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A B S T R A C T   

Podiform chromitites are found in the mantle sections of ophiolites in many places and times in the geologic 
record. Leading theories for their origin invoke melt-rock reaction processes involving hydrous melts in supra- 
subduction zone settings. Here we develop a case study of a Neoproterozoic example and a quantitative ther
modynamic model of the multistage process leading to nearly monomineralic chromitite pods. We demonstrate 
that the Hagar Dungash ophiolite of the Eastern Desert of Egypt — despite being dismembered, incomplete, and 
affected by variable degrees of alteration and metamorphism — is nevertheless plainly a supra-subduction zone 
ophiolite containing podiform chromitite deposits. Textural, mineralogical, and chemical evidence from the 
serpentinized ultramafic rocks point to mantle protoliths residual to high degrees of partial melt extraction, 
characteristic of fore-arc ophiolites. The chromitite pods are distinguished into massive and nodular types; Cr- 
spinel in the massive type is almost fresh, with intermediate to high Cr# (0.60–0.85) and extremely low 
Fe3+# (nil-0.04). Cr-chlorite with up to ~ 15 wt% Cr2O3 is a common interstitial mineral in the chromitites. The 
observations are consistent with the conceptual multistage model wherein boninitic melt develops as the end- 
product of melt-harzburgite reaction in the shallow upper mantle. Mixing between this boninitic melt and 
ascending peridotite-derived basaltic melt drives the liquid deep into the Cr-spinel stability field and precipitates 
nearly monomineralic chromitite. Our thermodynamic model of this mixing and precipitation process reproduces 
the mineral chemistry trends of the fresh chromite samples and yields an estimate of the efficiency of chromite 
production relative to melt flux through the system, which can be applied to development of podiform chro
mitites in supra-subduction systems worldwide and across geologic eras.   

1. Introduction 

The ultramafic members of ophiolite sequences have proven to be 
critical sources of information for understanding geodynamic and tec
tonomagmatic processes in ancient ocean basins (e.g., Dilek et al., 2008; 
Dilek and Thy, 2009; Dilek and Furnes, 2011, 2014; Gahlan et al., 2021). 
Among the diagnostic lithologies found in these sequences, much 
attention has focused on chromitite deposits — both for their economic 
value and for the strong constraints on chemical sources and petroge
netic processes that arise from their characteristics. In general, 

chromitite ores occur as podiform masses in residual mantle peridotites 
and as stratiform layers in ultramafic cumulate sequences (Jackson and 
Thayer, 1972). Here we focus on the origin of podiform chromitites. 
Where field relations are well-preserved, podiform chromitites occur as 
discontinuous lensoidal bodies with sharp contacts, commonly sur
rounded by envelopes of dunite, within ophiolitic harzburgite outcrops 
(Miura et al., 2012; Khedr and Arai, 2017; Arai and Yurimoto, 1994; 
Gahlan et al., 2020b). The podiform chromitites of various sizes and 
shapes in the shallowest parts of the ophiolitic ultramafic sequences in 
the Eastern Desert of Egypt commonly follow this pattern, whether they 
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are massive or granular (nodular) and whether they are concordant or 
discordant with the fabric of surrounding peridotites (e.g., Abu El Ela 
and Farahat, 2010; Khedr and Arai, 2017; Azer et al., 2019; Ali et al., 
2020a). 

Podiform chromitites may be found in a variety of tectonic settings 
and their genesis and mechanism of Cr concentration has been the 
subject of much discussion in the literature (e.g., Lago et al., 1982; 
Roberts, 1988; Arai and Yurimoto, 1994; Zhou et al., 1994; Arai, 1997; 
Zhou and Robinson, 1997; Matveev and Balhaus, 2002; Rollinson, 2005; 
Morishita et al., 2006; Yang et al., 2015; Arai and Miura, 2016; Griffin 
et al., 2016; Habtoor et al., 2017; Khedr and Arai, 2017; Xiong et al., 
2017; Wu et al., 2019; Abuamarah et al., 2020). The hypotheses for the 
genesis of podiform chromitites can be broadly grouped into four cate
gories: 1) podiform chromitites, rich in compatible elements and found 
in residual mantle sequences, may represent part of the mantle residue 
after extensive melt extraction; 2) some podiform chromitites are 
thought to be derived from the deep mantle due to the presence of ultra- 
high pressure mineral phases (e.g., Yamamoto et al., 2009; Yang et al., 
2015; Griffin et al., 2016; Wu et al., 2019); 3) podiform chromitites may 
be cumulates deposited in magma conduits through residual mantle; and 
4) podiform chromitites may form by processes of melt/rock interaction 
associated with melt transport through the upper mantle. A successful 
model must offer an explanation for the production of abundant, nearly 
monomineralic chromitite, without concomitant crystallization of other 
phases (Zhou et al., 2005). 

In recent years, most authors have adopted a model of melt- 
peridotite interaction followed by melt mixing to drive the system to 
chromite saturation and precipitate podiform chromitites in the upper- 
most mantle (González-Jiménez et al., 2011; Arai and Miura, 2016; 
Khedr and Arai, 2017; Azer et al., 2019; Abuamarah et al., 2020; Gahlan 
et al., 2021). In the melt-rock interaction and melt mixing mechanism, 
ascending basaltic melts react with overlying peridotites. This process 
dissolves orthopyroxene and spinel, precipitating olivine to produce a 
dunite envelope and a modified boninitic melt rich in Si and Cr. How
ever, once orthopyroxene is exhausted from the conduit, later ascending 
melts do not undergo this reaction and reach low pressure while 
retaining low-Si compositions. Mixing of the early reacted melt with the 
new influx of primitive melt drives the melt to a composition that is 
saturated only with Cr-spinel on the liquidus. A certain volume of 
monomineralic chromitite may then be precipitated before the melt 
once again becomes saturated with olivine (Arai and Abe, 1995; Roberts, 
1988). The presence of dunite envelopes surrounding most of the 
Egyptian podiform chromitites (e.g., Ahmed et al., 2001; Abu El Ela and 
Farahat, 2010; Ahmed, 2013; Khedr and Arai, 2016, 2017) favors such 
wall-rock interaction and melt-mixing mechanisms for their formation 
(e.g., Lago et al., 1982; Paktunc, 1990; Arai and Yurimoto, 1994; Zhou 
et al., 1996, 2005; Arai, 1997; González-Jiménez et al., 2014), since 
exhaustion of orthopyroxene from the conduit is a necessary feature of 
the process. 

In broad outline, chromitite formation by the melt-rock interaction 
and mixing mechanism may occur in any tectonic environment where 
ascending melts react with harzburgite residues, and differences among 
podiform chromitites may reflect variations in parameters like melt-rock 
ratio as well as different tectonic settings (Edwards et al., 2000; Khedr 
and Arai, 2017; Matveev and Balhaus, 2002). Nonetheless, large-scale 
and abundant chromitite pods are much more often recorded in supra- 
subduction zone (SSZ) settings than in mid-ocean ridge settings (Zhou 
et al., 1994; Arai, 1997; Arai and Matsukage, 1998). The large flux of 
slab-derived fluids or melts and the large volume of highly refractory 
harzburgites in the SSZ environment both facilitate the rock-melt in
teractions that lead to chromitite formation (Melcher et al., 1999; 
Edwards et al., 2000; Matveev and Balhaus, 2002; Mondal et al., 2006; 
Uysal et al., 2007, 2016). There is most likely a link between high water 
content and the concentration of Cr by melt-peridotite reaction 
(Edwards et al., 2000; Khedr and Arai, 2017; Azer et al., 2019; Gahlan 
et al., 2021). 

Although the SSZ melt-rock reaction scenario for podiform chromi
tite formation has been developed through a series of detailed obser
vational studies and has some experimental support, key aspects of the 
concept remain to be constrained. In particular, the coupled mass and 
energy balances that limit the efficiency of chromitite production (per 
unit melt flux) call for a thermodynamic model. In this work, we first 
develop a case study from the Hagar Dungash (HD) area of the Eastern 
Desert of Egypt. The volcano-sedimentary successions exposed in the 
area are well known due to gold mineralization in the so-called “Dun
gash Mine Area”. Hence, most published studies of the area have focused 
on the genesis of the gold and petrological aspects of the arc-related 
volcano-sedimentary host rocks (e.g., Khalid et al., 1987; Helba et al., 
2001; Khalil et al. 2003; Zoheir et al., 2008; Zoheir and Weihed, 2014; 
Kassem and Abd El Rahim, 2014; Kassem et al., 2016; Salem et al., 2016; 
Dourgham et al. 2017). The study of Abu El Ela and Farahat (2010) 
presents mineral chemistry data from the massive chromitite pods in the 
area, however none of these papers includes whole-rock analyses, 
detailed information about the serpentinized peridotites of the HD area, 
or a full description of the two varieties of associated chromitite ore. We 
focus on characteristics of ultramafic samples that are robust despite 
metamorphism and alteration, in order to establish that the HD ophiolite 
has an SSZ character and that it contains podiform chromitites whose 
mineral chemistry can be well characterized. Then we apply the quan
titative thermodynamic model of podiform chromitite genesis first 
introduced in Abuamarah et al. (2020) to our observations of the HD 
chromitite pods and their host serpentinite rocks. We show that the 
model not only explains the occurrence of nearly monomineralic chro
mitite but also provides a good fit to the mineral chemistry observations, 
lending additional confidence to the use of the model to define the ef
ficiency of chromitite genesis and therefore the theoretical upper bound 
on the size of such deposits. 

2. Geologic setting 

In the Neoproterozoic Arabian-Nubian Shield (ANS), the northern 
part of the East African Orogen, ophiolite sequences have yielded 
important clues about the origin and evolution of the shield (Abua
marah, 2019; Gahlan et al., 2021; Moussa et al., 2021). Broadly 
speaking, ophiolites, serpentinites, and ophiolitic mélange decorate su
ture zones throughout the ANS — in Saudi Arabia, the Eastern Desert of 
Egypt, and northeastern Sudan. These sutures mark locations where 
terranes were accreted during the amalgamation of the ANS as the 
Mozambique Ocean closed (e.g., Pallister et al., 1988; Dilek and Ahmed, 
2003; Stern et al., 2004; Johnson et al., 2004; Azer and Stern, 2007) in 
events that allowed oceanic crust to be obducted and tectonically 
emplaced onto continental margins. 

Ophiolites make up a volumetrically minor, but tectonically impor
tant, component of the Neoproterozoic rocks in the central and southern 
parts of the Egyptian Eastern Desert (Fig. 1). They occur as tectonized, 
dismembered bodies and mélanges that comprise variably meta
morphosed ultramafic rocks (such as serpentinite, serpentinized peri
dotite, and metapyroxenite) as well as mafic crustal units (such as 
metagabbro, sheeted metadiabase, and pillowed metabasalts). In some 
instances, the serpentinites preserve sporadic outcrop-scale relics of 
fresh peridotite and dunite. Due to folding, faulting, shearing, and vol
uminous later intrusive activity, most ophiolites in the Eastern Desert 
are incomplete, lacking one or more diagnostic lithology. Without 
exception, the Egyptian ophiolites are strongly deformed, meta
morphosed and metasomatically altered by processes such as silicifica
tion, chloritization and carbonation (Abdel-Karim et al., 2021a, Moussa 
et al., 2021). The ophiolitic ultramafic rocks in the Eastern Desert of 
Egypt host numerous important mineral deposits, including magnesite, 
chromitite, talc and gold (Klemm et al., 2001; Kusky and Ramadan, 
2002; Azer, 2013; Boskabadi et al., 2017). This understudied component 
of the local geology provides context for the later island-arc stage while 
also helping to define the tectonic evolution and metamorphic history 
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(including metasomatism) of accreted oceanic lithosphere in the Eastern 
Desert of Egypt. 

The HD area is located near the western boundary of the basement 
exposures of the Central Eastern Desert of Egypt. It is bounded by lon
gitudes 33◦ 47′ & 34◦ 00′ E and latitudes 24◦ 52′ & 25◦ 00′ N, in the 
southern part of the El-Barramiya district. It lies on the southern side of 
the Idfu-Mersa Alam road, almost midway between Mersa Alam on the 
Red Sea and Idfu on the River Nile. The Neoproterozoic rocks exposed in 
the study area comprise a dismembered ophiolite, an island-arc volcano- 
sedimentary sequence, a metagabbro-diorite complex, granodiorite, 
monzogranite and a fresh gabbro (Fig. 2). In places, the Neoproterozoic 
rocks are covered non-conformably by Phanerozoic clastic rocks 
(Nubian-facies sandstones) and dissected by various wadis. The ophio
litic rocks constitute up to 35% of the total mapped area. They represent 
obducted slices of ancient oceanic lithosphere, emplaced over the island- 
arc succession with a tectonic contact. The ophiolitic rocks include 
serpentinite, serpentinized dunite and peridotite, chromitite (in lenses, 
now mostly mined out), and metagabbro. The ultramafic rocks are 
variably serpentinized and may show other types of metasomatic 
alteration. The serpentinites vary in colour but most are black or 
greenish-black. Ultramafic outcrops vary from large, massive sheet-like 
bodies (Fig. 3a) in the northern part of the mapped area to small hillocks 

confined to the southeastern part. Most serpentinite sheets are elongated 
in a general ENE-WSW to E-W direction. In the largest serpentinite 
masses, NNW-dipping imbricate thrust sheets are observed. Deformation 
along local shear zones and fault planes has resulted in foliated schistose 
serpentinites that may be brecciated along fracture systems conjugate to 
the shear direction. Locally, penetrative foliation and mylonitization can 
be observed. Both deformed and undeformed quartz and carbonate veins 
are common, elongated in a NW-SE direction. Talc-carbonate rocks are 
common; they form yellowish-white to greenish-cream cavernous 
masses (Fig. 3b) that contrast strongly with the darker mafic and ul
tramafic units. Talc-carbonate is most abundant in the northwestern 
corner of the HD area, close to the peak of Gabal Dungash. 

Chromitite is hosted by serpentinized peridotites. This Cr-ore occurs 
in the form of pods or lenticular podiform bodies from ~ 0.5–1 m wide 
(Fig. 3c). The pods are concordant to the foliation of the serpentinite 
host and are typically elongated parallel to the E-W trend of the ser
pentinite belt. Both at outcrop and thin-section scales, the chromitite 
pods may be either massive or sheared. To a large extent, they have been 
excavated or mined out. Where contacts between serpentinite and 
chromitite can still be observed, most contacts are relatively sharp but 
diffuse boundaries can also be found. Magnesite ore is found as hard, 
massive, snow-white (or iron-stained) veins with sharp but irregular 
contacts against serpentinite (Fig. 3d). Such veins are generally sparse, 
but they become more concentrated near the basal contact of the 
ophiolite and along regional faults. 

3. Petrography 

On a petrographic basis, the ophiolitic ultramafic rocks in the HD 
area are mainly serpentinized peridotite and chromitite. The serpenti
nized peridotite is distinguished into massive, sheared, and carbonated 
varieties. Their mineralogical and textural variations preserve in
dications of their igneous, metamorphic, and structural history. 

3.1. Massive serpentinite 

The massive serpentinite consists essentially of serpentine minerals 
(antigorite, lizardite and chrysotile, >90% of the rock volume) together 
with variable amounts of talc, amphibole, carbonate and opaque min
erals. Fresh pyroxene and Cr-spinel relics are recorded in some samples 
along with very scarce and very small relics of fresh olivine. Pseudo
morphic textures after primary minerals are common; most massive 
serpentinite samples are dominated by bastite and mesh textures 
(Fig. 4a, b, respectively). In other samples, textural evidence of primary 
mineralogy has been partly or totally erased in favor of serpentine 
minerals occurring as aggregates of plates and plumose fibers with 
interlocking to interpenetrating fabrics (Fig. 4c). Cross-fiber veinlets of 
chrysotile are observed traversing an antigorite-dominated matrix. 
Some of the antigorite and lizardite occur as elongated crystals clustered 
into bundles (note, petrographic serpentine mineral identification was 
verified by Raman spectroscopy, see below). Opaque minerals are rep
resented mainly by Cr-spinel, magnetite and a few tiny sulphides (mostly 
chalcopyrite and pentlandite). Cr-spinel occurs as subhedral to euhedral 
disseminated crystals that display deep reddish-brown colour in thin- 
section under plane-polarized light. The majority of Cr-spinel is partly 
replaced by rims of ferritchromite and irregular overgrowths of 
magnetite (Fig. 4d). Patches, sparse crystals and fine aggregates of 
carbonate are mainly magnesite with much less dolomite. Some samples 
contain minor talc and fibrous or columnar aggregates of tremolite and 
actinolite formed at the expense of talc and serpentine. 

3.2. Carbonated serpentinite 

Some samples of serpentinite are rich in carbonates; we label these 
“carbonated serpentinites”. Mineralogically, they consist of serpentine 
minerals (~65–80%) and carbonates, mostly magnesite (~15–30%) 

Fig. 1. Distribution of ophiolites in the Eastern Desert of Egypt (modified after 
Shackleton, 1994). Location of the study area (Fig. 2) is indicated. 
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Fig. 2. Geological map of the Hagar Dungash area, modified after Hussein et al. (1996).  

Fig. 3. Field photographs: (a) massive sheet-like body of serpentinite, (b) cavernous weathering in talc-carbonate rocks (note geologist at upper center of image for 
scale), (c) excavated lenticular chromitite body, and (d) snow-white magnesite vein cutting massive serpentinite. 
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Fig. 4. Petrographic images: (a) bastite texture in massive serpentinite, (b) mesh texture in massive serpentinite, (c) fibrous aggregate of serpentine minerals in 
massive serpentinite, (d) Cr-spinel with rims partly replaced by ferritchromite and Cr-magnetite in massive serpentinite, (e) serpentine minerals intergrown with 
magnesite in carbonated serpentinite, (f) sub-parallel alignment of serpentine flakes producing schistosity in sheared serpentinite, (g) reddish brown coarse cracked 
crystals of Cr-spinel in massive chromitite, and (h) Cr-spinel crystals disseminated in a silicate matrix in nodular chromitite. Images (a), (b), (c), (e), and (f) are taken 
in cross-polarized transmitted light. Images (g) and (h) are taken in plane-polarized transmitted light. Panel (d) is taken in reflected light. 
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with accessory talc, Cr-spinel, and magnetite. The serpentine minerals 
occur as flame-like crystals that exhibit some interpenetrating texture. 
Coarse antigorite crystals are intergrown with magnesite (Fig. 4e). 
Magnesite forms fine aggregates and discrete crystals that are occa
sionally Fe-stained, and intersecting veinlets. Talc occurs as coarse 
flakes or as fine crystals associated with coarse antigorite and magnesite. 
Cr-spinel forms subhedral to anhedral crystals. Along grain boundaries 
and cracks, Cr-spinel is partly replaced by an irregular ferritchromite 
zone and an outer Cr-magnetite rim. 

3.3. Sheared serpentinite 

Sheared serpentinite is similar in mineralogical composition to 
massive serpentinite, but the sheared variety lacks pseudomorphs and 
expresses a schistosity defined by subparallel alignment of serpentine 
flakes (Fig. 4f). Antigorite is the main mineral, with lesser amounts of 
chrysotile, lizardite, magnesite, talc, chlorite, brucite, Cr-spinel and 
magnetite. No fresh relics of primary silicate minerals are observed. 
Fractures in the sheared serpentinites are filled with chrysotile, quartz, 
carbonate minerals, and veinlets of chlorite and brucite. Brucite has 
been observed in fully-replaced serpentinites in other ANS ophiolite 
localities (Um Rashid, Mubarak et al., 2020; Abuamarah et al., 2020), 
despite the expectation that brucite will react away quickly once olivine 
is exhausted from the mineral assemblage buffering the fluid chemistry 
(Bach et al., 2004). Highly brecciated Cr-spinel is the only surviving 
primary mineral. It occurs as small subhedral to anhedral crystals or as 
chain-like trails of subhedral crystals. Primary dark brown or deep red 
Cr-spinel is partially altered along cracks and grain boundaries to fer
ritchromite and Cr-magnetite. 

3.4. Chromitite 

Two types of podiform chromitites are recognized in the HD area: 
massive and nodular. Both types are hosted in massive serpentinite. 
Massive chromitite is mostly fresh and composed mainly of Cr-spinel 
(>90%) with minor silicate minerals found interstitially and in cracks. 
The interstitial minerals include serpentine minerals, carbonates and 
minor chlorite. Very small inclusions of silicate minerals are observed 
within Cr-spinel. Reddish-brown Cr-spinel forms subhedral to anhedral 
coarse cracked crystals exhibiting pull-apart texture (Fig. 4g). Almost all 
the Cr-spinel is fresh, although slight alteration of boundaries to ferrit
chromite can be found. Cumulate, chain structures, and banding are 
common textures in the massive chromitite and are typical of magmatic 
crystallization (Pal and Mitra, 2004). Small grains of Cr-bearing chlorite, 
confirmed by the electron microprobe, are enclosed within Cr-spinel, or 
found interstitially or in thin veinlets. 

The nodular chromitite consists of Cr-spinel (40–60 vol%) with 
subordinate carbonate minerals, serpentine minerals, chlorite and opa
ques. In this variety, the majority of Cr-spinel crystals (0.5–1 cm in 
length) are subhedral to euhedral. The crystals are smaller than those in 
the massive chromitite (Fig. 4h). Some crystals exhibit pull-apart texture 
with cracks filled by serpentine minerals, carbonate and chlorite. Cr- 
spinel alteration is more severe in the nodular chromitite than in the 
massive variety, presumably because of the relative sizes and surface 
areas of the pods and of the crystals therein and the differing availability 
of silicate phases for exchange (González-Jiménez et al., 2011). 

4. Analytical methods 

Spot chemical analyses, back-scattered electron images (BSE) and X- 
ray mapping were obtained from polished, carbon-coated thin-sections 
using a five-spectrometer JEOL JXA-8200 electron microprobe (EPMA) 
housed at the Division of Geological and Planetary Sciences (GPS), 
California Institute of Technology (Caltech), USA. Operating conditions 
were 15 kV accelerating voltage, 25nA beam current, a focused beam (1 
μm) and 20 s on-peak counting times. A set of natural and synthetic 

mineral standards were used including synthetic forsterite, fayalite, Mn- 
olivine, anorthite, TiO2, and Cr2O3; Amelia albite, Asbestos microcline, 
and Durango apatite. The mean atomic number background subtraction 
method and the CITZAF matrix correction routine were used. Calcula
tions of structural formulae normalized to convenient formula units for 
each mineral used either custom Microsoft Excel spreadsheets or Minpet 
software (Richard, 1995). 

The serpentine species were determined using Raman spectroscopy 
(Renishaw InVia micro-Raman spectrometer with 514 nm Ar-ion laser) 
at the GPS Division, Caltech. Phase identifications were verified using 
the reference spectra of Bahrambeygi et al. (2019) in both the 200–1100 
cm−1 silicate vibration range and the 3550–3850 cm−1 OH-stretching 
region. 

Based on the petrographic study, 18 representative samples of the 
massive serpentinite were analysed for major oxides, trace and rare- 
earth elements at the Activation Laboratories Ltd. (ActLabs, Canada) 
or at Caltech. At ActLabs, major oxides were measured using the method 
of lithium metaborate/tetraborate fusion ICP-AES (package code 4B). 
Trace and rare-earth elements were measured using the sensitive ICP-MS 
technique (package code 4B2) following lithium borate fusion and acid 
digestion. Detection limits for the major oxides lie between 0.01% and 
0.001% whereas those for trace elements are all < 1 μg/g and for rare- 
earth elements < 0.005 μg/g. 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, 1% for major elements and 2–5% for trace elements. 
The analytical precision and detection limits of the analyses performed 
at ActLabs are listed on the website of the laboratory at http://www. 
actlabs.com/list.aspx?menu=64&app=226&cat1=549&tp=12&lk=no. 

At Caltech, whole-rock composition of major and minor elements (Si, 
Ti, Al, Fe, Mg, Ca, Na, K, P, and Mn expressed as weight percent oxides; 
Rb, Ba, Sr, Nb, Zr, Hf, Y, Zn, Cu, Ni, Co, Cr, V, La, Ce, Nd, Pb, and Th 
expressed as elemental μg/g) were determined using a Panalytical 
Zetium XRF system. Sample powders were ground in an agate ball mill, 
loss on ignition (LOI) was determined by firing in air for 1 h at 1050 ◦C, 
and fused-glass beads were prepared from fired powders by mixing with 
9 times their weight in 66.67% Li2B4O7-32.83% LiBO2-0.50% LiI flux 
and fusing at 1200 ◦C. After the XRF measurements, 25 ± 1 mg chips of 
the fused-glass beads are dissolved in acid-washed Teflon containers 
by refluxing in hot (250 ◦C) 3:1 nitric and hydrofluoric acid for at least 8 
h. After dilution with milli-Q distilled water to 30 mL total volume, the 
rare-earth elements (REE) and some trace element concentrations (Cr, 
Cu, Ni, V, Co, Sc, Rb, Ba, Nb, Sr, Zr, Ta, Th, Pb, Zn, Cs, Mo, Hf, W and U) 
were determined using an Agilent Technologies 8800 triple quadrupole 
ICP-MS. A working curve for instrument sensitivity was developed using 
a blank fused bead from the same batch of flux used to prepare the 
unknowns along with the USGS standards AGV-2 and RGM-2. For 
quality control, additional USGS standards (DTS-2, BCR-1, G-2) were 
used as unknowns. 

5. Mineral chemistry 

5.1. Serpentinite 

EMPA analysis of representative samples of massive serpentinite 
focused on serpentine, amphibole, clinopyroxene and Cr-spinel. Com
plete microprobe results are given in Supplementary Tables 1S to 4S. 

Chemical analyses of serpentine minerals and their calculated 
structural are given in Supplementary Table 1S. Raman spectroscopy 
can be used to distinguish among the polytypes of serpentine. Silicate 
vibration peaks of antigorite appear at 230, 375, 683 and 1044 cm−1; 
lizardite at 231, 384 and 1096 cm−1; and chrysotile at 231, 389 and 
1105 cm−1 (Fig. 5a, b); antigorite also displays a prominent doublet in 
the OH-vibration band at 3665 and 3700 cm−1, whereas lizardite and 
chrysotile display singlet OH peaks. Raman spectra indicate that anti
gorite is the most abundant serpentine polytype, followed by minor 
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Table 1 
Major element contents and normative composition of serpentinized peridotite of Hagar Dungash area.  

Sample R2 R11 R11† R13 R15* R21*,† R22* R30* R34† R65* R67* R68 R73 R74* R76 R78* R81 K15*,†

Major oxides (wt.%) 
SiO2  38.55  39.86  40.14  39.43  35.17  40.00  36.14  35.94  36.93  35.81  35.97  39.14  39.52  36.56  39.62  36.04  38.49  38.74 
TiO2  0.01  0.02  0.03  0.01  0.02  0.03  0.02  0.02  0.03  0.04  0.02  0.03  0.04  0.04  0.03  –  0.04  0.02 
Al2O3  0.67  0.70  0.63  0.53  0.54  0.46  0.55  0.61  0.49  0.71  0.42  0.41  0.39  0.59  1.01  0.60  0.71  0.26 
Fe2O3

t  7.47  7.33  7.10  8.04  6.51  8.28  7.72  7.65  8.54  6.74  7.52  7.87  8.96  6.74  7.23  6.65  6.48  7.14 
MnO  0.06  0.11  0.09  0.06  0.08  0.07  0.08  0.08  0.12  0.07  0.13  0.12  0.07  0.10  0.13  0.05  0.06  0.19 
MgO  38.19  37.48  38.07  37.92  41.53  36.44  42.55  43.03  37.77  41.13  43.32  38.05  38.86  43.26  37.68  41.11  38.40  38.66 
CaO  0.99  0.71  0.69  0.91  2.17  0.10  0.74  0.79  0.57  1.74  0.38  0.79  0.31  0.61  0.33  1.68  1.51  0.35 
Na2O  0.01  0.01  0.01  0.01  0.01  0.00  0.02  0.02  0.00  0.03  0.01  –  0.01  0.02  0.01  0.02  0.01  0.00 
K2O  –  –  0.00  –  0.02  0.00  0.01  0.02  0.00  0.01  0.01  –  –  0.02  –  0.01  –  0.00 
P2O5  0.02  0.03  0.02  0.03  0.03  0.01  0.01  0.01  0.01  0.02  0.01  0.03  0.02  0.02  0.04  0.02  0.02  0.01 
LOI  13.54  13.84  13.49  13.01  14.23  11.13  11.84  12.02  14.12  13.64  11.74  12.71  11.36  12.34  13.68  14.05  14.27  12.38 
Total  99.51  100.09  100.26  99.95  100.31  97.57  99.68  100.19  98.57  99.94  99.53  99.15  99.54  100.30  99.76  100.23  99.99  98.21 
Mg#  0.910  0.910  0.914  0.903  0.927  0.897  0.916  0.918  0.898  0.924  0.919  0.905  0.896  0.927  0.912  0.925  0.922  0.91 
Normative composition 
Corundum  –  –  –  –  –  –  –  –  –  –  –  –  –  –  0.57  –  –  – 
Orthoclase  –  –  –  –  –  0.07  0.07  0.14  –  –  0.07  –  –  0.14  –  0.07  –  – 
Albite  0.10  0.10  0.10  0.10  –  0.19  0.19  0.19  –  –  0.10  –  0.10  0.19  0.10  0.20  0.10  – 
Anorthite  2.09  2.18  1.94  1.62  1.57  1.73  1.58  1.73  1.60  2.01  1.23  1.30  1.17  1.67  1.61  1.77  2.22  1.45 
Diopside  2.76  1.34  1.47  2.66  8.24  5.98  2.00  2.10  1.34  5.99  0.67  2.38  0.35  1.29  –  6.12  5.03  0.38 
Hypersthene  24.33  33.52  33.08  28.49  –  0.32  2.70  0.09  21.34  –  2.58  28.37  28.62  4.10  34.86  1.88  21.27  9.06 
Olivine  68.31  60.43  61.06  64.58  89.17  89.42  90.99  93.32  72.96  91.04  92.92  65.35  66.97  90.32  60.40  87.77  69.13  86.78 
Magnetite  1.92  1.90  1.82  2.05  1.65  1.79  1.95  1.93  2.26  1.79  1.92  2.04  2.26  1.71  1.88  1.70  1.68  1.83 
Ilmenite  0.02  0.04  0.07  0.02  0.04  –  0.04  0.04  0.07  0.09  0.04  0.07  0.09  0.09  0.07  –  0.09  0.04 
Apatite  0.05  0.08  0.05  0.08  0.07  0.05  0.03  0.02  0.03  0.05  0.03  0.08  0.05  0.05  0.10  0.05  0.05  0.03 
Colour Index  97.35  97.24  97.50  97.79  99.10  97.52  97.69  97.48  97.97  98.91  98.14  98.21  98.28  97.50  97.20  97.47  97.21  98.09 
Diff. Index  0.10  0.10  0.10  0.10  –  0.26  0.26  0.33  –  –  0.16  –  0.10  0.33  0.10  0.27  0.10  –  

* Serpentinite with dunite protolith. 
† Samples analyzed at Caltech, USA; other samples analyzed at Actlabs, Canada. 

H
.E. M

oussa et al.                                                                                                                                                                                                                              



Precambrian Research 369 (2022) 106507

8

Fig. 5. Mineral chemistry plots: (a) OH- 
stretching region and (b) silicate band 
regions of the Raman spectra of 
serpentine minerals in the serpentinized 
peridotite, matching all peaks in the 
reference spectra for antigorite; (c) SiO2 
vs. total octahedral cations and (d) SiO2 
vs. MgO classifications diagrams for 
serpentine polymorphs (Bahrambeygi 
et al., 2019); (e) Pyroxene quadrilateral 
with nomenclature of Morimoto et al. 
(1988); (f) Discrimination diagram for 
primary and secondary amphiboles 
(Keeditse et al., 2016); (g) Classification 
diagram for calcic amphibole-group 
minerals (Hawthorne et al., 2012); (h) 
Classification diagram for chlorite- 
group minerals (Hey, 1954).   
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chrysotile and even more scarce lizardite. Chemically, antigorite con
tains more SiO2 than lizardite or chrysotile (Whittaker and Wicks, 
1970), corresponding to higher total octahedral occupancy in chrysotile 
and especially lizardite. MgO contents of the polytypes overlap, 
although antigorite often shows high and relatively homogeneous MgO 
(Dungan, 1979). The serpentine polytype discrimination diagrams of 
Bahrambeygi et al. (2019) indicate results similar to the Raman spec
troscopy: most analyses are antigorite, with fewer chrysotile analyses 
and even fewer lizardite points (Fig. 5c, d). Note that the fields defined 
by Bahrambeygi et al. (2019) in the MgO vs. SiO2 diagram were 
developed from study of a locality with very low FeO in antigorite; the 
HD locality includes populations of significantly more FeO-rich anti
gorite, which therefore plot in the antigorite field defined by Bahram
beygi et al. (2019) in terms of total octahedral cations but below the field 
defined in terms of MgO only. The analyzed serpentine minerals exhibit 
variation in Mg# (molar Mg/[Mg + Fe]) both within and among sam
ples; in sample R11 (whole-rock Mg# = 0.914), serpentine Mg# = 0.94 
± 0.03 (1σ) with a total range 0.82–0.98 (n = 145), whereas in sample 
R68 (whole-rock Mg# = 0.905), serpentine Mg# = 0.88 ± 0.01 with a 
range 0.87–0.89 except for one outlier at 0.83 (n = 43). Generally, in 
both samples, the antigorite is higher and more homogeneous in Mg# 
(though sample R11 contains a cluster of very high Mg# antigorite an
alyses), while the tails of the distribution to low Mg# are contained in 
chrysotile and especially lizardite. 

The chemical analyses of relict pyroxene and calculated structural 
formulae are given in Supplementary Table 2S. Pyroxene relics large 
enough to measure were only found in one of the two massive serpen
tinite samples analyzed for mineral chemistry. The analyzed pyroxene is 
exclusively diopside (Fig. 5e) (Morimoto et al., 1988). Its composition is 
nearly homogeneous, with 25.4–25.7 wt% CaO, 55.3–55.8 wt% SiO2, 
and very low alkalis (≤0.01 wt% K2O and ≤ 0.04 wt% Na2O), NiO 
(≤0.04 wt%), Cr2O3 (0.06–0.16 wt%), TiO2 (<0.01 wt%) and Al2O3 
(<0.02 wt%). Mg# is restricted to 0.93–0.94, which is characteristic of 
trace diopside in highly depleted residual mantle harzburgite protoliths 
(Jan and Windley, 1990; Arai, 1992), commonly found in fore-arc SSZ 
peridotites (e.g., Ishii et al., 1992). The very low Al2O3 contents in 
diopside support a depleted harzburgite protolith (Xiong et al., 2018). 

Amphibole analyses and structural formulae are given in Supple
mentary Table 3S. The analyzed amphibole is exclusively secondary 
(Fig. 5f) calcic tremolite and actinolite based on the classification of 
Hawthorne et al. (2012) (Fig. 5g). The secondary origin of the analyzed 
amphibole is supported by its low TiO2 (≤0.03 wt% and ≤ 0.003 Ti 
cations per formula unit) (Girardeau and Mevel, 1982). 

Analyses of Cr-spinel from the serpentinite samples are given in 
supplementary table 4S. Although Cr-spinel in serpentinite is an acces
sory mineral, its textural and chemical characteristics are frequently the 
most diagnostic petrogenetic indicators in heavily altered ultramafic 
rocks. The massive serpentinite samples have Cr-spinel with distinct 
fresh cores, characteristically mantled by ferritchromite. The fresh Cr- 
spinel cores show high contents of Cr2O3 (54.3–57.3 wt%) and total 
iron as FeOt (27.2–34.4 wt%); moderate MgO (2.1–4.3 wt%) and Al2O3 
(7.1–10.4 wt%); low MnO (0.65–0.83 wt%); and extremely low TiO2 
(0.02–0.13 wt%). The Cr# (molar Cr/[Cr + Al]) ranges from 0.78 to 
0.84 and Mg# varies between 0.12 and 0.23. Fresh Cr-spinel is char
acterized by very low Fe3+# (molar Fe3+/[Fe3++Al + Cr] = 0.01–0.07). 
Ferritchromite rims on zoned Cr-spinel crystals in serpentinite have high 
Cr# and Fe3+# (0.88–0.98 and 0.10–0.23, respectively) and low Mg# 
(0.07–0.10). 

5.2. Chromitites 

Electron probe analyses of Cr-spinel, serpentine, chlorite and car
bonates in the massive and nodular chromitite samples are given in 
Supplementary Tables 5S to 8S. 

Cr-spinel in the massive chromitite is mostly fresh and characterized 
by variable, moderate to high Cr# (0.60–0.85), intermediate to high 

Mg# (0.51–0.82), low Al# (molar Al/[Fe3++Al + Cr] = 0.15–0.41), and 
extremely low Fe3+# (≤0.05). Fresh Cr-spinel in nodular chromitite is 
notably different in chemistry. Cr# is uniformly very high (0.79–0.87), 
Mg# variable but systematically lower than in massive chromitite 
(0.27–0.57), Al# is low and more restricted in range (0.12–0.19), and 
Fe3+# is higher (0.04–0.09). All these features are consistent with low- 
temperature exchange between Cr-spinel and silicate minerals having a 
larger effect on spinel chemistry in the nodular chromitite than in the 
massive chromitite, though there may have been differences in the 
primary Cr-spinel composition as well. 

The interstitial serpentine minerals in chromitite are apparently 
quite variable in composition; this may reflect a very fine grain size and 
incorporation of other phases within the analytical volumes. One low-Si 
chrysotile point was observed (36.9 wt% SiO2); the remaining antigorite 
points have 40.4–46.1 wt% SiO2. Al2O3 (2.0–6.9 wt%) and Cr2O3 
(1.2–7.1 wt%) are notably elevated. FeOt is very low in most points 
(≤1.4 wt% except for one outlier at 3.7 wt%) and Mg# is very high 
(≥0.99 except for the outlier point at 0.94). 

The interstitial chlorite has wide ranges of SiO2 (26.0–37.8 wt%), 
MgO (29.0–37.5 wt%), Al2O3 (5.5–24.1 wt%) and FeOt (0.28–5.5 wt%). 
The chlorite structure accommodates wide ranges of cation sub
stitutions, particularly in the octahedral sites. Structurally, the numbers 
of Si cations in the chlorite formulae suggest sheridanite, clinochlore, 
penninite and talc-chlorite species according to the classification of Hey 
(1954), as shown in Fig. 5h. The optical properties and chemical 
composition of interstitial chlorite in the HD chromitites indicate 
elevated and abnormal concentrations of Cr2O3 (up to 15 wt%, 
Table 7S). According to Lapham (1958) and McCormick (1975), chro
mian chlorites can be sub-divided by the dominant structural location of 
Cr3+ into kämmererite (octahedral Cr3+) and kotschubeite (tetrahedral 
Cr3+) (neither of these varieties is an accepted mineral name). By this 
standard, chlorite in the HD chromitites is kämmererite; the Cr3+ must 
be dominantly octahedral because tetrahedral sites are fully occupied by 
Si and AlIV (8 a.p.f.u., Table 7S). Chlorite likely formed after serpentine 
(based on petrographic texture), possibly in a second, later stage of 
alteration. Most probably, this took place at greenschist facies condi
tions or above (i.e., T > 300 ◦C) during fluid-mediated reaction of pri
mary Cr-spinel and serpentine to ferritchromite and chromian chlorite 
(Kapsiotis et al., 2007; Merlini et al., 2009; Kapsiotis, 2014; Abdel-Karim 
and El-Shafei, 2018). 

Electron probe (Supplementary Table 8S) data confirm the petro
graphic observation that carbonate in the massive chromitite is mostly 
dolomite whereas nodular chromitite contains mostly magnesite. The 
dolomite contains low MgO (19.4–20.0 wt%) and high CaO (32.0–32.4 
wt%). Magnesite contains MgO in the range 43.1–47.5 wt%, with very 
low CaO (nil-0.06 wt%) and MnO (0.02–0.07 wt%) but considerable 
amounts of FeOt (1.1–4.3 wt%) indicating a minor but not negligible 
siderite component in solid solution. 

6. Whole-rock geochemistry 

Whole-rock chemistry of the massive serpentinized peridotite sam
ples is given in Tables 1 (major oxides and CIPW norms), 2 (trace ele
ments), and 3 (REE). Loss on ignition (LOI) ranges from 11.13 to 14.27 
wt%, consistent with the structural water content of serpentine minerals 
and minor volatile contributions from carbonates and other hydrous 
minerals. In the massive (not carbonated or sheared) serpentinite sam
ples selected for whole-rock analysis, the role of carbonates is minor. 
This is based on the low modal abundance of carbonates observed in 
hand sample and thin section in these samples and the close agreement 
between LOI values and those expected for serpentine. The modal per
centages of primary minerals cannot be determined easily in these 
severely serpentinized rocks. Hence, normative mineralogy of the 
anhydrous analyses (Table 1) was calculated using Minpet Software 
(Richard, 1995). Plotting the normative mineralogy in the classification 
diagram of Coleman (1977), the HD serpentinites plot in the harzburgite 
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Table 2 
Trace element contents (μg/g) of serpentinized peridotite of Hagar Dungash area.  

Sample R2 R11 R11† R13 R15* R21*,† R22* R30* R34† R65* R67* R68 R73 R74* R76 R78* R81 K15†

Ag 0.03 0.04 – 0.03 0.02 – 0.04 0.04 – 0.05 0.03 0.04 0.02 0.02 0.02 0.04 – – 
As 9.98 12.14 – 11.42 4.14 – 8.24 35.40 – 9.92 11.17 3.11 7.08 10.46 5.84 6.05 5.84 – 
Ba 5.00 4.00 8.88 4.00 3.00 11.56 2.00 4.00 11.37 2.00 3.00 5.00 6.00 2.00 4.00 2.00 6.00 14.36 
Be 1.05 0.35 – 0.06 0.75 – 1.27 0.67 – 1.18 0.35 0.07 0.06 0.15 0.09 0.97 0.02 – 
Bi 0.06 0.13 – 0.08 0.14 – 0.13 0.14 – 0.16 0.21 0.11 0.06 0.12 0.12 0.15 0.01 – 
Co 105 107 144 115 117 114 104 108 146 99 109 134 128 122 90 103 112 127 
Cr 2458 1748 3336 2373 2272 9035 2723 2965 3032 2745 2690 2156 2378 3006 3101 3266 2268 2510 
Cs 0.23 0.12 – 0.09 0.18 – 0.33 0.45 – 0.71 0.63 0.04 0.09 0.58 0.21 0.30 – – 
Cu 6.67 6.46 – 8.33 5.73 25.97 6.03 6.07 – 5.89 7.55 11.80 13.62 6.25 2.11 5.81 10.10 – 
Ga 0.89 1.13 – 1.22 0.87 – 1.03 1.25 – 1.23 1.31 1.22 1.86 1.27 1.08 1.05 0.50 – 
Hf 0.08 0.08 0.08 0.06 0.06 0.03 0.08 0.09 0.02 0.15 0.08 0.07 0.12 0.12 0.06 0.07 0.11 0.03 
Li 2.10 3.10 – 2.20 1.70 – 1.90 2.20 – 3.20 2.40 0.20 0.50 3.10 4.60 1.80 0.70 – 
Nb 0.12 0.13 0.43 0.12 0.19 0.23 0.14 0.17 0.20 0.22 0.30 0.10 0.14 0.25 0.15 0.14 0.08 – 
Ni 2300 2333 2896 2117 2088 2590 2738 2624 2704 2862 2970 1411 2788 2737 2108 2566 2431 2780 
Pb 0.40 0.45 – 0.47 0.43 0.69 0.32 0.33 0.85 0.57 0.61 0.71 0.50 0.38 0.41 0.48 0.58 0.18 
Rb 0.83 0.85 0.09 0.85 0.92 0.25 0.71 0.88 0.31 1.16 1.32 1.18 1.02 1.46 0.88 0.70 1.03 0.20 
Sb 0.57 4.64 – 0.53 0.54 – 0.55 0.54 – 0.37 0.42 0.52 0.47 0.48 0.27 0.39 0.92 – 
Sc 6.66 6.09 4.46 7.79 6.11 5.28 6.63 6.86 11.58 5.63 4.98 12.14 5.08 6.25 8.08 5.88 7.36 6.84 
Se 0.20 0.30 – 0.30 0.30 – 0.30 0.30 – 0.30 0.04 0.30 0.20 0.20 – 0.30 0.20 – 
Sn 0.66 0.17 – 0.10 0.48 – 0.78 1.42 – 1.19 1.08 0.12 0.14 1.64 0.11 0.84 0.02 – 
Sr 14.15 11.26 5.88 11.98 8.35 5.47 5.50 5.57 27.49 5.96 7.23 16.59 14.55 6.34 9.65 6.90 13.20 14.16 
Ta 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.00 0.02 0.01 – – – 0.02 0.01 0.02 0.01 
Th 0.02 0.02 0.03 0.01 0.02 <0 0.02 0.02 <0 0.04 0.01 0.01 0.02 0.03 0.02 0.02 0.03 0.07 
U 0.14 0.09 0.15 0.09 0.01 0.05 0.02 0.03 0.02 0.02 0.03 0.01 0.02 0.02 0.03 0.01 0.01 0.01 
V 32.60 28.40 22.48 31.90 28.70 38.85 31.40 32.60 42.62 28.60 30.40 41.20 33.40 34.80 21.80 25.80 30.10 14.75 
W 0.48 0.38 – 0.47 1.22 – 1.93 2.56 – 2.87 1.67 0.62 0.33 2.24 0.51 2.05 0.37 1.80 
Y 0.75 0.47 0.86 0.48 0.28 0.35 0.76 0.33 0.03 0.61 0.41 0.68 0.32 0.35 0.44 0.14 0.23 0.11 
Zn 43.10 40.40 – 50.40 38.40 – 47.00 50.80 – 51.20 48.60 54.30 65.40 50.30 38.30 44.80 41.60 – 
Zr 2.10 2.60 4.51 2.10 2.60 2.80 1.80 2.00 1.90 2.20 2.30 1.90 2.40 1.80 1.70 2.40 1.70 1.31  

* Serpentinite with dunite protolith. 
† Samples analyzed at Caltech, USA; other samples analyzed at Actlabs, Canada. 
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and dunite fields (Fig. 6a), consistent with the observations of mesh 
textures in all massive samples and bastite textures in some. On the 
Al2O3-MgO-CaO ternary diagram (Fig. 6b), which effectively plots 
normalized anhydrous compositions, the entire serpentinite sample set 
plots in the field of metamorphic peridotites associated with ophiolitic 
suites (Coleman, 1977); none resemble ultramafic cumulates. 

The serpentinite analyses are dominated by MgO and SiO2. Samples 
assigned to harzburgite protoliths vary in their normative olivine con
tent from 60.4 to 73.0 wt%, with a complementary range from 21.3 to 
34.9 wt% hypersthene. On the other hand, serpentinite samples assigned 
to dunite parentage have 86.8 to 93.3 wt% olivine component and ≤ 9.1 
wt% hypersthene component. That is, there is a clear gap between the 
two groups, as opposed to a continuum in normative mineralogy or bulk 
composition. Fe2O3

t varies from 6.5 to 9.0 wt%, with overlapping range 
in harzburgite and dunite protolith samples and no correlation with 
normative olivine. All the serpentinite samples are low in TiO2 (≤0.04 
wt%), Al2O3 (0.39–1.0 wt%), CaO (0.10–2.2 wt%), Na2O (<0.03 wt%), 
K2O (≤0.02 wt%), P2O5 (≤0.03 wt%) and MnO (0.06–0.14 wt%) with no 
evident correlations between the minor oxides and normative miner
alogy. The low CaO content is consistent with the low observed clino
pyroxene abundance and the absence of plagioclase (which is also 
consistent with the low Al2O3 content). The modestly elevated CaO 
content in some samples (up to 2.17%, without concomitant elevation in 
Al2O3) is probably hosted in carbonates, even though the dominant 
observed carbonate mineral in thin section is magnesite. The serpen
tinite samples have uniformly high Mg#, from 0.895 to 0.927. Harz
burgite protolith samples have lower average Mg# (0.907) than dunite 
protolith samples (0.922). In general, the Mg# of all the serpentinite 
samples are in the range of modern oceanic peridotites, Mg# >0.89 
(Bonatti and Michael, 1989). 

The serpentinite samples display about one order of magnitude 
ranges in the concentrations of most trace elements (Table 2); surpris
ingly the most enriched and most depleted samples in many elements 
are both dunite-protolith samples. The primitive mantle-normalized 
(McDonough and Sun, 1995) trace element patterns are shown in 
Fig. 6c, with serpentinite samples distinguished into harzburgite and 
dunite protolith samples. They are depleted relative to primitive mantle 
in most trace elements (Ag, Ba, Be, Bi, Ga, Hf, Li, Nb, Rb, Se, Sn, Sr, Ta, 
Th, W, Y and Zr). However, they display high concentrations of 
compatible elements such as the first-row transition metals Cr, Ni, and 
Co, consistent with a depleted mantle protolith. The serpentinite sam
ples are slightly enriched in other moderately compatible elements (V, 
Zn, Cu and Sc), depleted in high field-strength elements (Nb, Zr, Ti, Y 
and Hf), depleted in large-ion lithophile elements (Rb, K, Ba and Sr), and 
enriched (in some cases, extremely enriched) in fluid-mobile elements 
(Li, U, As, Sb, Pb and Cs). 

Concentrations of REE in the HD serpentinite samples are given in 
Table 3 and plotted as chondrite-normalized (McDonough and Sun, 
1995) patterns in Fig. 6d. As with other incompatible trace elements, the 
serpentinite data are depleted relative to chondritic values and span 
about one order of magnitude range for heavy REE (HREE) and nearly 
two orders of magnitude for light REE (LREE). The most enriched and 
most depleted samples are both dunite protolith samples; the chondrite- 
normalized total REE abundances of harzburgite protolith samples vary 
from 0.14 to 1.07, whereas the dunite protolith samples have total 
chondrite-normalized REE spanning 0.07 to 1.40. The shapes of the 
patterns are mostly almost flat in the middle to HREE, with a couple 
exceptions [(Gd/Lu)n = 0.85 to 2.74]. LREE may be either moderately 
enriched or depleted compared to HREE [(La/Lu)n = 0.53 to 13.5]. 
Samples exhibit a range of Eu anomalies from negative to positive [Eu/ 
Eu* = 0.45–1.46]. 
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7. Discussion 

7.1. The Hagar Dungash chromitite in a global context 

Deeper understanding of the origins of ophiolite-hosted chromitite 
ores — including their tectonic setting and their multistage magmatic, 
metamorphic, and alteration histories — contributes to the twin goals of 
optimizing production of Cr and of constraining the evolution of 
seawater, of oceanic crust and of the underlying mantle through time (e. 
g., Dilek and Robinson, 2003). Ore bodies of podiform chromitite in the 
ophiolites of the world have ages ranging from Mesoarchaean (the ~ 3.5 
Ga Selukwe Greenstone Belt, Zimbabwe) to Miocene (in New Caledonia) 
(Stowe, 1994). The Neoproterozoic ophiolites of the ANS occupy the 
middle of this temporal range, after the origin of modern-style plate 
tectonics but before the complete oxygenation of the deep ocean (e.g., 
Stolper and Bucholz, 2019). Therefore, the present study of the HD 
podiform chromitites and their host serpentinites offers insight into the 
prevailing conditions in the Neoproterozoic and into the accumulation 
of Cr3+ to form ores, especially in Precambrian shields similar to the 
ANS. In this context, it is potentially significant that the chromite 
reservoir in the mantle beneath the ANS appears to have been totally 
consumed by crystallization of chromite pods in the ophiolite. Most 
other podiform chromitite deposits in the world co-exist with stratiform 

chromite, whereas the mafic–ultramafic intrusions in the Eastern Desert 
of Egypt almost lack stratiform chromitite. 

Recently, Arai (2021) suggested that podiform chromitites that 
remain at depth in the mantle differ essentially from those that end up 
becoming exposed at the surface in ophiolites. The possibility of such 
differences implies that studies of obducted chromitites form a necessary 
complement to study of in situ oceanic crust by international ocean 
drilling (e.g., Edwards et al., 2000). The melt-peridotite interactions 
modeled herein that lead to accumulation of Cr2O3 probably predate 
obduction and hence primary fresh chromitite pods that end up in 
ophiolites probably resemble those in situ beneath the oceans. However, 
the mobility of Cr during metamorphism to form non-retrograde Cr- 
chlorite (Khalil, 2007; Khedr and Arai, 2017; Azer et al., 2019) in the HD 
case and in similar SSZ ophiolites (e.g., Sepidbar et al., 2020) is likely a 
distinctive product of obduction and so study of this stage should illu
minate the differences between ophiolite exposures and drilled samples. 

In the following sections, we synthesize the petrographic, mineral
ogical and geochemical results for the mantle section of the Hagar 
Dungash ophiolite to clarify its petrogenesis and geotectonic setting. We 
then develop a quantitative model of the processes that may occur in 
such a setting and show how they may lead to a certain amount of 
monomineralic chromite precipitation with mineralogical characteris
tics matching the HD example. 

Fig. 6. Whole-rock chemistry plots for serpentinized peridotites: (a) ternary classification diagram for ultramafic rocks (Coleman, 1977); (b) Al2O3-MgO-CaO ternary 
diagram for separation of cumulate and residual peridotite (Coleman, 1977); (c) Primitive mantle-normalized trace elements patterns; (d) CI-chondrite normalized 
rare-earth element patterns (Primitive mantle and CI-chondrite normalization values of McDonough and Sun, 1995). 
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7.2. Alteration and metamorphism 

The ophiolitic ultramafic rocks of the HD area are highly altered and 
metamorphosed, with very limited preservation of original minerals, yet 
some primary textures are preserved. Metamorphism and subsequent 
alteration of the HD ultramafic rocks is expressed by serpentinization, 
carbonation and listvenitization. Serpentinization is the most dominant, 
penetrative alteration process, accompanied by more localized forma
tion of listvenite, talc-carbonate rocks and magnesite veins along shear 
zones and fault planes. We find that the serpentinites are dominated by 
antigorite with subordinate lizardite and chrysotile. In general, 
serpentine minerals may form by hydration of primary ferromagnesian 
mantle minerals or by recrystallization of earlier serpentine phases 
(Deer et al., 1992). Antigorite is the most common prograde reaction 
product whereas lizardite is the most common retrograde reaction 
product. As chrysotile is found as cross-cutting veins truncating 
serpentine flakes, it appears that the protoliths of the HD area were 
mostly serpentinized during heating and burial (Moody, 1976; Deer 
et al., 1992), with minor retrograde formation of chrysotile and lizardite 
after antigorite. The dominance of antigorite over chrysotile and liz
ardite suggests peak metamorphic temperatures of 400–600 ◦C (Evans, 
2010) during the main stage of serpentinization, implying also signifi
cant burial depth. 

Disseminated primary Cr-spinel in serpentinite is altered to ferrit
chromite and Cr-magnetite along cracks and around the crystal bound
aries. Ferritchromite is enriched in total iron and strongly depleted in 
Al2O3 and MgO, reflecting the loss in Al2O3 and Cr2O3 and increase in 
Fe2O3 during alteration. This is a fluid-mediated post-magmatic alter
ation process, usually attributed to the effects of metamorphism from 
low- to medium-grade greenschist facies up to lower amphibolite facies 
conditions (e.g., Thalhammer et al., 1990; McElduff and Stumpfl, 1991), 
consistent with the conditions of serpentinization to antigorite. 
Replacement of Cr-spinel by ferritchromite requires interaction with 
neighboring silicate phases as a source of Al and Fe and a sink for Mg; it 
operates to a very limited extent in massive chromitite, where exchange 
phases are scarce. The fresh Cr-spinels have very low Fe3+ contents 
indicating that the primary source was equilibrated at relatively low 
oxygen fugacity conditions (Murck and Campbell, 1986), while high 
Fe3+ in the ferritchromite and Cr-magnetite rims suggest an oxidative 
state during metamorphism (Anzil et al., 2012). 

Chromian chlorite (kämmererite) is recorded as an interstitial min
eral around Cr-spinels in the HD chromitite lenses. This mineral variety 
has been observed in a few other serpentinites in the Eastern Desert of 
Egypt (Azer and Stern, 2007; Gahlan et al., 2018). The presence of 
kämmererite may indicate replacement of Cr-spinel and serpentine 
during prograde regional metamorphism or later alteration. The sig
nificant Cr content of kämmererite and its petrographic relationship to 
the primary Cr-spinel suggest that Cr and Al are liberated from Cr-spinel 
during alteration to ferritchromite, whereas Si and Fe are derived from 
neighboring silicate minerals (Azer and Stern, 2007). The occurrence of 
kämmererite around primary relics of Cr-spinel reflects a lower- 
temperature episode of replacement of Cr-spinel below 300 ◦C (Gah
lan et al., 2018). 

The metamorphic grade indicated by the mineral assemblages in the 
serpentinized ultramafic rocks in the HD area ranges from greenschist 
facies (olivine–opx–chrysotile/antigorite–ferritchromite-magnetite) to 
lower amphibolite facies (olivine–opx–talc–tremolite–antigorite–ferri 
tchromite–magnetite). This is supported by plotting the Cr-spinel data 
from serpentinite and chromitite pods from this study and from Abu El 
Ela and Farahat (2010) on the triangular Cr-Fe3+-Al diagram (Fig. 7a). 
Ferritchromite rims surrounding fresh Cr-spinel cores with sharp 
compositional gaps likely indicate upper greenschist to lower amphib
olite facies metamorphism (Evans and Frost, 1975; Frost 1991; Suita and 
Strieder, 1996; Barnes and Roeder, 2001; Mellini et al., 2005; Arai et al., 
2006; Farahat 2008). 

7.3. Protolith and geodynamic setting of serpentinites 

Several geodynamic models have been proposed for the generation 
of Egyptian ophiolites of the Eastern Desert, invoking a range of geo
dynamic settings (e.g., Azer and Stern, 2007; Abu-Alam and Hamdy, 
2014; Gamal El Dien et al., 2016; Khedr and Arai, 2016; Ali et al., 2020a; 
Abdel-Karim et al., 2021b). Although early work assumed that the 
Egyptian ophiolites formed at mid-ocean ridges (e.g., Zimmer et al., 
1995), today there is a general consensus that they formed in SSZ en
vironments (e.g., El-Sayed et al., 1999; Ahmed et al., 2001; Farahat 
et al., 2004; Azer and Khalil, 2005; Azer and Stern, 2007; Khalil and 
Azer, 2007; Abd El-Rahman et al., 2009; Azer, 2014; Khalil et al., 2014; 
Gahlan et al., 2015; Gamal El Dien et al., 2016; Khedr and Arai, 2016; 
Obeid et al., 2016; Boskabadi et al., 2017; Gahlan et al., 2018; Azer 
et al., 2019; Abdel-Karim et al., 2021b; Ali et al., 2020a, b). However, 
within the overall SSZ system, there is still argument about the relative 
importance of fore-arc and back-arc basins. The chemistry of meta
volcanic rocks in the Egyptian ophiolites, which is transitional between 
island arc and mid-ocean ridge affinities has motivated some researchers 
(e.g., El-Sayed et al., 1999; Farahat et al., 2004; Abd El-Rahman et al., 
2009) to infer a back-arc setting. However, it can be difficult to assign 
tectonic settings on the basis whole-rock chemistry in metavolcanic 
rocks that have experienced extensive fractional crystallization, alter
ation and metamorphism. Fore-arc and back-arc lavas both reflect the 
influence of hydrous subduction components and have overlapping 
chemical ranges (Azer and Stern, 2007). Hence the mantle sections may 
offer more definitive evidence for assigning a tectonic setting for the 
Egyptian ophiolites. 

Petrographic observations and whole-rock compositions establish 
with confidence, despite the highly altered and replaced state of the 
samples, that the protoliths of the serpentinized peridotites in the HD 
area include harzburgite and dunite. Their high Mg#, low Al2O3, low 
CaO, and scarcity of clinopyroxene indicate highly refractory mantle 
material that experienced high degrees of partial melt extraction 
(Bonatti and Michael, 1989; Hirose and Kawamoto, 1995; Parkinson and 
Pearce, 1998; Deschamps et al., 2013). These are common features of 
serpentinites in the ANS (Ali et al., 2020a, Abuamarah et al., 2020; 
Abdel-Karim et al., 2021b; Gahlan et al., 2020a, b). On the MgO/SiO2 vs. 
Al2O3/SiO2 diagram (Jagoutz et al., 1979; Hart and Zindler, 1986), the 
serpentinite samples interpreted to have harzburgite protoliths plot at 
low Al2O3/SiO2, in the area of overlap between fore-arc peridotites and 
the most depleted end of the abyssal peridotite array (Fig. 7b). Ser
pentinite samples with dunite protoliths plot above the terrestrial 
mantle array and melt extraction trend, requiring the action of another 
process to increase their olivine/orthopyroxene and MgO/SiO2 ratios 
(Deschamps et al., 2013). The low Al2O3 contents of the HD serpentinite 
samples are also similar to fore-arc peridotites (Fig. 7c); their CaO 
contents are more difficult to interpret due to the probable effects of 
carbonation. 

In extremely serpentinized peridotites with no relict primary silicate 
minerals, Cr-spinel may be the most reliable available petrogenetic in
dicator (e.g., Dick and Bullen 1984; Arai 1992, 1994; Zhou et al. 1996; 
Barnes and Roeder 2001; Ohara et al., 2002; Arif and Jan 2006). Cr- 
spinel compositions are very sensitive to bulk rock composition as 
well as changes in pressure, temperature, and oxygen fugacity (Dick and 
Bullen, 1984; Barnes and Roeder, 2001; Arif and Jan 2006). There may 
be confounding post-magmatic effects of fluid interaction (Gamal El 
Dien et al., 2019), but there appears to be a clear boundary between 
fresh and altered spinels in the HD serpentinite samples. The high Cr# of 
fresh Cr-spinel requires either high degrees of partial melting or exten
sive melt–rock interaction (Parkinson and Pearce, 1998; Pearce et al., 
2000). However, the low TiO2 content of this spinel argues against a 
melt-rock interaction origin for the serpentinite, as this process tends to 
enrich spinel in TiO2. 

When pyroxene is preserved in a residual peridotite or serpentinite, it 
can offer additional petrogenetic clues (e.g., Dick and Natland, 1996; 
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Fig. 7. Chemical discrimination diagrams to support the discussion of the HD ophiolite. (a) Evidence of metamorphic modification of Cr-spinel in serpentinite and 
lack thereof in Cr-spinel from chromitite; metamorphic fields on the triangular Cr-Fe3+-Al3+ diagram are defined by Purvis et al. (1972), Evans and Frost (1975), and 
Suita and Strieder (1996); (b) Whole-rock MgO/SiO2 vs. Al2O3/SiO2 discrimination diagram for peridotites (Hart and Zindler,1986) showing current serpentinized 
harzburgite and dunite; (c) Whole-rock CaO vs. Al2O3 discrimination diagram for peridotites (Ishii et al., 1992), using anhydrous normalized oxide weight percents; 
(d) Al2O3 vs. TiO2 in Cr-spinel from chromitite compared to tectonic fields of Kamenetsky et al. (2001); (e) Mg# vs. Cr# in Cr-spinel tectonic discrimination diagram 
after Stern et al. (2004) with field boundaries from Dick and Bullen (1984), Bloomer et al. (1995), and Ohara et al. (2002), and experimental melting trend from 
Hirose and Kawamoto, (1995); (f) Tectonic discrimination diagram based on trivalent cations (Cr- Al- Fe3+) in Cr-spinel, applied to chromitite samples (Stern 
et al., 2004). 
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Pagé et al., 2008; Xiong et al., 2018). For example, Al content decreases 
and Mg# increases in residual mantle pyroxene with increasing degree 
of partial melting (e.g., Gasparik 1987; Dick and Natland, 1996). The 
low Al2O3 and high Mg# of fresh relics of clinopyroxene in the ser
pentinized peridotites from the HD area are consistent with those found 
in highly depleted fore-arc peridotites (e.g., Ishii et al., 1992; Pagé et al., 
2008; Xiong et al., 2018). Similar compositions of fresh clinopyroxene 
have been recorded in serpentinized peridotites from other ANS 
ophiolites (e.g., Khalil et al., 2014; Obeid et al., 2016; Abuamarah et al., 
2020; Abdel-Karim et al., 2021b; Ali et al., 2020a, b; Gahlan et al., 
2020a). 

The HD serpentinite samples (Fig. 6c) record significant to extreme 
enrichment in fluid-mobile elements (Li, Cs, Pb, U, As and Sb) relative to 
primitive mantle values. Such signatures have occasionally been 
assigned to inheritance from metasomatized or refertilized peridotite 
protoliths (Niu, 2004; Godard et al., 2008) but are more generally 
thought to reflect fluid percolation during serpentinization (Olivier and 
Boyet, 2006) at high fluid/rock ratios (Deschamps et al., 2012). 
Remarkably high contents of As and Pb may be hosted in serpentine 
(Deschamps et al., 2010) or in sulphides (Hattori et al., 2005); enrich
ment in these elements is a common feature of fore-arc serpentinites 
(Scambelluri et al., 2019). Seawater infiltration during serpentinization 
may be the source of relative enrichment in U (Deschamps et al., 2013), 
which may be hosted (along with Sr and Pb) in carbonates (Olivier and 
Boyet, 2006). 

The REE patterns of the HD serpentinites are complex. They clearly 
do not express the extreme depletion of LREE relative to HREE expected 
(and observed) in residues of extensive melt extraction. Instead, they 
probably reflect modification by fluids or melts enriched in LREE, as 
might be found in a SSZ environment (Parkinson and Pearce, 1998; Zhou 
et al., 2005; Deschamps et al., 2013; Saka et al., 2014). Both positive and 
negative Eu anomalies are observed in the sample suite. The positive Eu 
anomalies might be attributed to interaction with Eu-enriched hydro
thermal fluids during serpentinization (Paulick et al., 2006) but may 
also reflect preferential incorporation of Eu2+ in carbonate during 
carbonation (Boedo et al., 2015). On the other hand, negative Eu 
anomalies may reflect the local presence of talc in some serpentinite 
samples; this phase anomalously excludes Eu (Cárdenas-Párraga et al., 
2017). 

Many models have been suggested for the evolution of the Egyptian 
ophiolites; the range of models has recently converged around a growing 
consensus that these ophiolites formed in a fore-arc suprasubduction 
zone setting (Azer and Stern, 2007). The most recent model reflecting 
this setting was proposed by Abdel-Karim et al. (2021b). This model sets 
the several stages required to generate these ophiolites in the context of 
the opening and subsequent closing of the Mozambique Ocean between 
East and West Gondwana (Fig. 8). In the first stage, depleted peridotites 
were produced at a mid-ocean ridge (Fig. 8a). These depleted peridotites 
were subsequently drawn into a proto-fore-arc spreading center during 
subduction initiation (Fig. 8b). Finally, as the subduction zone matured 
towards a well-developed arc system, the new slab liberated a high flux 
of fluid (Fig. 8c) that drove high-degree partial melting of depleted 
peridotite. As we discuss in the next section, this scenario sets up a 
system in the final stage where hydrous basaltic melts may evolve into 
and mix with boninitic melts, yielding the observed assemblage of 
podiform chromitites embedded in serpentinites derived from dunite 
and harzburgite protoliths. 

7.4. Origin of the chromitite pods 

Turning to the Hagar Dungash chromitite pods in the present study, 
the Cr-spinel in the massive samples is generally homogenous and fresh, 
with only limited alteration to ferritchromite along cracks. The mineral 
and whole-rock chemistry of the serpentinite hosting the chromitite 
pods points to a fore-arc SSZ environment. Likewise, the high Cr# 
(≥0.65) and low TiO2 content (≤0.2 wt%) of fresh Cr-spinel in the 

chromitite pods suggest crystallization from a high-Mg boninitic or 
tholeiitic magma, also associated with SSZ settings (Arai, 1994). 

Using the Al2O3 vs. TiO2 diagram of Kamenetsky et al. (2001), the Cr- 
spinel analyses from the massive HD chromitite pods from this study and 
from Abu El Ela and Farahat (2010) plot in the SSZ peridotite field 
(Fig. 7d). The nodular chromitite pod analyses from this study form a 
distinct population, absent in the dataset of Abu El Ela and Farahat 
(2010). On the Cr# vs. Mg# discrimination diagram (Fig. 7e) (after 
Stern et al., 2004), Cr-spinel analyses from nodular chromitite divide 
into two groups. As noted above, Cr-spinel in nodular chromitite is more 
severely altered than that in massive chromitite; the altered spots form 
the population at low Mg# that coincidentally plots at the end of the 
field of fore-arc basin lava phenocrysts. On the other hand, the popu
lation of fresh analyses from the nodular chromitite pods (at higher 
Mg#) and some analyses from the massive chromitite pods plot in the 
field of phenocrysts from boninites (Fig. 7e). Many of the new analyses 
from massive chromitite from this work, and all of the analyses from Abu 
El Ela and Farahat (2010), however, plot in a distinctive region at Cr# ~ 
0.65 and Mg# ~ 0.7 that is not found as phenocrysts in any type of 
oceanic lava. This population may in fact fingerprint the distinctive 
process of mixing of boninitic and tholeiitic melt invoked in the model of 
podiform chromitite genesis; this will be considered in the quantitative 
model presented below. Note that the analyzed Cr-spinel from nodular 
chromitite sample plots at distinctively low Mg#; this is likely the result 
of protracted subsolidus Fe/Mg exchange with enclosing silicates. The 
experimentally calibrated partial melting trend for residual Cr-spinel 
indicates extents of melting > 35 %, but it is unlikely that the chromi
tite pods are simple melting residues, so this result should be viewed 
with caution (Arai, 1994). On the Cr-Al-Fe3+ ternary diagram, although 
Cr-spinel from massive and nodular chromitite pods may be distin
guished, both plot in the overlapping fields of fore-arc peridotites and 
SSZ podiform chromitite (Fig. 7f). 

7.5. A quantitative model for chromitite pod formation 

Abuamarah et al. (2020) introduced a quantitative thermodynamic 
model for the origin of podiform chromitite by a multistage process of 
(1) melt extraction to yield depleted harzburgite, (2) melt-rock reaction 
driving the solid to dunite and the interstitial melt to boninite, and (3) 
mixing the boninite melt with unreacted tholeiitic melt to force super
saturation with Cr-spinel. The calculation uses the MELTS model 
(Ghiorso and Sack, 1995) and the methods of Asimow et al. (2001, 2004) 
and Asimow and Stolper (1999) to self-consistently compute the two 
end-member liquids and the liquidus relations of their mixtures. The 
original source composition is the “high-Na” depleted peridotite source 
of Workman and Hart (2005) with 150 μg g−1 H2O; near-fractional 
melting was computed along an isentropic path that encountered its 
“damp” solidus at 3.3 GPa. The integrated melt produced by the system 
at 1 GPa is a primitive, low-SiO2 tholeiitic basalt (with 46.5 wt% SiO2, 
11.3 wt% MgO, 0.018 wt% Cr2O3, and 0.38 wt% H2O); this liquid 
constitutes the “unreacted” melt that is assumed to ascend without re
action through dunite conduits until it encounters the mixing region at 
lower pressure. The decompression melting and isentropic cooling 
continues to 0.1 GPa and 1310 ◦C, where the residue is a harzburgite 
with 73 wt% olivine, 25 wt% orthopyroxene, and 2 wt% Cr-spinel. This 
residue is reacted with a sufficient mass of the tholeiitic melt to exhaust 
orthopyroxene, yielding a dunite in equilibrium with a boninitic liquid 
(55.4 wt% SiO2, 13.7 wt% MgO, 0.37 wt% Cr2O3, 1.42 wt% H2O). 
Finally, these two liquids were mixed at 0.1 GPa pressure; for the two 
end-members and each intermediate mixture, the liquidus phase and the 
mass of Cr-spinel formed as a function of temperature below the liquidus 
were computed. The critical result presented in Abuamarah et al. (2020) 
is that, although both end-member liquids have olivine on the liquidus, 
mixtures with between 51 and 55 wt% SiO2 have Cr-spinel on the liq
uidus. At the optimum mixture, with 53 wt% SiO2, Cr-spinel crystalli
zation begins about 4 ◦C before olivine crystallization, and a maximum 
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mass fraction of 1 g of Cr-spinel can be precipitated from 8.3 kg of mixed 
melt before olivine crystallization begins. 

Here we extend the application of this model by showing its pre
dictions for spinel mineral chemistry and comparing these to the Hagar 
Dungash peridotite and chromitite samples. Fig. 8 illustrates the sys
tematics of Cr-spinel compositional variation in the MELTS model 
described in the previous paragraph. The boninite liquid that results 
from melt/peridotite reaction at low pressure has olivine on the liq
uidus, but when Cr-spinel begins crystallizing it has high Cr# (≥0.7) and 
moderate Mg# (~0.75). With continued cooling and olivine + Cr-spinel 
fractionation, the Cr-spinel composition evolves down and to the right, 
towards lower Cr# and lower Mg#. The primary basalt composition that 
ascends without reaction in the dunite conduits also has olivine on the 
liquidus, and in this case when Cr-spinel begins crystallizing it has low 
Cr# (<0.6) and high Mg# (~0.79). With continued cooling, Cr-spinel 

composition again evolves (more steeply) down and to the right, to
wards lower Cr# and higher Mg# as long as the fractionating assem
blage is olivine + Cr-spinel. When orthopyroxene joins the assemblage, 
the Cr-spinel evolution path kinks and moves rapidly down in Cr#. 
Subsequently, when clinopyroxene joins the assemblage, the Cr-spinel 
evolution path changes direction again and moves out into the field of 
observed Cr-spinels in fore-arc lavas along a path of increasing Cr# and 
decreasing Mg#. Most notably for the current study, the region of 
mixing between the boninite and primary basalt where Cr-spinel is on 
the liquidus and monomineralic chromitite pods may be precipitated 
occupies a region of the diagram at lower Cr# and higher Mg# than the 
boninite field, and at higher Cr# and higher Mg# than the evolved fore- 
arc basalt field. This is precisely the area of enigmatic Cr-spinel com
positions found in the Hagar Dungash massive serpentinites (Fig. 7e). 

Although the absolute Cr# of the MELTS model Cr-spinels are shifted 

Fig. 8. Schematic illustration showing (a) opening of 
Mozambique Ocean between East and West Gond
wana with development of depleted peridotite resid
ual to mid-ocean ridge melt extraction; (b) subduction 
initiation or incipient arc stage, in which partial 
melting occurred in the mantle wedge and proto-fore- 
arc spreading started to form over the subduction 
zone; (c) the true subduction or mature-arc stage, 
associated with high fluxes of slab-derived fluids and 
high-degree partial melting of depleted mantle, pro
ducing hydrous melts that evolve to and mix with 
boninitic melts, from which the high-Cr chromitites 
were precipitated (Abdel-Karim et al. 2021b).   
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towards lower values than the Hagar Dungash data, there are often 
systematic errors in MELTS results when interrogated in detail. How
ever, trends within the self-consistent model space due to changes in 
intensive variables and along petrologic process paths are often robust. 
Hence, we view the behavior of Cr-spinel chemistry in this model as a 
successful explanation for the presence of Cr-spinel in the massive 
chromitites with anomalous compositions. It appears to be a natural 
outgrowth of the melt/rock reaction and mixing scenario for the for
mation of podiform chromitite (see Fig. 9). 

The ability of the MELTS-based model to match the trends in mineral 
composition within the HD chromitite pods lends additional confidence 
to the use of this model to understand the origin of such pods in general. 
The most essential prediction of the model is the relatively low effi
ciency of chromitite production, 1 g of chromite per 8.3 kg of melt that 
flows through the system. In fact, this low efficiency should not be 
surprising. The Cr2O3 content of the upper mantle is about 0.5 wt% (e.g., 
Workman and Hart, 2005) and oceanic crust is the product of approxi
mately 10% partial melting. If a scenario could be found, hypothetically, 
in which Cr were perfectly incompatible during partial melting (and so 
quantitatively extracted from the mantle) and then became perfectly 
compatible during chromitite pod formation (and so all deposited in 
chromitite), the maximum imaginable efficiency would be 1 g of chro
mite per 20 g of melt. But such a case cannot be realized; Cr is in fact 
compatible during mantle melting, and primitive melts rarely carry 
more than ~ 0.05 wt% Cr2O3. Complete capture of all this Cr would 
yield 1 g of chromitite per 2 kg of melt. But Cr does not become perfectly 
compatible during chromitite genesis; by the time olivine returns to the 
liquidus after mixing, only a fraction (apparently, about 25%) of the Cr 
carried by the melt can be deposited in monomineralic chromite. 
Because a given section of oceanic upper mantle only experiences a 
certain melt flux before migrating away from a spreading center, a limit 
on chromite production per unit melt flux corresponds to a limit on the 
size of chromitite deposits that mid-ocean ridge type ophiolites can host. 
Increasing the size of such chromitite deposits requires highly focused 
melt flux, maintained over time in a given place, which may occur in 
settings where especially large fluxes of fluid are liberated from a 
downgoing slab during subduction initiation (e.g., Leng et al, 2012). 

8. Conclusions 

➢ The Hagar Dungash (HD) ophiolitic sequence — despite dis
memberment, deformation, metamorphosis to lower amphibolite 
facies, and alteration — can be recognized as a supra-subduction 
zone fore-arc ophiolite dominated by serpentinite masses devel
oped from highly depleted residual peridotites, enclosing lenses of 
chromitite. 

➢ The podiform chromitite lenses include massive and nodular vari
eties. Massive chromitite is mostly fresh and composed mainly of Cr- 
spinel (>90 vol%) with minor interstitial minerals. Cr-chlorite 
(kämmererite) is observed among the interstitial minerals and as 
inclusions within the Cr-spinel crystals.  

➢ The massive chromitite pods preserve magmatic compositions that 
enable comparison of their mineral chemistry to quantitative models 
of chromitite genesis. They contain a population of Cr-spinel cores 
with moderate Cr# (~0.70), high Mg# (>70), and very low TiO2 
content that differ from compositions found in any category of 
erupted lava. A model of mixing between boninitic melt formed by 
melt/peridotite reaction with unreacted primary fore-arc basalt 
ascending in dunite conduits can precipitate about 1 g of mono
mineralic Cr-spinel per 8.3 kg of melt flux, with chemical charac
teristics resembling those observed in the Hagar Dungash chromitite 
pods. 
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