1 and 2. The analyzed serpentinites have high LOI values 
(12.1–14.3 wt%), reflecting their near-complete transformation to 
serpentine (which has ~13 wt% structural H2O). They have SiO2 con
tents ranging between 35.8 and 41.2 wt% and are high in MgO 

Table 1 
Major oxides and normative mineralogy in serpentinite of the Bir Umq ophiolite.  

Rock type Serpentinized dunite Serpentinized harzburgite 

Sample No. BUD1 BUD2 BUD3 BUD4 BUH1 BUH2 BUH3 BUH4 BUH5 BUH6 BUH7 BUH8 BUH9 

Major oxides (wt.%) 
SiO2 35.78 36.04 36.6 36.65 38.88 38.53 39.9 39.46 40.58 41.18 38.03 37.04 37.76 
TiO2 0.02 <d.l. 0.03 0.04 0.02 <d.l. 0.03 0.01 <d.l. 0.02 0.01 <d.l. 0.02 
Al2O3 0.62 0.58 0.52 0.56 0.67 0.64 0.63 0.63 0.71 0.48 0.75 0.68 0.61 
Fe2O3

T 6.88 7.22 7.06 6.74 7.48 6.98 7.98 7.54 7.06 7.3 7.88 7.76 8.1 
MnO 0.07 0.09 0.06 0.08 0.08 0.06 0.09 0.07 0.09 0.07 0.07 0.11 0.08 
MgO 41.82 42.42 42.67 41.91 38.02 38.07 38.02 37.97 37.57 38.09 38.71 39.42 38.81 
CaO 1.16 0.97 0.61 0.89 1.15 1.24 0.47 0.68 0.31 0.28 0.62 0.79 0.77 
Na2O 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
K2O 0.02 <d.l. 0.01 0.01 <d.l. 0.01 0.02 <d.l. 0.01 0.01 0.01 0.01 0.01 
P2O5 0.02 0.01 <d.l. 0.02 0.02 0.02 0.02 0.03 0.02 0.01 0.01 0.02 <d.l. 
LOI 13.29 12.46 12.09 13.15 13.38 14.21 12.68 13.18 13.38 12.24 14.33 14.1 13.43 
Total 100.1 99.81 99.67 100.06 99.71 99.77 99.89 99.58 99.74 99.69 100.41 99.94 99.6 
CIPW norm 
Orthoclase – – 0.07 0.07 – 0.07 0.14 – 0.07 0.07 0.07 0.07 0.07 
Albite – 0.2 0.19 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
Anorthite 1.79 1.72 1.49 1.68 2.08 1.97 1.87 1.95 1.64 1.42 2.31 2.09 1.86 
Diopside 5.51 2.94 1.56 2.57 3.47 4.01 0.53 1.38 – 0.08 0.95 1.85 2.05 
Hypersthene – 1.88 5.71 7.09 25.01 23.53 32.34 30.5 38.85 39.18 22.27 15.4 19.77 
Olivine 90.34 90.96 88.68 86.18 66.91 68.05 62.46 63.63 56.88 56.83 71.81 78.01 73.61 
Magnetite 1.76 1.84 1.79 1.73 1.93 1.8 2.04 1.93 1.82 1.85 2.03 2.01 2.09 
Hematite – – – – – – – – – – – –  
Ilmenite 0.04 – 0.07 0.09 0.04 – 0.07 0.02 – 0.04 0.02 − 0.04 
Apatite 0.05 0.03 – 0.05 0.05 0.05 0.05 0.08 0.05 0.03 0.03 0.05 - 
Colour Index 97.65 97.62 97.8 97.66 97.36 97.4 97.44 97.46 97.54 97.98 97.09 97.27 97.56 
Diff. Index – 0.2 0.26 0.17 0.1 0.17 0.23 0.1 0.17 0.17 0.17 0.17 0.17 
Mg# 0.92 0.92 0.92 0.92 0.91 0.92 0.90 0.91 0.91 0.91 0.91 0.91 0.90 
MgO/SiO2 1.17 1.18 1.17 1.14 0.98 0.99 0.95 0.96 0.93 0.92 1.02 1.06 6  
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(37.6–42.7 wt%) and Fe2O3 (6.74–8.10 wt%). All the incompatible ox
ides that are extracted from residual peridotites by melting are low or 
very low: TiO2 < 0.03 wt%, Al2O3 < 0.75 wt%, CaO 0.28–1.56 wt%, 
K2O < 0.02 wt%, and Na2O < 0.02 wt%. Using the normative miner
alogy, the serpentinized ultramafic rocks are classified as harzburgite 
and dunite (Fig. 5a). The serpentinized ultramafic samples after harz
burgite are richer in SiO2 (≥38.5 wt%) and lower in MgO (≤38.1 wt%) 
than those after dunite (≤38.0 wt% SiO2 and ≥38.7 wt% MgO). All 
serpentinite samples have high Mg# (0.90–0.91, av. 0.91), consistent 
with oceanic mantle peridotites (Mg# > 0.89; Bonatti and Michael, 
1989) and similar to the Mg# of other reported serpentinites in the 
Arabian Shield (e.g., Gahlan et al., 2020b, 2021, Abuamarah et al., 
2020; Moussa et al., 2021). The major element bulk compositions of the 
serpentinites can be understood as the end-product of partial melt 
extraction followed by hydration (Fig. 6). We show these relations in 

general terms by plotting a polybaric fractional melt extraction trend 
beginning with the McDonough and Sun (1995) primitive mantle 
composition and computed using the pMELTS model (Ghiorso et al., 
2002). The hydration trend schematically shows the difference between 
the observed bulk compositions and their anhydrous equivalents. 

The trace element contents of the serpentinized ultramafic samples 
form well-defined patterns, with about 50% relative variability within 
each lithologic group among elements present at greater than the 1 μg 
g−1 level (Table 2). Some of the variability among samples is correlated 
with major element chemistry and reflects variable magmatic depletion; 
some variability is analytical, particularly in the very low concentration 
elements; and some variability likely reflects variable open system 
redistribution of elements during serpentinization and later alteration. 
Many trace elements are at or below detection limits in the serpentinite 
samples. The overall trace element chemistry of each group (i.e. 

Table 2 
Trace and REE elements in serpentinite of the Bir Umq ophiolite.  

Rock type Serpentinized dunite Serpentinized harzburgite 

Sample No. BUD1 BUD2 BUD3 BUD4 BUH1 BUH2 BUH3 BUH4 BUH5 BUH6 BUH7 BUH8 BUH9 

Trace elements (μg g–1) 
Sc 6.22 5.83 6.14 6.38 6.45 7.11 5.22 8.64 6.54 5.85 8.07 6.5 8.36 
Ba 2.76 3.87 2.66 2.33 4.87 5.61 4.54 4.44 4.33 3.66 6.84 4.55 4.47 
Be 0.86 0.73 0.92 0.49 1.4 0.38 0.42 0.12 0.07 0.14 <d.l. 1.15 0.7 
Ni 2424.66 2818.66 2584.66 2737.33 2343 2279.66 2455 2013.25 2125.33 2055.66 2259.5 2062 2239.66 
Co 107.73 104.96 113.1 108.56 115.2 103.56 118.37 110.32 94.78 94.06 110.07 101.16 102.34 
Cs 0.44 0.59 0.38 0.35 0.32 0.29 0.08 0.12 0.24 0.1 0.17 0.19 0.21 
Ga 1.11 1.26 1.04 1.21 1.05 0.88 1.35 1.15 1.07 0.91 1.08 1.17 1.13 
Hf 0.1 0.14 0.09 0.08 0.08 0.09 0.1 0.06 0.09 0.09 <d.l. 0.2 0.1 
Nb 0.21 0.23 0.19 0.16 0.16 0.1 0.15 0.12 0.13 0.14 0.1 0.15 0.1 
Rb 0.98 1.42 1.03 0.83 1.09 0.79 0.92 0.89 0.77 0.84 0.23 0.37 0.21 
Sn 1.03 1.23 0.92 1.18 0.87 0.24 0.31 0.18 0.14 0.17 0.43 0.53 0.46 
Sr 8.62 6.25 5.98 7.27 12.27 13.04 11.78 10.54 12.39 10.79 11.65 8.35 10.36 
Ta 0.01 0.03 0.01 0.03 0.02 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.03 
Th <d.l. 0.05 0.02 0.02 0.05 0.04 0.04 0.05 0.03 0.04 0.04 0.06 0.07 
U 0.04 0.02 0.03 0.01 0.06 0.05 0.04 0.04 0.02 0.03 0.06 0.05 0.05 
V 29.96 30.53 32.43 29.76 29.14 30.28 26.55 30.62 27.03 26.6 41.85 32.12 30.96 
W 2.21 2.36 1.71 1.98 0.61 0.43 0.75 0.59 0.68 0.56 2.35 1.75 1.23 
Zr 2.26 1.94 2.06 2.08 2.4 1.96 2.72 2.02 1.92 2.2 2.11 2.17 2.21 
Y 0.46 0.52 0.41 0.35 0.47 0.47 0.32 0.43 0.37 0.38 0.31 0.33 0.3 
Mo 0.13 0.05 0.12 0.14 0.08 0.15 0.14 0.21 0.06 0.14 0.08 0.06 0.21 
Cu 6.08 6.47 6.34 6.43 5.66 6.65 8.61 7.04 4.16 4.73 7.33 4.78 3.96 
Pb 0.37 0.56 0.35 0.48 0.49 0.52 0.49 0.51 0.53 0.47 1.95 0.54 1.25 
Zn 46.81 50.23 46.74 47.88 45.23 42.3 48.45 46.77 45.14 45.16 12.12 19.17 22.08 
As 14.48 16.83 9.1 7.96 10.53 8.49 9.46 7.62 9.67 15.15 14.25 14.55 12.53 
Cd 0.08 <d.l. 0.15 <d.l. <d.l. 0.04 <d.l. <d.l. 0.11 <d.l. 0.12 <d.l. <d.l. 
Sb 0.48 0.44 0.51 0.52 0.63 0.53 0.79 0.68 0.37 0.33 0.44 0.49 0.64 
Bi 0.14 0.17 0.11 0.16 0.08 0.05 0.12 0.15 0.07 0.11 0.08 0.14 0.17 
Ag 0.03 0.04 0.02 0.03 0.03 <d.l. <d.l. 0.03 0.03 0.02 <d.l. 0.1 <d.l. 
Au (ng g–1) 0.99 1.06 0.89 1.01 1.14 0.84 2.31 1.32 1.75 0.94 1.27 1.56 0.86 
Hg 0.06 0.04 0.05 0.07 0.11 0.08 0.12 0.05 0.07 0.08 0.06 0.04 0.02 
Se 0.34 0.21 0.22 0.26 0.31 0.25 0.27 0.41 0.38 0.49 0.37 0.44 0.28 
Cr 2660.68 2800.07 2669.52 2946.43 2697.25 2314.43 2203.77 2438.47 2067.72 2032.64 1572.17 1778.07 1318.62 
Li 2.36 2.64 2.54 1.96 1.64 3.52 1.43 2.31 4.08 2.83 1.47 2.07 1.67 
REE (μg g–1) 
La 0.173 0.212 0.229 0.141 0.166 0.178 0.148 0.125 0.166 0.215 0.191 0.107 0.179 
Ce 0.384 0.452 0.518 0.321 0.358 0.412 0.336 0.283 0.353 0.473 0.419 0.246 0.388 
Pr 0.053 0.062 0.065 0.043 0.047 0.052 0.047 0.04 0.047 0.062 0.057 0.034 0.05 
Nd 0.226 0.256 0.279 0.18 0.198 0.221 0.194 0.168 0.205 0.256 0.237 0.154 0.204 
Sm 0.064 0.072 0.071 0.053 0.049 0.052 0.056 0.047 0.053 0.066 0.069 0.044 0.053 
Eu 0.021 0.024 0.023 0.021 0.017 0.016 0.018 0.019 0.018 0.022 0.021 0.017 0.016 
Gd 0.061 0.071 0.074 0.063 0.055 0.057 0.056 0.052 0.059 0.069 0.072 0.048 0.053 
Tb 0.011 0.012 0.013 0.011 0.01 0.01 0.01 0.009 0.01 0.011 0.012 0.008 0.009 
Dy 0.066 0.073 0.083 0.074 0.063 0.065 0.068 0.059 0.066 0.079 0.081 0.052 0.062 
Ho 0.014 0.016 0.018 0.015 0.014 0.014 0.015 0.013 0.014 0.017 0.018 0.011 0.014 
Er 0.039 0.045 0.051 0.043 0.039 0.04 0.044 0.038 0.041 0.051 0.053 0.032 0.041 
Tm 0.006 0.007 0.008 0.007 0.006 0.006 0.007 0.006 0.006 0.008 0.008 0.005 0.006 
Yb 0.04 0.046 0.053 0.045 0.041 0.041 0.045 0.041 0.04 0.052 0.053 0.034 0.041 
Lu 0.006 0.007 0.008 0.007 0.006 0.006 0.007 0.006 0.006 0.008 0.008 0.005 0.006 
Eu/Eu* 1.03 1.03 0.97 1.11 1.00 0.90 0.98 1.17 0.98 1.00 0.91 1.13 0.92 
(La/Yb)N 2.92 3.12 2.92 2.12 2.74 2.94 2.22 2.06 2.81 2.80 2.44 2.13 2.95 
(La/Sm)N 1.71 1.86 2.04 1.68 2.14 2.16 1.67 1.68 1.98 2.06 1.75 1.53 2.13 
(Gd/Lu)N 1.25 1.24 1.13 1.10 1.12 1.16 0.98 1.06 1.21 1.06 1.10 1.18 1.08 
(La/Lu)N 2.95 3.10 2.93 2.06 2.83 3.04 2.17 2.13 2.83 2.75 2.45 2.19 3.06  
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serpentinites after harzburgite and after dunite) is well-represented by 
plotting the average of each group on a primitive mantle (PM)- 
normalized trace element diagram (Fig. 5b). At the scale of this diagram, 
all the individual sample patterns are similar to the averages, and the 
harzburgite and dunite groups show similar patterns as well. Many trace 
elements in the serpentinite samples are, perhaps by coincidence, close 

to primitive mantle concentrations. There are modest depletions (less 
than a factor of 5) in Ba, Cu, Sc, V, Ga. The compatible elements Ni 
(2013–2818 μg g−1), Cr (1318–2946 μg g−1) and Co (94–118 μg g−1) are 
clustered close to primitive mantle values. Most of the serpentinite 
samples are enriched to highly enriched in a number of fluid-mobile 
elements (As, W, Pb, Sb and Cs). There is no significant enrichment in 
Au (0.84–2.31 ng g−1). The trace element patterns do not resemble at all 
the expectation for a fresh, highly depleted residual peridotite; there is 
no particular relationship between trace element enrichment or deple
tion and compatibility during mantle melting. Rather the trace elements 
reflect comprehensive metasomatism during interaction with fluids that 
percolated during serpentinization or later alteration events such as 
carbonatization (Deschamps et al., 2013; Olivier and Boyet, 2006). 

REE concentrations of the serpentinite samples are listed in Table 2. 
The chondrite-normalized REE patterns for the averages of the two 
compositional groups of serpentinite samples (i.e., after harzburgite and 
dunite) are presented in Fig. 5c (using the normalizing values of Evensen 
et al., 1978). Overall REE concentrations are very low. Total REEs range 
from 0.80 to 1.49 μg g−1 and CI-normalized concentrations are between 
0.2 and 0.9x. The REE patterns in samples from dunite protoliths (ΣREE 
= 1.02–1.49 μg g−1, av. 1.26 μg g−1) are parallel to and slightly above 
those harzburgite protolith samples (0.80–1.39 μg g−1, av. 1.10 μg g−1). 
The average patterns of both groups are concave-up, with negative 
slopes indicating modest enrichment of LREE [(La/Lu)N = 2.06–3.10] 
and nearly flat HREE [(Gd/Lu)N = 0.98–1.25]. There are no significant 
anomalies in Eu in serpentinite samples; values of Eu/Eu* are within 
analytical error of unity. 

As with the broader trace element pattern, the REE patterns do not 
share any common features with the expected signatures of fresh re
sidual mantle peridotites. Rather the budget of REEs and their patterns 
are likely controlled by transfer from and exchange with serpentinizing 
fluids (Paulick et al., 2006; Deschamps et al., 2013). The patterns are 
similar to a number of serpentinite localities in the Eastern Desert of 
Egypt (Mubarak et al., 2020) and in Saudi Arabia (Gahlan et al., 2021). 
The modestly higher REE budget in serpentinized dunite samples may 
reflect differences in REE compatibility in serpentine with different 
Si/(Mg + Fe) ratio or it may reflect REE uptake in minor secondary 
mineral phases such as tremolite and anthophyllite. It has been shown, 
for example, that amphiboles can incorporate significant amounts of 
REE at hydrothermal temperatures (e.g., Gillis and Meyer, 2001; Boschi 
et al., 2006). 

6.2. Listvenites 

Twenty-seven representative listvenite samples (7 carbonate list
venite, 8 non-mineralized silica-carbonate listvenite, and 12 mineralized 
silica-carbonate listvenite samples) were analyzed for major oxides, 
trace and rare earth elements. The major oxide and trace element con
centration data are given in Tables 3–5. As expected from the very 
different petrographic mineralogy of the listvenite varieties, they differ 
in major oxide composition, notably in SiO2, Fe2O3

T, CaO, MgO, K2O 
and volatile contents (LOI). The major element whole-rock chemistry of 
the listvenite samples is shown in Fig. 6, alongside the serpentinite 
samples. Key end member minerals such as quartz, magnesite, dolomite, 
calcite, magnetite, and serpentine are indicated where appropriate. A 
SiO2–Fe2O3-(MgO+CaO) ternary diagram (Fig. 6a) neatly separates the 
serpentinite and listvenite samples into the groups previously defined on 
the basis of hand-sample and petrographic observation. Relative to their 
presumed serpentinite protoliths, carbonate listvenite samples have 
gained CaO+MgO relative to SiO2, whereas the silica-carbonate list
venite samples (mineralized or not) have gained SiO2 relative to 
CaO+MgO. 

The SiO2 content of listvenite samples is highly variable. Carbonate 
listvenite samples have 17.8–26.3 wt% SiO2, whereas silica-carbonate 
listvenite samples have 33.8–52.1 wt% SiO2. Although all listvenite 
samples have lower MgO contents than any serpentinite samples, 

Fig. 5. Whole-rock chemistry plots for serpentinized peridotites: (a) ternary 
classification diagram for ultramafic rocks (Coleman, 1977), (b) Primitive 
mantle-normalized trace element patterns for the averages of the Bir Umq 
serpentinites. Normalization values from McDonough and Sun (1995). (c) 
Chondrite-normalized rare earth element patterns of the averages of Bir Umq 
serpentinite and listvenite groups. Chondrite normalization values are from 
Evensen et al. (1978). 
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Fig. 6. Whole-rock major element chemical 
compositions of the Bir Umq listvenites: (a) 
SiO2–Fe2O3-(MgO + CaO) ternary diagram. (b) 
SiO2 vs. MgO. (c) SiO2 vs. CaO. (d) MgO vs. LOI. 
(e) SiO2 vs. Fe2O3. (f) SiO2 vs. K2O. (g) SiO2 vs. 
Al2O3. (h) MgO vs. CaO. The primitive mantle 
composition is from McDonough and Sun 
(1995); the melt extraction trend is calculated 
with pMELTS (Ghiorso et al., 2002); typical 
serpentine compositions are from Deer et al. 
(1992); other mineral end member shown are 
pure stoichiometric compositions.   
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carbonate listvenite yields higher MgO (28.1–33.4 wt%) than silica- 
carbonate listvenite (15.6–23.7 wt%) (Fig. 6b). All varieties of listven
ite show remarkable enrichment in CaO relative to serpentinite (Fig. 6c), 
reflecting formation of some calcite in listvenite as opposed to exclu
sively magnesite in serpentinite. Carbonate listvenite samples yield very 
high loss on ignition, 28.7–34.6 wt%. LOI in silica-carbonate listvenite 
samples, though still elevated relative to serpentinite, is notably lower at 
16.1–26.8 wt% (Fig. 6d). The carbonate listvenite samples contain total 
iron content slightly higher than silica-carbonate listvenite, but lower 
than the serpentinite samples (Fig. 6e), likely reflecting the presence of 
siderite and ankerite among the carbonates. The silica-carbonate list
venite samples containing visible fuchsite under the microscope have 
higher contents of K2O and Al2O3 than the other samples (Fig. 6f and g 
and Tables 4 and 5). 

The compositions of the various listvenite samples form an apparent 
mixing line in MgO–SiO2 space between magnesite and quartz compo
nents (Fig. 6b), reflecting the dominance of magnesite among the car
bonate fraction. This is consistent with the abundance of magnesite in 
other listvenite occurrences worldwide (e.g., Hinsken et al., 2017). On 
the other hand, CaO contents are uncorrelated with SiO2 (Fig. 6c) and 
only weakly correlated with MgO (Fig. 6h), suggesting a roughly 

constant abundance of calcite or dolomite, mostly as late cross-cutting 
veins, in all listvenite varieties. 

The three varieties of listvenite each display a characteristic trace 
element signature, with variability within each group notably smaller 
than differences between the groups (Tables 3–5). The carbonate list
venite samples are typically lower in the concentrations of most trace 
elements, especially fluid-mobile elements, than the silica-carbonate 
listvenite samples. The silica-carbonate listvenite samples designated 
as mineralized display extraordinary and well-correlated enrichments in 
certain elements, notably Zn, Pb, Cu, Ag, As, and Au (Fig. 7a–e). Many of 
these elements form stable sulfide phases such as arsenopyrite, wurtzite, 
galena, and chalcopyrite that are often associated with Au and Ag 
mineralization. In the Bir Umq suite as a whole, Ni correlates with MgO 
and both concentrations are notably lower in listvenite than in associ
ated serpentinite (Fig. 7f), suggesting that Ni is either removed or 
diluted during listvenitization of serpentinized ultramafic rocks. 

The primitive mantle (PM)-normalized trace elements patterns 
(normalization values of McDonough and Sun, 1995) for listvenite 
samples (Fig. 8a) ggenerally show slight to moderate enrichment in 
large ion lithophile elements (LILE = Rb, Ba, U), and relative depletion 
in high field strength elements (HFSE, e.g. Ta). The mineralized 

Table 3 
Major oxides and trace elements in carbonate listvenite of the Bir Umq ophiolite.  

Rock type Carbonate listvenite 

Sample No. HS2 HS7 HS9 HS11 HS14 HS18 HS25 

Major oxides (wt%) 
SiO2 25.12 24.64 26.32 27.07 18.53 17.8 20.26 
TiO2 0.02 0.01 <d.l. 0.03 0.01 <d.l. 0.02 
Al2O3 0.25 0.28 0.28 0.38 0.5 0.4 0.6 
Fe2O3

T 5.67 5.56 5.7 5.28 5.91 6.44 5.78 
MnO 0.11 0.08 0.11 0.07 0.99 1.12 0.86 
MgO 28.08 29.77 29.69 29.24 32.36 33.42 33.34 
CaO 6.66 6.44 6.3 7.23 6.77 5.52 6.02 
Na2O 0.01 0.01 <d.l. 0.01 <d.l. 0.01 <d.l. 
K2O 0.17 0.22 0.39 0.15 0.11 0.06 0.26 
P2O5 <d.l. 0.01 0.02 <0.01 0.03 <d.l. 0.03 
LOI 32.11 32.53 29.5 28.68 33.81 34.56 32.05 
Total 98.2 99.55 98.31 98.14 99.02 99.33 99.22 
Trace elements (μg g–1) 
Sc 4.64 4.17 5.02 5.14 4.08 3.33 4.84 
Ba 32.45 19.55 25.7 26.55 14.44 111.89 17.07 
Be 1.1 4.94 1.32 1.26 2.06 2.09 2.03 
Ni 1435.11 1534.52 1621.08 1751.51 1381.47 1605.62 1458.07 
Co 77.75 81.74 93.28 83.06 74.87 63.54 86.25 
Cs 0.18 0.14 <d.l. 0.25 0.43 0.36 0.51 
Ga 0.95 0.56 0.72 0.82 1.43 1.39 1.61 
Hf 0.24 <d.l. 0.15 0.12 0.16 0.12 0.14 
Nb 0.17 0.21 0.11 0.14 0.27 0.24 0.34 
Rb 2.25 1.18 2.24 1.78 4.67 4.27 6.62 
Sn 1.22 0.85 1.09 1.68 1.12 0.93 1.31 
Sr 232.66 227.81 161.68 200.5 145.27 121.66 118.89 
Ta 0.04 0.03 0.02 0.07 0.04 0.07 0.05 
Th 0.12 0.19 <d.l. 0.21 0.15 0.06 0.07 
U 0.09 0.16 0.12 0.11 0.09 0.05 0.08 
V 22.05 23.14 28.9 21.9 29.32 27.88 31.72 
W 1.25 1.43 1.76 2.28 1.13 0.54 1.73 
Zr 2.15 4.95 2.54 2.98 4.25 5.82 3.77 
Y 0.33 0.45 0.37 0.58 0.62 0.53 0.81 
Mo 0.24 0.17 0.26 0.14 0.22 0.18 0.14 
Cu 31.85 20.77 26.23 21.18 16.85 9.57 16.13 
Pb 7.35 6.85 18.64 16.15 5.87 6.69 13.06 
Zn 51.85 30.4 72.8 40.6 32.15 25.84 39.3 
As 22.4 28.75 45.05 48.3 28.54 30.13 26.89 
Cd 0.26 0.14 0.45 0.22 0.19 0.26 0.31 
Sb 1.55 2.95 1.86 2.75 6.02 3.31 7.73 
Bi 0.17 <d.l. 0.22 <d.l. 0.08 0.06 0.12 
Ag 0.31 <d.l. 0.97 0.13 0.02 0.04 0.03 
Au (ng g–1) 26.13 39.48 402.75 216.25 60.11 119.43 163.62 
Hg 0.73 0.67 0.78 0.46 0.39 0.47 0.54 
Se 0.56 0.45 0.45 0.44 0.38 0.42 0.33 
Cr 1498.81 1476.67 1559.42 1310.14 1602.58 1577.72 1489.43 
Li 9.11 8.14 10.31 12.46 13.58 12.65 14.66  
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silica-carbonate listvenite samples have higher concentrations of LILE 
and especially of fluid-mobile elements than the other listvenite sam
ples. Au concentrations, in particular, are 26–403 ng g−1 in carbonate 
listvenite, 152–545 ng g−1 in non-mineralized silica-carbonate listven
ite, and 2286–3712 ng g−1 in mineralized silica-carbonate listvenite. 

Rare earth element concentrations of listvenite samples are given in 
Table 6; the carbonate listvenite group stands out as having markedly 
higher REE abundances (

∑
REE = 1.90–2.83; av. 2.28 μg g−1) than the 

silica-carbonate listvenite group (
∑

REE = 0.56–2.08; av. 1.64 μg g−1). 
The averages of the chondrite-normalized REE patterns of each group of 
listvenite samples are given alongside the average serpentinite REE 
patterns in Fig. 5c. They show a slight enrichment in LREE relative to 
HREE [(LaN/Lu)N = 1.12–2.02]. The carbonate listvenite group has 
positive HREE slopes, yielding an overall concave-up pattern. Silica- 
carbonate listvenite groups show small negative Eu anomalies [(Eu/ 
Eu*) = 0.71–0.98], while the carbonate listvenite group exhibits small 
positive Eu-anomalies [(Eu/Eu*) = 1.01–1.52]. 

7. Discussion 

7.1. Alteration and metamorphism 

The ultramafic (and mafic) members of the Bir Umq ophiolite 
sequence are all highly altered and metamorphosed, with mineralogy 
and trace element signatures completely transformed from those ex
pected in residual peridotites and oceanic basalts. The mantle section 
experienced penetrative serpentinization, followed by more focused 
transformation along fault zones and shear planes, yielding carbonate 
and silica-carbonate listvenite, talc-carbonate rocks, and magnesite. 
Some of the silica-carbonate listvenite outcrops experienced a third 
episode of metasomatism, resulting in mineralization and enrichment of 
fluid-mobile metals to economic grade. Meanwhile, the associated mafic 
rocks were modified by chloritization and rodingitization. Although the 
petrographic and geochemical evidence indicates at least three 
sequential episodes of fluid-driven alteration, aspects of the process 
remain uncertain. In particular, the absolute timing of the alteration 
events and the origin, composition, and flux of fluids have all been the 
subject of some controversy. The conditions of pressure, temperature, 

Table 4 
Major oxides and trace element contents in non-mineralized silica-carbonate listvenite of the Bir Umq ophiolite.  

Rock type Non-mineralized silica-carbonate listvenite 

Sample No. HS1 HS8 HS10 HS12 HS13 HS19 HS20a HS21a 

Major oxides (wt%) 
SiO2 50.23 41.11 38.52 39.63 40.45 38.26 45.63 50.05 
TiO2 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 
Al2O3 0.67 0.55 0.57 0.53 0.53 0.45 1.81 1.48 
Fe2O3

T 3.78 5.19 5.35 5.18 6.08 6.45 4.64 4.27 
MnO 0.09 0.09 0.1 0.08 0.09 0.08 0.09 0.12 
MgO 15.59 22.3 21.63 23.29 23.67 23.04 17.76 17.88 
CaO 9.32 6.04 5.51 4.08 4.85 5.29 8.12 5.53 
Na2O 0.03 0.03 0.03 0.03 0.03 0.03 0.04 < 0.01 
K2O 0.52 0.49 0.51 0.52 0.51 0.49 1.18 1.23 
P2O5 0.07 0.02 0.02 0.02 0.02 0.02 0.05 0.04 
LOI 18.95 24.12 24.72 23.74 22.44 24.32 20.4 17.75 
Total 99.26 99.95 96.97 97.11 98.68 98.44 99.74 98.36 
Trace elements (μg g–1) 
Sc 4.15 3.98 4.65 5.08 5.28 4.76 3.81 4.69 
Ba 34.62 27.12 37.79 32.62 28.95 25.45 34.11 37.38 
Be 1.86 2.83 2.64 3.04 1.93 3.05 4.15 3.24 
Ni 1301.11 1464.61 1599.95 1467.45 1475.24 1583.61 1418.18 1393.34 
Co 54.43 75.78 69.18 59.67 71.78 63.8 51.17 62.47 
Cs 0.44 0.43 0.53 0.75 0.56 0.55 1.14 0.54 
Ga 1.75 0.88 1.34 0.99 1.14 0.87 0.97 0.88 
Hf 0.11 0.13 0.14 0.09 0.17 0.14 0.12 0.09 
Nb 0.13 0.06 0.08 0.11 0.08 0.12 0.14 0.09 
Rb 3.36 2.68 3.28 2.78 3.45 2.78 9.31 3.15 
Sn 1.08 0.78 1.02 0.91 1.11 1.05 1.33 0.86 
Sr 115.09 121.89 102.82 99.94 91.99 86.99 108.28 99.89 
Ta 0.08 0.04 0.01 0.05 0.06 0.02 0.04 0.04 
Th 0.08 0.11 0.13 0.09 0.14 0.17 0.07 0.07 
U 0.12 0.08 0.15 0.09 0.21 0.18 0.07 0.02 
V 26.49 31.83 27.83 29.66 30.49 34.16 33.05 38.62 
W 3.46 2.71 2.26 2.41 3.01 1.98 3.84 1.82 
Zr 2.06 2.21 3.98 2.78 2.65 3.11 3.65 3.83 
Y 1.28 0.56 0.53 0.79 0.46 1.03 0.67 0.57 
Mo 0.66 0.35 0.46 0.27 0.31 0.24 0.51 0.42 
Cu 52.09 56.56 44.98 39.44 42.98 37.78 65.61 74.53 
Pb 153.11 127.25 88.81 93.61 119.91 93.6 254.54 222.89 
Zn 125.86 124.36 82.52 86.36 133.69 106.02 139.05 126.08 
As 119.44 123.25 113.67 140.89 126.72 106.89 137.88 95.71 
Cd 0.56 1.27 1.36 0.46 0.67 0.56 0.52 0.29 
Sb 11.89 8.21 10.34 19.99 12.17 13.01 13.04 12.17 
Bi 0.08 0.07 0.11 0.12 0.13 0.09 0.17 0.09 
Ag 0.51 0.41 0.33 0.38 0.56 0.41 0.54 0.76 
Au (ng g–1) 305.05 226.8 151.53 211.08 307.46 213.16 398.75 545.08 
Hg 0.34 0.47 0.41 0.43 0.52 0.37 0.770 0.78 
Se 1.03 1.21 0.98 0.83 0.95 0.87 1.11 1.42 
Cr 1487.47 2103.3 2142.07 1969.87 2114.78 2311.92 2466.54 2076.24 
Li 5.87 6.66 8.09 7.74 7.14 6.98 8.72 6.38  

a Samples containing visible fuchsite. 
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and oxygen fugacity prevailing during each alteration episode still 
require definition as well. 

The metamorphic grade implied by the mineral assemblages in the 
serpentinized ultramafic rocks at Bir Umq range from upper greenschist 
facies (chrysotile/antigorite–ferritchromite-magnetite) to lower amphib
olite facies (talc–tremolite–antigorite–ferritchromite–magnetite). The 
conditions of initial serpentinization of the ultramafic series are best 
constrained by the petrographic observation that the dominant serpentine 
mineral in all the samples is antigorite. Lizardite is very minor and 
chrysotile is only found in late, cross-cutting veins. Antigorite is most 
commonly a product of prograde reaction (Deer et al., 1992), forming 
along a path of increasing pressure and temperature. The abundance of 
antigorite in Bir Umq serpentinites suggests formation at 400–600 ◦C 
during an early high-temperature stage of serpentinization (Evans, 2010). 
Lizardite, on the other hand, is most commonly a retrograde reaction 
product, forming along a path of decreasing temperature and pressure. 
This indicates that the latest episode of serpentinization records an episode 
of heating and burial (Deer et al., 1992). It is possible that initial retro
grade formation of lizardite was overprinted by a second event of prograde 
recrystallization to antigorite, however the preservation of well-defined 

mesh and bastite textures after olivine and orthopyroxene argues against 
such a two-stage serpentinization (Azer et al., 2019). 

Primary Cr-spinel relics are found in all the lithologic varieties of 
altered ultramafic samples at Bir Umq. In the serpentinized samples, as 
in the mantle sections of many other ophiolitic occurrences in the ANS 
(Shahien et al., 2021), Cr-spinel is altered to ferritchromite and 
Cr-magnetite along cracks and around the crystal boundaries. This is a 
post-magmatic alteration process that reflects fluid ingress along cracks 
and through the intergranular medium. The regular structure of these 
zones, with inner rims of ferritchromite separated by sharp composi
tional boundaries from outer rims of Cr-magnetite, suggests a two-stage 
process as opposed to progressively evolving conditions of temperature, 
fluid composition, and oxygen fugacity (Suita and Strieder, 1996; Barnes 
and Röeder, 2001; Arai et al., 2006). Alteration of Cr-spinel to ferrit
chromite is usually attributed to the effects of medium-grade meta
morphism (e.g., Thalhammer et al., 1990; McElduff and Stumpfl, 1991) 
approaching lower amphibolite facies conditions, as the crystal chem
istry of nanometric chlorite within ferritchromite indicates minimum 
temperature of 500 ◦C (Mellini et al., 2005). The alteration of Cr-spinels 
to ferritchromite may have started during the late magmatic stage but it 

Table 5 
Major oxide and trace element contents in mineralized silica-carbonate listvenite of the Bir Umq ophiolite.  

Rock type Mineralized silica-carbonate listvenite 

Sample No. HS3 HS4 HS5 HS6 HS15* HS16 HS17 HS22a HS23 HS24 HS26a HS27 

Major oxides (wt%) 
SiO2 40.85 33.77 43.47 40.79 49.19 39.16 39.83 52.08 40.67 45.46 47.14 41.15 
TiO2 <d.l. 0.01 0.02 0.03 0.02 <d.l. 0.01 0.03 0.01 <d.l. 0.01 0.02 
Al2O3 0.79 0.61 0.77 0.51 1.33 0.91 0.77 1.21 0.93 0.44 1.38 0.48 
Fe2O3

T 4.76 5.32 4.75 4.68 3.56 4.87 4.83 3.98 4.64 4.51 4.57 4.49 
MnO 0.07 0.07 0.41 0.08 0.12 0.08 0.05 0.13 0.08 0.15 0.3 0.19 
MgO 21.19 23.52 20.36 18.53 18.73 22.81 21.63 17.65 20.84 19.78 18.38 17.33 
CaO 7.53 8.09 6.77 8.36 6.86 8.06 7.29 5.94 8.16 7.22 7.38 9.29 
Na2O 0.07 0.03 0.06 <d.l. 0.27 0.11 <d.l. 0.12 0.08 0.08 <d.l. 0.05 
K2O 0.87 0.53 0.91 0.85 1.27 0.78 0.88 1.36 0.87 0.78 1.16 0.92 
P2O5 <d.l. 0.01 0.03 <d.l. 0.04 0.02 <d.l. 0.04 0.03 <d.l. 0.06 0.02 
LOI 23.3 26.79 22.3 24.22 18.48 23.39 24.45 16.11 23.04 21.57 19.05 23.19 
Total 99.43 98.75 99.85 98.05 99.87 100.19 99.74 98.65 99.35 99.99 99.43 97.13 
Trace elements (μg g–1) 
Sc 4.42 5.14 4.21 9.28 3.98 5.3 4.42 4.15 4.98 3.95 4.49 7.57 
Ba 44.26 40.27 54.08 26.44 66.2 65.06 50.92 79.6 50.13 72.4 27.53 27.87 
Be 3.41 2.52 2.14 3.44 1.88 2.11 2.92 3.07 3.35 2.14 4.85 3.78 
Ni 1538.19 1448.65 1579.38 1445.92 1164.82 1359.81 1402.5 1204.36 1481.51 1334.47 1401.66 1378.61 
Co 65.39 76.09 64.76 92.36 69.37 71.94 66.37 49.88 66.69 64.47 52.95 82.27 
Cs 0.61 0.79 0.48 2.47 0.37 0.98 0.302 0.47 0.89 0.32 0.87 1.13 
Ga 1.21 1.31 1.27 2.37 1.87 1.44 1.26 1.81 1.49 1.22 0.88 1.71 
Hf 0.18 0.24 0.23 1.44 0.16 0.29 0.07 0.14 0.33 0.17 0.12 1.18 
Nb 0.14 0.21 0.07 0.59 0.17 0.18 0.08 0.34 0.12 0.17 0.19 0.47 
Rb 3.16 4.65 2.48 8.77 1.95 5.913 3.87 2.15 7.41 3.85 6.95 12.86 
Sn 0.94 1.73 1.26 2.58 1.75 2.16 0.93 1.68 1.43 1.12 1.29 1.35 
Sr 263.99 270.64 249.48 182.53 252.34 279.52 180.37 172.28 226.78 265.85 96.36 210.77 
Ta 0.03 0.04 0.06 0.08 0.07 0.02 0.07 0.03 0.06 0.04 0.04 0.05 
Th 0.08 0.12 0.09 0.11 0.09 0.13 0.05 0.15 0.08 0.12 0.06 0.05 
U 0.12 0.11 0.14 0.09 0.19 0.14 0.13 0.21 0.12 0.11 0.05 0.08 
V 33.32 29.27 36.38 51.44 24.83 31.37 36.82 41.38 33.56 31.2 36.1 44.51 
W 2.42 2.51 3.51 8.37 3.37 4.14 2.48 2.82 3.45 3.25 3.49 4.75 
Zr 2.43 5.21 2.74 7.36 4.85 5.61 2.22 5.37 2.94 3.65 2.86 5.37 
Y 1.04 0.83 1.13 2.64 2.36 1.61 0.76 2.36 1.48 2.24 0.77 2.14 
Mo 0.34 0.28 0.34 0.47 0.64 0.39 0.32 0.54 0.42 0.71 0.57 0.71 
Cu 99.85 88.34 79.38 106.08 133.59 77.99 62.24 96.12 111.51 101.24 99.66 128.47 
Pb 378.67 306.48 272.63 443.16 549.51 329.93 254.94 364.78 392.13 270.35 333.77 516.62 
Zn 263.04 221.12 233.93 304.26 336.42 176.88 174.05 252.76 294.94 212.45 291.37 383.97 
As 179.45 192.36 184.08 174.45 206.85 155.15 148.33 165.61 223.82 182.73 142.04 250.76 
Cd 0.46 0.39 0.44 0.38 0.52 0.46 0.53 0.43 0.45 0.64 0.61 0.57 
Sb 8.64 8.81 7.61 15.87 9.44 8.74 10.43 7.66 9.14 7.85 12.73 13.85 
Bi 0.15 0.18 0.16 0.21 0.08 0.14 0.12 0.12 0.12 0.16 0.09 0.13 
Ag 1.72 1.38 1.25 1.37 2.11 1.24 1.23 1.48 1.52 1.54 1.64 1.95 
Au (ng g–1) 3283.38 2864.92 2856.72 2979.44 3689.4 2682.13 2286.48 2739.15 3547.75 2718.68 2789.65 3711.56 
Hg 0.92 0.98 0.82 1.02 0.33 0.48 1.05 0.45 0.62 0.56 0.64 0.49 
Se 0.97 1.14 1.01 0.92 0.67 0.89 1.17 0.69 1.26 2.78 1.01 1.98 
Cr 1973.51 1871.55 1898.09 2238.63 1732.56 1972.39 2009.44 1592.14 1949.21 1635.47 2252.11 2177.73 
Li 7.93 10.65 6.34 22.2 9.87 13.75 7.3 8.64 10.65 9.11 7.56 13.75  

a Samples containing visible fuchsite. 
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is mainly attributed to the process of serpentinization. The outer 
Cr-magnetite rims are presumed to indicate a later, lower-temperature, 
and more oxidizing stage. Note that all the varieties of listvenite contain 
relics of Cr-spinel with alteration rims resembling those found in the 
serpentinite samples, suggesting that the Cr-magnetite stage was com
plete before the onset of carbonation and silicification. 

7.2. Protolith and geodynamic setting of serpentinites 

Studies of the Neoproterozoic ophiolitic rocks of the Arabian Shield 
initially reached a range of divergent conclusions about their origin and 
tectonic setting (e.g., Dilek and Ahmed, 2003). These rocks have been 
assigned by various authors to every oceanic geodynamic setting, 
including mid-ocean ridge and supra-subduction zone settings (Ahmed 
et al., 2012; Habtoor et al., 2017). More recently, it has become a clear 
consensus view that all the Arabian Shield ophiolites formed in 

supra-subduction settings (Shahien et al., 2021), and attention has 
turned to resolving whether they represent back-arc or fore-arc 
spreading centers. There is considerable support for a fore-arc tectonic 
setting for all these ophiolites, based on whole-rock chemistry of ser
pentinite and the compositions of fresh relics of mafic minerals in the 
mantle sections (Abuamarah et al., 2020; Gahlan et al., 2021). 

The Bir Umq serpentinite outcrops are typical of the mantle sections 
of the Arabian Shield ophiolites and the same arguments about tectonic 
setting apply. Relict mesh and bastite textures indicate olivine- and 
orthopyroxene-dominated primary mineralogy. Likewise, whole-rock 
chemistry reveals normative dunite and harzburgite compositions with 
high Cr, Ni and Co contents. All the samples of Bir Umq serpentinite have 
high MgO/SiO2 ratios (0.92–1.18), high Mg#, and low concentrations of 
TiO2, Al2O3 and CaO. All these are features of highly refractory mantle 
material (Deschamps et al., 2013) residual to high degrees of partial 
melt extraction. These features are diagnostic of oceanic peridotites 

Fig. 7. The variation of Au with other fluid-mobile elements in listvenite samples: (a) Zn, (b) Pb, (c) Cu, (d) Ag and (e) As. (f) MgO (wt. %) vs. Ni (μg g−1) in listvenite 
and serpentinite samples. Primitive mantle composition, melt extraction trajectory, and mineral end members as in Fig. 6. 
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(Mg# >0.89; Bonatti and Michael, 1989) and more specifically of 
fore-arc supra-subduction zone peridotites (e.g., Deschamps et al., 2013; 
Salters and Stracke, 2004). On the MgO/SiO2 vs. Al2O3/SiO2 diagram 
(Jagoutz et al., 1979; Hart and Zindler, 1986), the serpentinite samples 
after harzburgite plot at low Al2O3/SiO2 (Fig. 9a) in the area of overlap 
between the most depleted abyssal peridotites and typical fore-arc pe
ridotites. However, in the Al2O3 vs. CaO plot, the serpentinite samples 
after harzburgite plot beyond the most depleted abyssal peridotites and 
in a position more consistent with fore-arc affinity (Fig. 9b). The samples 
after dunite were likely affected by melt-rock reaction processes that 
moved them off the main melt depletion trend (Kelemen et al., 1997). 
The most recent overall model for the evolution of the Egyptian 
ophiolites in a fore-arc suprasubduction zone (Azer and Stern, 2007; 
Azer and Asimow, 2021) was proposed by Abdel-Karim et al. (2021). 
This model sets the several stages required to generate the ANS ophio
lites in the context of the opening and subsequent closing of the 
Mozambique Ocean between East and West Gondwana (Fig. 10). 

7.3. Petrogenesis of listvenite rocks 

Listvenite is the product of metasomatic alteration of ultramafic 
protoliths by processes such as carbonation, silicification and potassic 
alteration. During such processes, primary mafic silicate minerals are 
replaced by an assemblage of quartz, carbonates and chromian micas 
(Buisson and Leblanc, 1987; Halls and Zhao, 1995; Uçurum, 2000; 
Plissart et al., 2009; Azer, 2013; Gahlan et al., 2018, 2020a). Here we 
discuss the details of these processes recorded in the Bir Umq listvenites 

and discuss the implications for mineral potential and for related list
venite occurrences elsewhere in the ANS and worldwide. 

Although the listvenite bodies in the Bir Umq area have various 
shapes and sizes, they are all closely associated with zones of focused 
shear, deformation, and fault displacement. The whole rock geochem
ical data confirm the petrographic observation that listvenitization of 
serpentinite is accompanied by extensive metasomatic modification of 
both major and trace element contents of the affected samples. Never
theless, the ultramafic nature of the protoliths of the listvenites is 
confirmed by the presence of relict Cr-spinel and elevated whole-rock 
Cr, Co and Ni contents. The most notable chemical changes are addi
tion of CO2 and SiO2, but most other elements are affected to some de
gree. The original field-based division of listvenite outcrops into 
carbonate listvenite and silica-carbonate listvenite proves useful for 
understanding the range of chemical changes that fall into the broad 
category of listvenitization processes (Figs. 6–8). 

The hydrothermal fluids that drive alteration of serpentinite and 
support metasomatic chemical changes leading to listvenite by 
exchanging solutes with the protoliths have been variously attributed to: 
1) CO2-rich fluids derived from mantle sources (e.g., Newton and Stern, 
1990; Lebda, 1995; Boskabadi et al., 2017; Hamdy and Gamal El Dien, 
2017), 2) metamorphic and meteoric hydrothermal fluids (e.g., Likhoi
dov et al., 2007; Hamdy and Lebda, 2007), and 3) mixing of these two 
sources (Gahlan et al., 2018). Given the evidence from Bir Umq of three 
distinct varieties of listvenite, we can reconcile these views by invoking 
at least three successive episodes of fluid infiltration, with different fluid 
sources and compositions. Similar multistage histories have been pro
posed for other listvenite localities in the ANS (Gahlan et al., 2018, 
2020a). For reasons we discuss below, a progressive evolution of the 
fluid composition during a single episode of alteration does not explain 
the combination of chemical and structural data from Bir Umq. 

We infer that the first stage of listvenitization led to the development 
of carbonate listvenite and that this stage was contemporaneous with 
serpentinization. In the fore-arc setting where the Bir Umq ophiolite was 
emplaced, the source of CO2 at this stage was probably decomposition of 
subducted, carbonate-bearing sedimentary rocks delivered to the un
derlying accretionary prism by oceanic subduction (Azer et al., 2019). 
This source can yield a larger and more focused flux of CO2 than general, 
non-slab-derived mantle fluid. The carbonate minerals in the carbonate 
listvenite preserve evidence of deformation by high-temperature plastic 
strain in the form of kink banding and grain-size reduction. The ser
pentinites preserve evidence of similar deformation, supporting a com
mon high-temperature history of serpentine and carbonate minerals in 
the sequence. 

We then infer that the development of silica-carbonate listvenite 
preserves a second stage of listvenitization. Silica-carbonate listvenite 
may form directly from serpentinite or by further alteration of carbonate 
listvenite. The absence of deformation fabrics in the silica-carbonate 
listvenite suggests that they post-date serpentinization and represent 
modification after cooling below the temperatures of plastic deforma
tion. Thus, the source of silica is unlikely to be the local conversion of 
serpentinite to carbonate during carbonate listvenite formation. Rather, 
the association with brittle faults indicates fluid infiltration along low- 
temperature localized deformation zones, probably contemporaneous 
with the obduction of the ophiolite along thrust planes. At this stage, the 
source of metasomatic, SiO2-saturated and CO2-bearing, fluids is the 
footwall of the obduction thrust structure. Rocks in the footwall likely 
include continental-shelf facies clastic and carbonate sediments with 
abundant pore fluid rich in silica and CO2. The alteration of Cr-spinel to 
form ferritchromite and Cr-magnetite in both serpentinites and silica- 
carbonate listvenite indicates that these fluids were highly oxidizing. 
The presence of Cr-muscovite (fuchsite) in the silica-carbonate listven
ites indicates that at least some of the fluid at this stage was rich in K. 
Similarly, the presence of barite and the ~10-fold enrichment in Ba in 
listvenite compared to serpentinite reveals that the fluid was enriched in 
Ba as well. 

Fig. 8. (a) Primitive mantle-normalized trace elements patterns for the aver
ages of the listvenite sample groups. Normalization values are after McDonough 
and Sun (1995). (b) Spider diagram for the averages of each listvenite group 
normalized to the average of the associated serpentinite. 

H.A. Gahlan et al.                                                                                                                                                                                                                              



Journal of African Earth Sciences 190 (2022) 104517

16

Finally, the Bir Umq listvenites have variable contents of fluid- 
mobile elements (As, Sb, Sr, Ag, Pb, and especially Au) extending to 
enrichment of nearly 1000-fold. We recognize a sub-category of 
mineralized silica-carbonate listvenites that have been particularly 
affected by addition of fluid-mobile elements and the growth of asso
ciated ore minerals. The enrichment in fluid mobile elements is not 
correlated with increase in silica content and so these samples do not 
simply represent more extensive reaction with the silicifying fluid. 
Instead, the mineralized silica-carbonate listvenites likely represent yet 
another episode of fluid infiltration, possibly derived from magmatic 
fluids from nearby or subjacent felsic intrusions (e.g., the Bari grano
diorite). The low temperature of the listvenite bodies in the hanging 
walls of shallow thrust faults at this stage promoted precipitation of 
transported elements as sulfides, Cu minerals, goethite, and native gold. 
The observation that mineralization and Au-enrichment is found only in 
the silica-carbonate listvenites likely indicates reactivation of the fluid 
pathways developed during silicification as preferred conduits for the 
late mineralizing fluid. 

Given the evidence that the listvenites at Bir Umq formed by 
replacement of serpentinite, we assess the relative mobility of each 
major oxide and trace element by comparing the average concentrations 
in each listvenite group to the average concentrations in all the ser
pentinite samples (the differences among serpentinites are minor by 
comparison). All the listvenite varieties are enriched in CaO, Na2O and 

K2O, but depleted in MgO. The gains and losses of the trace elements 
during the alteration of serpentinites to listvenites are shown in Fig. 8b, 
where the average trace element abundances of the listvenite groups are 
normalized to the average abundance in the associated serpentinites. 
The listvenite groups display relative enrichment in Li, Rb, Ba, As, Zn, U, 
W, Pb, Co, Ta, Au, Ag, Sb and Cs. The most notable gains are in Pb, Au, 
Ag, and Sb. Although As is extremely enriched in listvenite, it is also 
highly enriched in serpentinite, and so the relative enrichment does not 
stand out as extraordinary (about one order of magnitude in silica- 
carbonate listvenite). Some other elements are nearly equal in listven
ites and serpentinite (Sc, V, Cr, Co, Ni and Ga). The pattern of enrich
ment in REE in the listvenite groups relative to the serpentinite groups is 
apparent in Fig. 5c: there is slight enrichment in LREE (10–20% in 
silicate-carbonate listvenite and 50% in carbonate listvenite) but sig
nificant enrichment in HREE (~200% in silicate-carbonate listvenite 
and >300% in carbonate listvenite). In most fluid-mobile trace ele
ments, the carbonate listvenite average is least enriched, the non- 
mineralized silica-carbonate listvenite average is intermediate, and the 
mineralized silica-carbonate listvenite average is most enriched. How
ever, the compatibility of REE in carbonates yields the opposite pattern, 
with carbonate listvenite being more enriched in REE than silicate- 
carbonate samples. 

The current results are comparable to other studies specifically 
within the Eastern Desert of Egypt (Ramadan et al., 2005; Zoheir, 2011; 

Table 6 
REE contents (μg g–1) in listvenites of the Bir Umq ophiolite.  

Rock type Carbonate listvenite Non-mineralized silica-carbonate listvenite 

Sample HS2 HS7 HS9 HS11 HS14 HS18 HS25 HS1 HS8 HS10 HS12 HS13 HS19 HS20a HS21a 

La 0.348 0.283 0.274 0.223 0.242 0.261 0.253 0.248 0.221 <0.1 0.264 0.201 0.151 0.187 0.197 
Ce 0.761 0.652 0.702 0.491 0.539 0.579 0.579 0.551 0.467 0.298 0.547 0.463 0.368 0.448 0.483 
Pr 0.104 0.091 0.101 0.071 0.077 0.082 0.084 0.076 0.065 0.052 0.081 0.067 0.051 0.062 0.065 
Nd 0.475 0.394 0.434 0.336 0.352 0.382 0.378 0.354 0.315 0.262 0.365 0.31 0.248 0.289 0.296 
Sm 0.156 0.125 0.132 0.103 0.109 0.126 0.115 0.108 0.097 <0.05 0.111 0.092 0.064 0.082 0.076 
Eu 0.085 0.067 0.05 0.053 0.043 0.048 0.043 0.038 0.026 <0.02 0.029 0.032 0.022 0.025 0.021 
Gd 0.187 0.163 0.174 0.13 0.137 0.146 0.143 0.133 0.13 <0.05 0.126 0.113 0.074 0.1 0.091 
Tb 0.032 0.029 0.03 0.024 0.025 0.026 0.026 0.024 0.025 <0.01 0.024 0.02 0.013 0.017 0.015 
Dy 0.225 0.208 0.196 0.165 0.175 0.186 0.178 0.156 0.152 <0.05 0.176 0.136 0.083 0.115 0.101 
Ho 0.054 0.048 0.045 0.037 0.039 0.043 0.049 0.035 0.032 0.014 0.041 0.029 0.019 0.029 0.021 
Er 0.167 0.141 0.135 0.109 0.115 0.134 0.123 0.104 0.086 0.052 0.127 0.084 0.053 0.076 0.064 
Tm 0.026 0.023 0.022 0.017 0.018 0.021 0.021 0.016 0.013 0.014 0.021 0.013 0.008 0.013 0.01 
Yb 0.181 0.159 0.151 0.121 0.128 0.149 0.138 0.11 0.091 0.052 0.142 0.089 0.052 0.084 0.066 
Lu 0.031 0.026 0.024 0.018 0.019 0.023 0.021 0.018 0.013 <0.01 0.021 0.013 0.008 0.013 0.01 
Eu/Eu* 1.52 1.43 1.01 1.40 1.08 1.08 1.02 0.97 0.71 – 0.75 0.96 0.98 0.84 0.77 
(La/Yb)N 1.30 1.20 1.23 1.25 1.28 1.18 1.24 1.52 1.64 – 1.26 1.53 1.96 1.51 2.02 
(La/Sm)N 1.41 1.43 1.31 1.37 1.40 1.31 1.39 1.45 1.44 – 1.50 1.38 1.49 1.44 1.64 
(Gd/Lu)N 0.74 0.77 0.89 0.89 0.88 0.78 0.83 0.91 1.23 – 0.74 1.07 1.13 0.94 1.12 
(La/Lu)N 1.15 1.12 1.17 1.27 1.31 1.16 1.23 1.41 1.74 – 1.29 1.58 1.93 1.47 2.02  

Rock type Mineralized silica-carbonate listvenite 

Sample No. HS3 HS4 HS5 HS6 HS15* HS16 HS17 HS22* HS23 HS24 HS26a HS27 

La 0.135 0.211 0.201 0.189 <0.1 0.188 0.196 0.235 0.201 0.162 <0.1 0.199 
Ce 0.339 0.52 0.499 0.449 0.225 0.425 0.368 0.529 0.43 0.395 0.191 0.467 
Pr 0.044 0.071 0.071 0.064 <0.02 0.06 0.053 0.075 0.062 0.053 <0.02 0.064 
Nd 0.217 0.321 0.328 0.305 0.29 0.306 0.278 0.343 0.307 0.254 0.201 0.303 
Sm 0.062 0.09 0.097 0.089 <0.05 0.098 0.088 0.102 0.095 0.074 0.078 0.09 
Eu 0.019 0.031 0.031 0.032 <0.02 0.031 0.024 0.035 0.032 0.021 0.025 0.03 
Gd 0.075 0.112 0.125 0.113 <0.05 0.12 0.117 0.121 0.125 0.091 0.082 0.107 
Tb 0.012 0.019 0.022 0.02 <0.01 0.021 0.021 0.022 0.023 0.016 <0.01 0.019 
Dy 0.074 0.134 0.146 0.138 <0.05 0.141 0.151 0.153 0.157 0.11 0.078 0.129 
Ho 0.017 0.03 0.033 0.031 0.042 0.029 0.035 0.035 0.035 0.024 0.037 0.029 
Er 0.047 0.088 0.099 0.092 <0.03 0.077 0.104 0.106 0.109 0.074 0.057 0.089 
Tm 0.008 0.014 0.016 0.014 <0.01 0.012 0.016 0.017 0.017 0.011 0.046 0.014 
Yb 0.056 0.095 0.109 0.101 <0.05 0.08 0.116 0.116 0.124 0.074 0.057 0.094 
Lu 0.009 0.015 0.017 0.015 <0.01 0.012 0.017 0.018 0.018 0.011 <0.01 0.014 
Eu/Eu* 0.85 0.94 0.86 0.98 – 0.87 0.72 0.96 0.90 0.78 0.96 0.93 
(La/Yb)N 1.63 1.50 1.25 1.27 – 1.59 1.14 1.37 1.10 1.48 – 1.43 
(La/Sm)N 1.37 1.48 1.31 1.34 – 1.21 1.41 1.45 1.34 1.38 – 1.40 
(Gd/Lu)N 1.02 0.92 0.90 0.92 – 1.23 0.84 0.82 0.85 1.01 – 0.94 
(La/Lu)N 1.54 1.44 1.21 1.29 – 1.61 1.18 1.34 1.14 1.51 – 1.46  

a Samples containing visible fuchsite. 
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Zoheir and Lehmann, 2011; Azer, 2013; Gahlan et al., 2018; Moussa 
et al., 2021) and Saudi Arabia (Gahlan et al., 2020b). Zoheir (2011) and 
Gahlan et al. (2018) obtained quite similar temperatures (~229–340 ◦C) 
for chlorite in listvenites in the south Eastern Desert of Egypt. In Saudi 
Arabia, Gahlan et al. (2020a) obtained slightly lower temperatures 
(~208–260 ◦C) for chlorite in Ess listvenites than those in the Eastern 
Desert of Egypt. The chlorite temperatures of listvenites from the Eastern 
Desert of Egypt and Saudi Arabia are plainly higher than the inferred 
maximum temperatures of ~65 ◦C for listvenite formation proposed by 
Wilde et al. (2002) or the magnesite clumped isotope temperatures of 
65–114 ◦C for Oman listvenite inferred by Falk and Kelemen (2015). The 
estimated temperatures for the ANS listvenites are similar to tempera
tures estimated by numerous authors for other listvenites worldwide (e. 
g., Buisson and Leblanc, 1987; Spiridonov, 1991; Schandl and Wicks, 
1993; Schandl and Gorton, 2012). 

7.4. Economic potential of Au in the listvenite bodies 

The present study indicates that listvenitization concentrates gold in 
the alteration products to grades that may well reach economic pro
portions. Sulfides are abundant in the listvenite samples, especially the 

gold-bearing samples. This indicates that mobilization and trans
portation of gold in the fluid is associated with complexation with sulfur 
and that crystallization of solid sulfides provides a host to immobilize 
and concentrate Au and associated metals (Gahlan et al., 2020a). 

Reflected light microscopy and SEM/EDS studies of these samples 
reveal in situ flakes of native gold in silica-carbonate listvenite. However, 
Au–Pt–Pd alloy is also found in carbonate listvenite. At the microscale, 
the local host for the observed Au and precious metal alloy flakes is 
goethite, often extremely enriched in As. This supports the mobilization 
of Au by oxidizing late fluid infiltration. The current results are consis
tent with those of other Au-bearing listvenite localities in the Nubian 
shield (e.g., Zoheir and Lehmann, 2011; Azer, 2013), the Arabian shield 
(Buisson and Leblanc, 1987; Harbi et al., 2006; Al Jahdali et al., 2003; Al 
Jahdali, 2004; Gahlan et al., 2020a), and worldwide (e.g., Buisson and 
LeBlanc, 1985, 1986; Ash and Arksey, 1990; Aydal, 1990; Koç and 
Kadıolu, 1996; Ucurum and Larson, 1999; Uçurum, 2000; Belogub et al., 
2017). 

Evidently, the observed concentrations (up to 3712 ng g−1) of Au in 
mineralized silica-carbonate samples collected in outcrop motivate 
further exploration of the alteration zones of Bir Umq. Proper evaluation 
of the potential of the area as an economic gold resource will require 
collection of boreholes that penetrate the fault planes at depth. 

Fig. 9. (a) MgO/SiO2 versus Al2O3/SiO2 for the serpentinized ultramafic rocks 
of the Bir Umq ophiolite; field of fore-arc peridotites after Pearce et al. (2000) 
and Parkinson and Pearce (1998), depleted mantle and primitive mantle values 
are from Salters and Stracke (2004) and McDonough and Sun (1995), abyssal 
peridotites field after Niu (2004), terrestrial array is according to Jagoutz et al. 
(1979) and Hart and Zindler (1986). (b) CaO vs. Al2O3 discrimination diagram 
for serpentinized peridotites (Ishii et al., 1992). 

Fig. 10. Schematic illustration showing the generation of the ANS ophiolites in 
a fore-arc supra-subduction zone setting. 
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8. Conclusions  

➢ The Bir Umq ophiolite is situated along the Bir Umq suture zone. It is 
a dismembered ophiolitic section, tectonically enclosed within or 
thrust over island arc assemblages. Most of the exposure is mantle 
section of highly serpentinized ultramafics, with attenuated relics of 
overlying crustal section of metagabbro, plagiogranite and mélange. 

➢ The Bir Umq ophiolitic rocks are strongly deformed, meta
morphosed, and altered by carbonatization and silicification. Along 
fault planes and shear zones, the ultramafic rocks are altered into 
assemblages of talc-carbonate, magnesite and listvenite. 

➢ Nearly all the primary silicate minerals in the serpentinized ultra
mafics have been replaced by serpentine minerals, leaving only relics 
of primary olivine and chromian spinel. The whole-rock chemistry 
and the abundance of bastite and mesh textures suggest that the 
peridotite protoliths were mainly harzburgite with minor dunite. The 
serpentinized peridotites have high Mg#, Ni, Cr, and Co combined 
with low CaO and Al2O3, indicating a highly refractory mantle pro
tolith most consistent with a supra-subduction zone fore-arc setting.  

➢ Listvenite bodies of various shapes and sizes are developed in the 
hanging walls of thrust faults within the mantle section. There is an 
early generation of carbonate listvenite, a later generation of silica- 
carbonate listvenite, and a final episode of mineralization affecting 
some silica-carbonate listvenite outcrops. The listvenites formed by 
replacement of serpentinite protoliths. 

➢ The first stage of carbonate listvenitization was apparently contem
poraneous with serpentinization and emplacement of the mantle 
section of the Bir Umq ophiolite into oceanic lithosphere. CO2- 
bearing fluids were likely derived from the downgoing slab beneath 
the fore-arc. The second stage of silicification, yielding silica- 
carbonate listvenite, is associated with ophiolite obduction. Silica 
and CO2-bearing fluids were likely released from continental shelf 
sedimentary sequences in the footwall of the obduction thrust.  

➢ Listvenitization resulted in a noticeable enrichment in the precious 
metals, especially gold. This enrichment is most strongly focused in 
the mineralized silica-carbonate samples, which may have been 
affected by a third episode of fluid alteration after obduction. 
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