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THE KABR EL-BONAYA PERIDOTITES, SOUTHEASTERN SINAI,
EGYPT: PETROLOGY, GEOCHEMISTRY, AND METAMORPHISM OF
NEOPROTEROZOIC ARC ULTRAMAFIC CUMULATES

AYMAN E. MAURICE*t, MOKHLES K. AZER**, PAUL D. ASIMOW#*#%*
FAWZY F. BASTAS, HASSAN M. HELMY®S, and TOMOYUKI SHIBATASSS

ABSTRACT. Two small, isolated ultramafic masses in the northeastern part of the
Wadi Kid area, southeast Sinai, are composed of variably serpentinized harzburgite
and lherzolite with minor talc-anthophyllite rock. The primary phases are dominantly
olivine, orthopyroxene and Cr-spinel; clinopyroxene, amphibole, and phlogopite are
also found in lherzolite samples. The whole-rock Mg# of harzburgite samples (89-91)
is higher than that of lherzolite (average 82). The harzburgite samples contain olivine
with higher Mg and Ni contents, orthopyroxene with higher Mg#, and Cr-spinel with
higher Cr content than do the lherzolite samples. The REE patterns of clinopyroxene
and amphibole in lherzolite are most consistent with a cumulate origin. Although sev-
eral compositional characteristics of the harzburgites resemble those of residual man-
tle, in detail the CryO3 and Al;Os3 contents of fresh Cr-spinel in harzburgite are
different from those found in mantle samples or in any of the Neoproterozoic ophio-
litic peridotites throughout the Arabian-Nubian Shield. Thus, all the ultramafic rocks
at Kabr El-Bonaya are best explained as ultramafic cumulates, with harzburgite con-
sisting of early-formed cumulate phases and lherzolite containing later-formed cumu-
late phases with higher REE abundances, primary hydrous minerals, evolved primary
silicates, and high TiOy (0.77wt.%) and Al;O3; (18 wt.%) contents in Cr-spinel. The
trace-element characteristics of the rocks indicate a subduction-related parental
magma: whole-rock chondrite-normalized REE patterns are LREE-enriched; calcu-
lated fO, values are elevated (+2.47 to +3.39 log units above the fayalite-magnetite-
quartz buffer); and computed N-MORB-normalized trace element patterns for melts
in equilibrium with clinopyroxene and amphibole have negative Nb-Ta anomalies
and enrichment in large-ion lithophile elements. The low Al;O3/SiO5 ratios (0.007-
0.040) of harzburgite samples and the low TiO;, contents and high Cr# of their Cr-spi-
nel indicate derivation from a mantle source that experienced high-degree partial
melting. From these characteristics, we infer a boninitic parental melt for the harz-
burgite. We offer an illustrative quantitative fractionation model that can explain the
successive derivation of harzburgite and lherzolite cumulates along a single equilib-
rium, polybaric cooling path. We conclude that the Kabr El-Bonaya ultramafic cumu-
lates represent the exposed roots of a Neoproterozoic island arc that was caught in
the collision between East and West Gondwana.

Key words: Neoproterozoic, Island Arcs, Ultramafic cumulates, Arabian-Nubian
Shield, Sinai

INTRODUCTION

There are two principal sources for terrestrial ultramafic rocks: samples of the
mantle and cumulates crystallized from primitive magmas. Tectonically emplaced
ultramafic rocks from the mantle may be exposed in the lower sections of ophiolite
complexes and are termed tectonites; they may represent fertile, depleted or
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refertilized upper mantle compositions (for example Kelemen and others, 1992;
Hébert and Laurent, 1989; Hébert and others, 1989; Jean and others, 2010).
Ultramafic cumulates, by contrast, whether associated with the crustal section of
ophiolites or in mafic-ultramafic intrusions, are products of magmatic crystallization.
Ultramafic rocks dredged or drilled from the ocean floor include examples of both
mantle and cumulate samples and provide insights into modern processes (for exam-
ple Dick, 1989; Ishii and others, 1992; Allan and Dick, 1996; Ohara and Ishii, 1998;
Parkinson and Pearce, 1998; Pearce and others, 2000; Hellebrand and others, 2001;
Ohara and others, 2002, 2003; Niu, 2004; Savov and others, 2005; Okamura and
others, 2006; Paulick and others, 2006; Birner and others, 2017). Older ultramafic
rocks—including xenoliths, ophiolite exposures, and magmatic intrusions—provide a
complementary opportunity to evaluate the evolution of Earth's upper mantle (for
example, Ali and others, 2020a, 2000 b and references therein) and of primitive mag-
matic intrusions (for example, Jagoutz and others, 2007) over time.

Ultramafic rocks, both mantle-derived and cumulate, occur in a range of tectonic
settings (for example, Bonatti and Michael, 1989). Ophiolite-associated ultramafic
rocks have been assigned variously to abyssal mid-ocean ridge, suprasubduction zone
(SSZ, including fore- and back-arc varieties), and passive margin settings (for example
Hébert and Laurent, 1989; Hébert and others, 1989; Uysal and others, 2012).
Intrusive mafic-ultramafic complexes, likewise, have been assigned to both subduction
zone and within-plate settings (for example, Wilson, 1982; DeBari and Coleman,
1989; Khan and others, 1989; Himmelberg and Loney, 1995; Jagoutz and others,
2007). In cases where the tectonic setting is known, differences in the compositional
characteristics of ultramafic rocks have been used to develop a variety of diagnostic
tectonic discriminants (for example, Loucks, 1990; Arai, 1994; Kamenetsky and
others, 2001; Arai and others, 2007; Dare and others, 2009; Uysal and others, 2012).
Moreover, independent of tectonic setting, there are key differences between mantle
and cumulate ultramafic rocks (for example, Hébert and Laurent, 1989; Hébert and
others, 1989; Arai, 1994; Sano and Kimura, 2007), which will be a key focus of this
work.

The ultramafic rocks of the Arabian-Nubian Shield (ANS) have been the subject
of research interest for some time because they represent important elements for
reconstructing the geodynamic evolution of the ANS and other Neoproterozoic oro-
genic belts. Mantle-derived ultramafic rocks are widespread in several tectono-strati-
graphic units of the ANS, both as parts of Neoproterozoic ophiolite complexes and as
xenoliths in volcanic rocks. Likewise, intrusive mafic-ultramafic complexes of various
ages and tectonic affinities are distinctive rock units in the Precambrian belt of Egypt.
It is conventional to divide mafic and ultramafic exposures in Egypt into older and
younger groups (for example, Takla and others, 1981). The older mafic-ultramafic
rocks, usually deformed and metamorphosed, belong either to obducted ophiolitic
sequences (El Sharkawy and El Bayoumi, 1979; Takla and others, 1981; El-Sayed and
others, 1999; Ali and others, 2020a) or subduction-related complexes (El-Gaby and
others, 1988, 1990; Abu El-Ela, 1996, 1997; Helmy and El Mahallawi, 2003; Abd El-
Rahman and others, 2012; Maurice and others, 2013; Helmy and others, 2014; Abdel
Halim and others, 2016; Khedr and Arai, 2016; Khedr and others, 2020). The younger
mafic-ultramafic rocks are mostly fresh, undeformed, and unmetamorphosed (Takla
and others, 1981; El-Gaby and others, 1990; Basta, 1998; Azer and El-Gharbawy 2011;
Azer and others, 2016) and are therefore taken to be post-orogenic rocks (El-Ramly,
1972; Takla and others, 1991; Ghoneim and others, 1992; Azer and others, 2017).

The Eastern Desert ophiolites have been dated to 730 Ma (Allagi ophiolite, Ali
and others 2010), ca. 736 Ma (Fawakhir ophiolite, Andresen and others, 2009) and
746 Ma (Ghadir ophiolite, Kroner and others, 1992), whereas a subduction-related
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mafic-ultramafic complexe in Sinai produced a markedly younger age (632 Ma,
Be'eri-Shlevin and others, 2009). On the other hand, the younger mafic-ultramafic
complexes are post-orogenic, implying an age of 600 Ma or less. A more complex case
concerns the gabbro from the Korab Kansi mafic-ultramafic association in the south
Eastern Desert. Kroner and others (1992) considered this unit to be part of the Gerf
ophiolite and took the reported U-Pb age of 741 Ma obtained on the gabbro to repre-
sent the age of the ophiolite. However, more recently, Khedr and others (2020) con-
cluded that the Korab Kansi gabbro is part of a subduction-related mafic-ultramafic
intrusion, which would imply that the ophiolites and arc mafic-ultramafic complexes
of the Eastern Desert have comparable ages.

The Sinai Peninsula, whose southern part exposes a fragment of the Nubian
Shield, has only limited exposure of mafic-ultramafic rocks, mostly late- to post-tec-
tonic intrusive complexes (for example, El-Metwally, 1992, 1997; Takla and others,
2001; Basta, 1998; Azer and others, 2016). Variably serpentinized ultramafic rocks in
the Gabal Imleih area (Essawy and others, 1997; El Amawy and others, 2004;
Mehanna and others, 2004; Azer and El-Gharbawy, 2011), for example, constitute
part of a layered mafic-ultramafic intrusion. On the other hand, the small, isolated
masses of serpentinized peridotite at Kabr El-Bonaya (hereafter KB) in the Wadi Kid
area (Madbouly, ms, 2000; Moussa, 2002; Abu El-Enen and Makroum, 2003) lack suffi-
cient context to be easily assigned to any complex or sequence. Although some of the
mafic-ultramafic complexes in south Sinai have been interpreted to be fragments of
ophiolite sequences (Shimron, 1981, 1984; Abdel Khalek and others, 1994; Abu El-
Enen and Makroum, 2003; El Amawy and others, 2004; Mehanna and others, 2004), a
number of authors have questioned whether there are any ophiolites in the Sinai at
all (Bentor, 1985; El-Gaby and others 1990; Farahat and Azer, 2011).

In this context, previous studies of the Neoproterozoic KB ultramafic rocks of
southeast Sinai have created considerable controversy as to their origin, tectonic set-
ting, and interpretation in a larger geodynamic context. Beyth and others (1978)
named them “Dahab ultramafics” and considered them to be fragments of an ophio-
lite suite, a view endorsed by several subsequent studies (Shimron, 1980, 1981, 1984;
Abdel Khalek and others, 1994; Abu El-Enen and Makroum 2003). On the other
hand, Madbouly (ms, 2000) judged that they are instead part of a magmatic intrusion,
a conclusion that has also attracted support by several authors (Takla and others,
2001; Moussa, 2002; Mogahed, 2021). Here we aim to resolve this debate through
detailed investigation of a suite of new samples, including petrography, mineral chem-
istry of primary and secondary phases, and whole-rock geochemistry. We compare the
mineral and whole-rock chemistry of the KB suite to ultramafic rocks from the ANS
and to other ancient and modern examples with well-known tectonic settings. Our
results allow a clear statement of the significance of the KB serpentinized peridotites
in the context of the Neoproterozoic evolution of the southern Sinai region and the
ANS more broadly.

GEOLOGIC SETTING

The Sinai Peninsula lies at the extreme northern end of the ANS. The
Neoproterozoic basement rocks of Sinai consist essentially of remnants of older meta-
morphic complexes engulfed by large volumes of younger, mostly unmetamorphosed
granitoid intrusions (fig. 1). The metamorphic rocks in Sinai are grouped into four
large complexes: the Feiran-Solaf, Sa'al-Zaghra, Kid and Taba (Elat) metamorphic
complexes (fig. 1). In addition, many smaller metamorphic exposures are scattered
throughout the Sinai massif. The KB serpentinized ultramafic rocks, the target of the
present work, are located in the northeastern extremity of the Kid metamorphic
complex.
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Fig. 1. Geological map of Sinai (modified after Eyal and others, 1980). Inset shows the location of the
Sinai at the northernmost limit of exposure of the Neoproterozoic Arabian and Nubian Shields, the
Eastern Desert (ED) of Egypt, and Zabargad Island (Z, not to scale) in the Red Sea. Location of the study
area enlarged in figure 2 is marked.

The field area lies along coast of the Gulf of Aqaba about 10 km southwest of
Dahab. This area is characterized by low- to moderate-relief terrain and dissected by
numerous structurally controlled wadis. The ultramafic rocks of the KB area occur as
two small, elongated masses (fig. 2), intruding a migmatite-amphibolite complex and
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Fig. 2. Simplified geological map of the study area (modified after Abu El-Enen and Makroum, 2003).

a gneissose diorite complex (Beyth and others, 1978). The gneissose diorite was dated
at 628 Ma (Eyal and others, 2014). The northern mass is ~100m long and ~10m
wide, whereas the southern mass is ~80m long and ~4m wide (Abu El-Enen and
Makroum, 2003). The two masses are displaced across a NW-striking left-lateral fault
(Beyth and others, 1978; Madbouly, ms, 2000; Abu El-Enen and Makroum, 2003).
The contacts between the KB serpentinized ultramafic rocks and their country rocks
are sharp (fig. 3A). The KB ultramafic rocks are not linked to any related mafic units.
The whole area is cross-cut by swarms of NE-SW trending mafic and felsic dikes. The
rocks of the KB ultramafic masses are distinguished into serpentinized peridotites
(fig. 3B), serpentinites, and talc-anthophyllite rock. Relatively fresher peridotite is
found in the cores of the ultramafic masses, whereas serpentine dominates towards
the margins. Talc-anthophyllite rock forms a thin outer zone around the southern
mass and patches in the core of the northern mass.

Note that in this work we use the term “Kabr El-Bonaya ultramafic rocks” in the
conventional sense (for example, Madbouly, ms, 2000; Takla and others, 2001;
Moussa, 2002; Abu El-Enen and Makroum, 2003), referring only to the two small
masses of serpentinized peridotites in the present study area. We do not adopt the
usage of Mogahed (2021), who grouped the two small masses with some large newly
mapped ultramafic masses within the Shahira (or Melhega) gabbroic intrusion, defin-
ing an apparently elliptical mafic-ultramafic intrusion occupying 80 kmz, which
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Fig. 3. Field photos showing: (A) sharp contact between the Kabr El-Bonaya ultramafic rocks (UM)
and gneissose diorite (GD); (B) mesh texture in serpentinized peridotite.

Mogahed (2021) termed “Kabr El-Bonaya”. This usage is at least confusing and, in our
view, inappropriate because there is insufficient evidence that the geographically sepa-
rated Shahira (or Melhega) gabbroic intrusion (Azer and others, 2016) is related to
the ultramafic masses of the present study. The Shahira metagabbro was dated at 632
Ma (Be'eri-Shlevin and others, 2009).
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PETROGRAPHY

Petrographic study of the KB ultramafic rocks revealed the presence of three
rock types, namely variably serpentinized peridotites, serpentinite and talc-anthophyl-
lite rock.

Peridotites include harzburgite and lherzolite. Harzburgite is variably serpentinized,
but the primary mineralogy is recognized to be olivine, orthopyroxene (Opx), and
accessory Cr-spinel. Serpentine, amphiboles, phlogopite, chlorite, iron oxides and sul-
fides are secondary minerals. The olivine grains are highly cracked and moderately to
highly serpentinized, leaving fresh relics in a matrix of serpentine (fig. 4A). These re-
lict grains are unzoned (see mineral chemistry) and free of opaque inclusions, indicat-
ing that they are not metamorphic olivines (Arai, 1975; Nozaka, 2003, 2010). Opx
(enstatite) occurs as clusters of colorless, subhedral stout prisms. Amphiboles include
anthophyllite and tremolite. Anthophyllite occurs largely as long randomly oriented
prisms (fig. 4B) cutting the partly serpentinized olivine and variably altered to serpen-
tine. Occasionally, anthophyllite is slightly replaced with tiny flakes of talc. Tremolite
blades truncate the primary harzburgite texture and are variably replaced by serpen-
tine. Sparse patches of green chlorite are associated with tremolite. Serpentine
(mainly lizardite and subordinate antigorite; see below) formed at the expense of oli-
vine (mesh-textured) or amphibole (prismatic). The alteration of both amphibole
varieties to serpentine indicates that neither anthophyllite nor tremolite was pro-
duced by prograde metamorphism of serpentine. Opaques (up to 15%) include pri-
mary chromite and secondary magnetite. Chromite occurs as sparse, large, cracked
grains and as aggregates of smaller grains. Magnetite forms streaks along cracks within
serpentinized olivine and patches or disseminated crystals included in serpentine.

Lherzolite is recorded only in the northern ultramafic mass. It is largely fresh with
a coarse-grained allotriomorphic granular texture (fig. 4C). The primary mineralogy
consists mainly of olivine and two pyroxenes, with accessory amphibole, Cr-spinel and
phlogopite. Serpentine, tremolite, chlorite, iron oxides and sulfides are secondary.
Olivine forms large, highly cracked anhedral cumulus grains (fig. 4D) that are slightly
altered to serpentine along cracks. Occasionally, olivine grains are cut by chrysotile
veinlets. Opx and clinopyroxene (Cpx) are both present as aggregates and as sepa-
rated crystals interstitial to olivine. Opx (enstatite) forms anhedral plates that some-
times exhibit schiller structure; they are slightly altered to chlorite along their
margins. Cpx is mostly found as discrete intercumulus grains around olivine, slightly
altered to tremolite. Cpx may also be intergrown with Opx. Primary amphibole and
scarce phlogopite are present as anhedral intercumulus plates. The Cr-spinel grains
are small to medium, anhedral and occasionally cracked. These grains are commonly
zoned, with fresh cores and ferritchromite rims (fig. 4E). Ferritchromite zones are
developed only along rims facing serpentinized parts of the rock. Secondary magne-
tite is disseminated in the serpentinized parts of the rock and occasionally fills cracks
in the olivine.

Serpentinite, mainly after harzburgite, is composed dominantly of serpentine with
minor anthophyllite and tremolite. Rare relics of olivine are sometimes observed.
Opaques include accessory Cr-spinel and secondary magnetite and pentlandite. The
serpentine is mainly lizardite, formed after olivine (mesh-textured, fig. 4F), amphi-
bole (prismatic, fig. 4G), or occasionally Opx (bastite). These textures indicate that
serpentinization was the last alteration process affecting the peridotite protolith.
Anthophyllite and tremolite, both extensively serpentinized, occur as long prisms that
truncate former olivine grains (now mesh-textured lizardite). Chrysotile is subordi-
nate, occurring as cross-fiber veinlets truncating lizardite. Cr-spinel is present as large
cracked or stretched grains, sometimes partly altered along rims to ferritchromite.
The cracks in Cr-spinel may be filled with chlorite or serpentine. Fine scales of bluish-
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Fig. 4. Petrographic images of the KB ultramafic rocks (all images in cross-polarized light except (E)
is a back-scattered electron image: (A) serpentinized harzburgite showing relics of olivine (Ol); (B) ser-
pentinized harzburgite with primary mineralogy truncated by amphibole (Amph) prisms; (C) lherzolite
composed of olivine (Ol) and pyroxene (Px); (D) lherzolite composed of cumulus olivine (Ol) and inter-
cumulus pyroxene (Px); (E) Cr-spinel (Cr-Spl) altered along rims into ferritchromite (Fe-Cr); (F) serpen-
tinite showing mesh texture implying former olivine; (G) serpentine (Serp) formed at the expense of
tremolite (Tr); (H) talc (Tc) growing at the expense of anthophyllite (Anth) in talc-anthophyllite rock.
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green chlorite are sometimes present along the boundaries and cracks of Cr-spinel as
well as in the serpentine matrix. Iddingsite, accompanied by iron oxides, occurs along
cracks of former olivine. Secondary magnetite as disseminated grains or streaks within
lizardite indicates the release and oxidation of iron during peridotite alteration.
Chrysotile veins and strings of magnetite occasionally define thin shear planes within
the rock.

The talc-anthophyllite rock is composed essentially of anthophyllite with varying
amounts of talc (fig. 4H). Rare relics of olivine and pyroxene with occasional schiller
structure are overgrown by anthophyllite, which in turn is replaced by talc. Opaques
(up to 10%) include accessory Cr-spinel (extensively altered to ferritchromite), sec-
ondary magnetite, and pentlandite. Anthophyllite is mostly prismatic or fibrous in
form, but rhombic cross sections are encountered in some samples. The anthophyllite
prisms are commonly long and occasionally form radial or fan-shaped aggregates.
Anthophyllite is variably replaced by talc. Talc forms aggregates of tiny flakes growing
at the expense of anthophyllite and Opx. Itis irregularly distributed. In talc-rich areas,
anthophyllite is reduced to isolated corroded patches or crystals within the talc ma-
trix. Green chlorite is encountered in some samples. Secondary magnetite is irregu-
larly distributed as fine grains, aggregates and streaks.

ANALYTICAL METHODS

The serpentine species of the KB serpentinized ultramafic rocks were determined
using Raman spectroscopy (Renishaw InVia micro-Raman spectrometer with 514nm
Ar-ion laser) at the GPS Division, California Institute of Technology (Caltech), USA.
Phase identifications were verified using the reference spectra of Petriglieri and
others (2015) in both the 200 to 1100 cm™" silicate vibration range and the 3550 to
3850 cm ™' OH-stretching region.

Chemical compositions of primary igneous minerals (olivine, pyroxene, Cr-spinel,
amphibole and phlogopite) and secondary minerals (serpentine, amphibole, phlogopite
and chlorite) were carried out by electron probe microanalysis (EPMA) both at Caltech
(JEOL JXA-8200) and at Kanazawa University, Japan (JEOL JXA-8800). The working con-
ditons are the same as given in Basta and others (2017) and Helmy and others (2015).
Major-element composition of the investigated minerals and their calculated structural
formulae in atoms per formula unit are given in tables S1-S9 (supplementary data:
http://earth.eps.yale.edu/ %7Eajs/SupplementaryData/2021 /Maurice). The average
composition of primary minerals in the different ultramafic rocks (harzburgite and lher-
zolite) is given in table 1. Fe’" in minerals was determined by charge balance. The abun-
dances of REE and some trace elements in Cpx and primary amphibole (tables 2 and 3)
were measured using laser-ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS, at Kanazawa University) and secondary ion mass spectrometry (SIMS, with the
Cameca IMS-7f-geo at Caltech). The description of these techniques is the same as in
Maurice and others (2018) and Helmy and others (2014).

Concentrations of major element and trace elements of representative whole-
rock samples were determined by X-ray fluorescence (XRF). The analytical precision
for XRF analyses, as calculated from duplicate samples, is better than = 1% for the
major elements and = 5% for most trace elements. Loss on ignition (L.O.1.) was deter-
mined by heating powdered samples for 50 min. at 1000 °C. The chemical analyses
were carried out at Geoanalytical Laboratory, Washington State University (USA), and
at Kanazawa University. Some trace and REE elements were determined by solution
ICP-MS at ALS Minerals (USA) (method ME-MS81) and at Caltech. Powdered sam-
ples were fused with lithium metaborate prior to acid dissolution. The details of the
method and detection limits are found at www.alsglobal.com. The whole-rock XRF
and ICP-MS analyses are shown in table 4A.
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TaBLE 3

Trace element contents (ug g~ ") of amphibole of the Kabr El-Bonaya lherzolite,
Southeastern Sinai, Egypt

Technique LA-ICP-MS

Sample GBS

Spot 1 2 4 5
Li 8.39 10.55 9.94 14.72
B 3.10 3.19 2.97 1.91
Sc 44.64 67.86 89.79 96.15
Ti 2867.21 4115.81 6056.86 9980.04
\% 207.23 296.00 426.81 503.87
Cr 2159.94 3441.94 6684.16 7644.78
Co 40.82 47.90 55.00 74.57
Ni 311.36 375.00 354.41 425.72
Rb 7.53 6.12 4.40 3.37
Ba 158.82 171.56 168.18 160.43
Th 0.490 0414 0.424 0.280
U 0.281 0.239 0.144 0.162
Nb 2.61 3.85 3.06 5.36
La 6.71 9.23 6.47 6.76
Ce 18.47 26.09 16.64 19.47
Pb 2.85 2.44 2.60 2.96
Pr 2.10 3.08 2.10 2.49
Sr 87.51 118.96 92.84 140.83
Nd 8.74 13.28 9.90 11.60
Zr 83.43 95.34 44.64 56.43
Sm 1.905 3.063 2.603 2.897
Eu 0.657 0.973 0.885 0.990
Gd 1.787 2.858 2.644 3.013
Tb 0.260 0.415 0.383 0.429
Dy 1.643 2.668 2.460 2.807
Y 8.601 13.691 11.852 12.939
Ho 0.312 0.523 0.460 0.526
Er 0.913 1.443 1.240 1.379
Tm 0.130 0.192 0.168 0.190
Yb 0.927 1.426 1.078 1.296
Lu 0.128 0.203 0.144 0.163
Cs 0.146 0.512 0.246 0.064
Hf 1.992 2.541 1.286 1.727
Ta 0.189 0.294 0.176 0.310
>REE 227 296 199 267
(La/Yb)n 5.19 4.64 431 3.74
EwEu* 1.09 1.00 1.03 1.02
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Fig. 5. Raman spectra of serpentine minerals in KB serpentinized peridotites: (A and B) lizardite in
serpentinite; (C and D) mostly lizardite with minor antigorite in serpentinized harzburgite; (E and F) liz-
ardite in serpentinized lherzolite.

SERPENTINE PHASES

Serpentine phases in partly and fully serpentinized harzburgite samples and in a
partly serpentinized lherzolite were identified using Raman spectroscopy (Petriglieri
and others, 2015). In fully serpentinized harzburgite samples, we observed only lizar-
dite (two representative spectra are shown in figs. 5A and B). In partly serpentinized
harzburgites (figs. 5C and D), lizardite remains the dominant serpentine species, but
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antigorite is also present, particularly in samples containing larger proportions of oli-
vine relics. In the partly serpentinized lherzolite sample examined, all the collected
spectra indicate lizardite (figs. bE and F). In summary, lizardite is the dominant ser-
pentine species in the KB serpentinized peridotites, with subordinate antigorite in the
less completely serpentinized harzburgites.

MINERAL CHEMISTRY

Major Oxides

Olivine.—Olivine is recorded as relics in serpentinized harzburgite and as largely
fresh crystals in lherzolite. Microprobe analyses (table S1) indicate that these two pop-
ulations of olivine have markedly different compositions. Olivine relics in harzburgite
have higher MgO (47.8-53.1 wt.%; average 49.7wt.%) and lower FeO* (8.0-11.5wt.
%; average 9.7wt.%) contents than fresh olivine in lherzolite (MgO: 40.3-45.2wt.%,
average 42.5wt.%; FeO*: 16.2-19.9wt.%; average 17.8wt.%). Consequently, the Fo
contents of analyzed olivine relics (88-92; average 90) in harzburgite are significantly
higher than those of olivine crystals in lherzolite (78-83; average 81). Furthermore, ol-
ivine in harzburgite has higher NiO (0.30-0.46 wt.%; average 0.39wt.%) and lower
MnO (0.10-0.25wt.%; average 0.17wt.%) contents than in lherzolite (NiO: 0.08-
0.20wt.%, average 0.14wt.%; MnO: 0.23-0.36 wt. %, average 0.27wt.%). The NiO and
MnO contents of the olivine relics in harzburgite plot within or near the olivine man-
tle array, while olivine analyses in lherzolite, with lower Fo and NiO combined with
higher MnO, plot well away from the olivine mantle array (Takahashi and others,
1987, fig. 6). The harzburgite olivine relic analyses are similar to previously published
results for KB serpentinized ultramafic rocks (Fo: 91-92; NiO: 0.42-0.49 wt.%;
Moussa, 2002).

Pyroxenes.—Opx was analyzed in both harzburgite and lherzolite (table S2),
whereas Cpx was only observed and analyzed in lherzolite (table S3). All the Opx anal-
yses classify as enstatite in the nomenclature of Morimoto and others (1988).
However, as with the olivine results, Opx is distinctly different in composition in harz-
burgite and lherzolite samples, especially in MgO and FeO* contents. On average,
Opx in harzburgite has higher SiOy (57.7wt.%), MgO (34.6 wt.%) and Mg# (90), but
lower TiOs (below detection limit), AloOs (0.4wt.%), FeO* (6.9wt.%) and CaO
(0.1wt.%) compared with Opx in lherzolite (SiOg: 54.6 wt.%; MgO: 29.7 wt.%; Mg#:
83; TiOs: 0.3 wt.%; AloOs: 1.7wt. %; FeO*: 11.0 wt.%; CaO: 1.2wt. %).

Cpx in the KB lherzolite samples is mainly diopside with subordinate augite
(Morimoto and others, 1988). Individual crystals are unzoned, but the population dis-
plays relatively wide ranges of Al;O5 (0.2-4.0 wt.%; average 2.9wt.%), CroO3 (0.06—
1.1 wt.%; average 0.7wt.%), TiOg (0.02-0.6 wt.%; average 0.4wt.%) and NayO (0.05—
0.4 wt.%; average 0.3wt.%). MgO content varies between 14.9 and 19.5wt.% (average
16 wt. %), while Mg# ranges from 83 to 92 (average 86).

Cr-spinel.—The Cr-spinel grains of the KB serpentinized peridotites are usually
zoned, with fresh cores or relics surrounded by altered rims. Both fresh and altered
Cr-spinels were analyzed in variably serpentinized harzburgite and lherzolite samples
(table S4). On average, fresh Cr-spinel in harzburgite (including completely serpenti-
nized samples) has higher CroO3 (42.4wt.%) and Cr# (79) and slightly higher MnO
(0.7wt.%) than those in lherzolite (average CreOs: 26.8wt.%; Cr#: 50; MnO:
0.5wt.%). On the other hand, Cr-spinel in harzburgite has lower average TiOq
(0.12wt.%), AloOg (7.6 wt.%) and FeO* (41.0wt.%) contents than that in lherzolite
(TiOg: 0.8wt.%; AloOs: 18.4wt.%; FeO*: 45.6 wt.%). There is less difference between
Cr-spinel in harzburgite and lherzolite types in terms of MgO (5.0 and 4.8wt.%,
respectively), Mg# (25.7 and 23.9), Fe®"# (24.6 and 26.6) and NiO (0.15 and 0.11 wt.
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Fig. 6. Chemistry of olivine: (A) NiO (wt.%) vs. Fo content and (B) MnO (wt. %) vs. Fo contents. The
mantle olivine array is from Takahashi and others (1987). Data sources for the fields are: Oceanic (abyssal
and SSZ) peridotites: Dick (1989), Ishii and others (1992), Ohara and Ishii (1998), Pearce and others
(2000), Ohara and others (2002), Murata and others (2009a, 2009b), Birner and others (2017); Pre-oce-
anic rift peridotites (Zabargad Island): Bonatti and others (1986); Island arc intrusions: DeBari and
Coleman (1989), Khan and others (1989), Himmelberg and Loney (1995), Jagoutz and others (2007);
Ultramafic cumulates of Oman ophiolite: Clénet and others (2010); Arabian-Nubian Shield (ANS) ophio-
lites: Surour (ms, 1993), Khalil and Azer (2007), Ahmed and others (2012), Gahlan and others (2012,
2015), Khedr and Arai (2013), Ahmed (2013); Eastern Desert (ED) mafic-ultramafic complexes (intru-
sions): Abd El-Rahman and others (2012), Helmy and others (2014), Abdel Halim and others (2016),
Khedr and Arai (2016).

%) . The CryO3 and AlyO5 abundances of fresh Cr-spinel in both harzburgite and lher-
zolite are quite distinctive when compared to various spinel compositions from the lit-
erature. They plot outside the mantle array and are plainly different from Cr-spinel in
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Fig. 7. AlOj versus CroO3 diagram (after Franz and Wirth, 2000) for Cr-spinel and its alteration prod-
ucts. Data sources as in figure 6 with the addition of: Oceanic (abyssal and SSZ) peridotites: Ohara and
others (2003), Okamura and others (2006); Layered and island arc (including Alaskan-type) intrusions:
Wilson (1982); Arabian-Nubian Shield (ANS) ophiolites: Azer and Khalil (2005), Farahat and others
(2011), Azer and others (2013), Abdel-Karim and others (2016); Eastern Desert (ED) and Sinai mafic-
ultramafic complexes (intrusions): Farahat and Helmy (2006), Azer and El-Gharbawy (2011).

either ANS ophiolites, the Oman ophiolite ultramafic cumulates, or oceanic perido-
tites (fig. 7). The lherzolite Cr-spinel analyses resemble the more primitive end of the
population of Eastern Desert and Sinai mafic-ultramafic intrusions. Compositions like
the harzburgite analyses are quite unusual, but the new data overlap many of
the measurements of KB Cr-spinel reported by Abu El-Enen and Makroum (2003).
Note, Abu El-Enen and Makroum (2003) also reported two analyses with higher
AlyO5 (14.21-15.38 wt.%) contents at a given CroO5 content that overlap the composi-
tions of more typical mantle and ophiolitic spinels.

Compared with their fresh cores, the altered Cr-spinel rims in harzburgite and lher-
zolite have, on average, higher FeO* (50.5wt.% and 69.3 wt.%, respectively), Fe* " # (42.1
and 64.1), Cr# (88.9 and 76.4), MnO (1.7wt.% and 0.60 wt.%) and TiOs (0.15wt.% and
1.5wt.%), compensated by lower AlbO5 (3.2wt.% and 4.5wt.%), CroOs (34.3wt.% and
16.9wt. %), MgO (3.4wt.% and 1.5wt.%) and Mg# (19.8 and 8.0).

Amphiboles.—The serpentinized harzburgite samples contain only secondary am-
phibole, whereas lherzolite features both primary and secondary amphiboles (tables
S5 and S6). According to the nomenclature of Hawthorne and others (2012), the sec-
ondary amphiboles in serpentinized harzburgite include anthophyllite and tremolite.
The primary amphiboles in lherzolite are classified mostly as magnesio-ferri-horn-
blende with some magnesio-hastingsite, whereas the secondary amphiboles in Iherzolite
are tremolite or actinolite. The anthophyllite has high MgO (26.8-34.0 wt.%, average
30.3wt.%) and low FeO* (4.8-8.1 wt.%, average 6.8wt.%), AlyO5 (0.1-0.7wt.%, average
0.2wt.%) and CaO (0.1-0.7 wt.%, average 0.3wt.%) contents. The secondary clinoamphi-
bole in harzburgite has characteristically higher average CaO (12.6wt.%), slightly higher
Aly,Os5 (1.3wt.%) and lower MgO (23.7wt.%) and FeO* (2.1wt.%) contents. On average,
the primary amphiboles in lherzolite have lower SiOy (44.1wt.%) and MgO (16.8 wt.%)
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and higher TiOs (0.9wt.%), AlbOs (11.5wt.%), FeO* (7.4wt.%), NagO (1.5wt.%) and
Cre0s3 (0.7wt.%) compared to the secondary ones (SiOg 54.3 wt.%; MgO 21.2wt.%; TiOq
0.2wt.%; AloO3 2.9 wt.%; FeO* 4.2 wt.%; NasO 0.4 wt.%; CroO5 0.3wt.%).

Other minerals.—The chemical compositions of phlogopite, serpentine and chlor-
ite are listed in supplementary tables S7 to S9. Phlogopite is present as a primary
phase in lherzolite and as a secondary phase in serpentinized harzburgite. On aver-
age, the primary phlogopite is characterized by lower SiOs (35.3wt.%) and MgO
(22.7wt.%) and higher TiOgy (0.9wt.%), AlyO3 (15wt.%), FeO* (5.1wt.%) and KyO
(8.6wt.%) compared to the secondary phlogopite (SiOg = 39.3 wt.%; MgO =27 wt.%;
TiOg = 0.2wt.%; AlsO3 = 12.2wt.%; FeO* = 3.2wt.%; KoO=6.5wt.%). The average
TiOq content of the primary phlogopite in lherzolite is similar to that of coexisting pri-
mary clinoamphibole.

Chemical variation among serpentine minerals in the KB serpentinized ultra-
mafic samples is limited (supplementary table S8). Generally, all the serpentine is low-
AlyO3 (0-2.8wt.%); moreover, serpentine in harzburgite has slightly lower Al,O3 (0-
1.5wt.%, average 0.2wt.%) than that in lherzolite (AlyOs = 0.11-2.8 wt.%, average
0.7wt.%). Although the average SiOs content of serpentines in harzburgite and lher-
zolite are similar (39.8wt.% and 39.0wt.%, respectively) because both lithologies are
dominated by lizardite, the harzburgite samples also contain antigorite and hence dis-
play a notably wider range of SiOy, MgO, and FeO* contents. The low AlyOs and
CrgoO5 (0-0.45wt.%, average 0.04wt.%) contents of the analyzed serpentine suggest
that it mostly formed after olivine rather than Opx (Deschamps and others, 2013 and
references therein).

Chlorite in serpentinized harzburgite includes both AlsOsrich (9.3-16.2wt.%) and
AlyOs-poor (<0.1wt.%) varieties, whereas lherzolite contains only AloOsrich chlorite
(11.1-20.6 wt.%). On average, chlorite in harzburgite has higher MgO (33.3wt.%) and
lower FeO* (7.6 wt.%) than that in lherzolite (MgO =28 wt.%; FeO* = 12.1wt.%).

Trace Elements

The trace element contents of Cpx and primary amphibole (tables 2 and 3) in a KB
lherzolite sample were determined using LA-ICP-MS at Kanazawa University, Japan. Cpx
in an additional KB lherzolite sample was analyzed by SIMS at Caltech, USA.

Clinopyroxene.—The primitive mantle (PM)-normalized trace elements patterns of
Cpx are shown in figure 8A. The results from the two laboratories overlap entirely,
indicating good consistency between the methods and similar signatures in the two
lherzolite samples analyzed. The patterns are characterized by pronounced negative
Nb-Ta anomalies and moderately negative Zr-Hf and Ti anomalies, features typical of
subduction-related melts. The Cpx total REE contents range from 11 to 40 pg/g (aver-
age 19pg/g). The chondrite-normalized (normalization values of Sun and
McDonough, 1989) REE patterns (figs. 8B and C) show that all the Cpx is enriched in
all REE relative to chondrites. The patterns are only modestly fractionated, with (La/
Yb),, values from 0.59 to 1.75, reflecting a range from minor depletion to minor
enrichment in LREE relative to HREE. Most patterns display no Eu anomaly, but a
few display a modest negative Eu anomaly (Eu/Eu* = 0.55-1.04).

The REE patterns of the Cpx are much less depleted in LREE, with (Ce/Yb),,
from 0.95 to 2.39, than those in abyssal or fore-arc peridotites ((Ce/Yb), = 0.001-
0.63, Johnson and others, 1990; Ohara and others, 2002, 2003; Birner and others,
2017), but are only modestly less LREE-depleted than in the Chilas peridotites of the
Kohistan island arc ((Ce/Yb), = 0.41-0.62, Jagoutz and others, 2007) (fig. 8B). Cpx
analyses in the Neoproterozoic mafic-ultramafic Dahanib and Korab Kansi intrusions
(Khedr and Arai, 2016; Khedr and others, 2020) are both more depleted in LREE
than the KB data, even though Dahanib peridotite Cpx has lower total REE content
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Fig. 8. Trace element patterns in clinopyroxene from KB serpentinized lherzolite: (A) primitive man-
tle-normalized trace element patterns; (B and C) chondrite-normalized REE patterns. Normalization val-
ues from Sun and McDonough (1989). Data sources for REE of Cpx in peridotites from literature:
Oceanic (abyssal and SSZ) peridotites: Johnson and others (1990), Ohara and others (2002, 2003), Birner
and others (2017); Pre-oceanic rift peridotites (Zabargad Island): Brooker and others (2004); Island arc
intrusions: Jagoutz and others (2007); Arabian-Nubian Shield (ANS) ophiolites: Gahlan and others
(2012); Eastern Desert (ED) mafic-ultramafic complexes (intrusions): Abd El-Rahman and others (2012),
Helmy and others (2014, 2015), Abdel Halim and others (2016), Khedr and Arai (2016).
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whereas Korab Kansi pyroxenite Cpx has higher total REE than KB lherzolite (Khedr
and Arai, 2016; Khedr and others, 2020). Likewise, Cpx in the Motaghairat mafic-
ultramafic complex is more LREE-depleted ((La/Yb),, = 0.24-0.80, Abdel Halim and
others, 2016) than in KB. Cpx in cumulate wehrlites from Neoproterozoic ophiolites
(fig. 8C) are plainly lower in total REE and more LREE-depleted ((La/Yb),, = 0.12—
0.16, Gahlan and others, 2012) than the intrusive complexes or the KB data.
Amphibole—The PM-normalized trace element patterns of primary amphiboles
from KB lherzolite display mostly negative Nb-Ta, uniformly positive Pb, and variable
Ti anomalies (fig. 9A). These primary amphiboles have significantly higher REE con-
tents (199 to 296 pg/g; average 247pg/g) compared to coexisting Cpx (average
19 pug/g) and also compared to amphibole from the ultramafic rocks of the Dahanib
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mafic-ultramafic intrusion (24 pg/g; Khedr and Arai, 2016). The chondrite-normal-
ized REE patterns (fig. 9B) show significant enrichment in LREE relative to HREE,
(La/Yb),, = 3.7 to 5.2, and negligible Eu anomalies (Eu/Eu* = 1-1.09). The slope of
the amphibole REE pattern overlaps some amphiboles from the Zabargad island pre-
oceanic rift ((La/Yb),, = 0.30-4.14, Brooker and others, 2004) and from peridotites in
the Eastern Desert intrusions ((La/Yb), = 0.14-3.88; Abd El-Rahman and others,
2012; Helmy and others, 2014, 2015; Abdel Halim and others, 2016). However, there
is no overlap with the strongly depleted patterns observed in amphibole in Oman
ophiolite peridotites ((La/Yb),, = 0.001-0.002; Khedr and others, 2014). Moreover,
the consistently LREE-enriched patterns of amphibole in the KB lherzolite differ from
those of amphibole in the Neoproterozoic Dahanib intrusion, which have mostly
LREE-depleted patterns ((La/Yb),, = 0.06-2.12; Khedr and Arai, 2016) with slightly
negative to slightly positive Eu anomalies. Similarly, these amphibole REE patterns dif-
fer from those of amphibole from peridotite in the Neoproterozoic Abu Hamamid
intrusion (Helmy and others, 2015), which vary from LREE-depleted to LREE-
enriched ((La/Yb)n=0.14-3.77; fig. 9B).

WHOLE-ROCK GEOCHEMISTRY

Whole-rock geochemical data, recalculated on an anhydrous basis, of 12 samples
of the KB ultramafic rocks, including 10 variably serpentinized harzburgites and 2
lherzolites, are listed in table 4B. The serpentinized harzburgite samples have higher
MgO contents (39.5-44.4wt.%), Mg# (89-91) and LOI (7.1-14.6wt.%) and lower
TiOy (0.01-0.28wt.%), AlsOs (0.34-1.9wt.%), FesO3* (8.5-10.8wt.%) and CaO
(0.33-2.4wt.%) contents compared to the lherzolite specimens (MgO: 28.9-30.0 wt.
%; Mg#: 82; LOL 5.5-9.3wt.%; TiOg: 0.25-0.27 wt.%; AlyOs: 4.7-5.2wt.%; FesOs*:
12.9-13.1 wt.%; CaO: 7.7-8.2wt.%). The higher CaO and AlyOs5 contents of the lher-
zolite samples are consistent with the presence of Cpx and amphibole. The differing
LOI values are consistent with petrographic observation of the extent of serpentiniza-
tion in each group. The normative proportions of olivine, Opx and Cpx yield classifi-
cations of the harzburgite and lherzolite samples mostly consistent with the
petrographic names assigned, although two harzburgite specimens have slightly more
than 5% normative Cpx (fig. 10A). On the AlyO3-MgO-CaO diagram (fig. 10B),
the harzburgite samples largely plot in the field of metamorphic peridotites, whereas
the lherzolite samples fall within the ultramafic cumulate field (Coleman, 1977).
On this diagram, the KB harzburgite compositions overlap with peridotites from
Eastern Desert ophiolites, whereas the lherzolite compositions are akin to peridotites
from the mafic-ultramafic intrusions of the Eastern Desert and Sinai.

The KB serpentinized harzburgite data yield MgO/SiOs (0.84-1.00; average
0.95) and AlyO5/SiOy (0.007-0.040; average 0.017) ratios similar to those of abyssal
peridotites (Niu, 2004) as well as fore-arc peridotites from the South Sandwich
(Pearce and others, 2000) and Izu-Bonin-Mariana (Parkinson and Pearce, 1998) sub-
duction systems. On a MgO/SiOs vs. AlsO3/SiOs diagram (Jagoutz and others, 1979;
Hart and Zindler, 1986), the KB serpentinized harzburgite data fall within the abyssal
and SSZ peridotite fields and overlap the field of Alaskan-type peridotites (fig. 10C),
however, they plot at low Al;O3/SiOo, in the range of highly depleted peridotites that
are residual to large degrees of partial melt extraction (which does not necessarily
indicate that they are such residues). On the other hand, the lherzolite data have
lower MgO/SiOy (average =0.67) and higher AlyO3/SiOy (average =0.11) ratios that
place them outside either the mantle array or the field of oceanic peridotites (fig.
10C). Among the harzburgite samples, the AloO3/SiOs ratio does not correlate with
degree of serpentinization (Deschamps and others, 2013 and references therein).
However, all the KB harzburgite points, like most abyssal and fore-arc peridotites, plot
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at lower MgO/SiOs than the “terrestrial array", consistent with a loss of MgO relative
to SiOs during serpentinization or low-temperature alteration (Deschamps and
others, 2013 and references therein).

The KB serpentinized harzburgite samples have Ni contents (1939-2576 ng/g; av-
erage 2171 ng/g) comparable to that of primitive mantle (2090 pg/g, Hart and
Zindler, 1986), whereas the lherzolite samples have markedly lower Ni content (aver-
age 894 ng/g). The Cr content (average 2179 ug/g) of the KB serpentinized harzbur-
gite samples, though significantly lower than that of primitive mantle (3240 pg/g;
Hart and Zindler, 1986), is modestly higher than that of the KB lherzolite (average
1931 pg/g). The total REE contents of the serpentinized harzburgite samples (4.2—
5.4ug/g) are markedly lower than those of the lherzolite samples (11.5-12.7 pg/g).
The chondrite-normalized (Sun and McDonough, 1989) REE patterns (fig. 11A) of
serpentinized harzburgite samples show pronounced enrichment in LREE relative to
HREE, (La/Yb),, = 10 to 16.7, with positive Eu anomaly (Eu/Eu* = 1.86-2.14),
whereas those of the lherzolite samples, though more enriched overall, display only
slight enrichment in LREE, (La/Yb),, = 2.7 to 2.8, and negligible Eu anomalies (aver-
age Eu/Eu* = 1.02). Overall, the (La/Yb), values of the KB serpentinized peridotite
samples overlap or are higher than those of abyssal and SSZ peridotites ((La/Yb),, =
0.02-7.52; Parkinson and Pearce, 1998; Pearce and others, 2000; Niu, 2004; Savov and
others, 2005; Birner and others, 2017), pre-oceanic rift peridotites of the Zabargad
island ((La/Yb), = 0.04-8.42; Bonatti and others, 1986; Brooker and others, 2004),
Alaskan-type peridotites ((La/Yb),, = 0.31-9.96; Himmelberg and Loney, 1995) and
peridotites of the Eastern Desert mafic-ultramafic intrusions ((La/Yb), = 0.74-7.04;
Helmy and others, 2014, 2015; Azer and others, 2017), but they are markedly higher
than those of peridotites of the Eastern Desert ophiolites ((La/Yb), = 0.46-2.93;
Gahlan and others, 2015; Abdel-Karim and others, 2016) (fig. 11B). The REE patterns
of our harzburgite samples are fully consistent with the KB harzburgite data of
Moussa (2002). However, the LREE-enriched patterns of our samples differ signifi-
cantly from the mostly LREE-depleted and sometimes U-shaped patterns (fig. 11C) of
ultramafic rocks that Mogahed (2021) grouped with “Kabr El-Bonaya”. Our REE data
with LREE-enriched patterns were measured in two different laboratories and are
entirely consistent within the stated errors.

GEOTHERMOMETRY

The composition of primary igneous minerals (pyroxenes, olivine and Cr-spinel)
of the KB ultramafic rocks can be used to estimate the temperature of their formation
and equilibration. We estimated temperatures for the KB ultramafic rocks based on
(1) the Ca content in Opx coexisting with Cpx (Brey and Kohler, 1990), (2) the Al
and Cr contents in Opx coexisting with spinel (Witt-Eickschen and Seck, 1991), (3)
the Na content in Cpx coexisting with Opx (Brey and Kohler, 1990), and (4) the dis-
tribution of Mg and Fe?* between olivine and spinel (Ballhaus and others, 1991).
Some of these thermometers can only be applied to the KB lherzolites because they
require the presence of two coexisting pyroxenes. The temperature calculations are

continued

Ohara and Ishii (1998), Parkinson and Pearce (1998), Pearce and others (2000), Birner and others
(2017); Pre-oceanic rift peridotites (Zabargad Island): Bonatti and others (1986), Brooker and others
(2004); Alaskan-type intrusion: Himmelberg and Loney (1995); Arabian-Nubian Shield (ANS) ophiolites:
Azer and Khalil (2005), Khalil and Azer (2007), Farahat and others (2011), Azer and others (2013),
Khedr and Arai (2013), Gahlan and others (2015), Abdel-Karim and others (2016); Eastern Desert (ED)
and Sinai mafic-ultramafic intrusions: Azer and El-Gharbawy (2011), Helmy and others (2014, 2015),
Khedr and Arai (2016), Azer and others (2017); Kabr El-Bonaya (KB) published analyses: Beyth and
others (1978), Takla and others (2001), Moussa (2002), Abu El-Enen and Makroum (2003).
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Fig. 11. Whole-rock chondrite-normalized REE patterns of the KB serpentinized ultramafic rocks.
Normalization values after Sun and McDonough (1989). Data sources as in figure 10 with the addition of:
Oceanic (abyssal and SSZ) peridotites: Savov and others (2005). The fields of “Kabr El-Bonaya” dunite (D-
M), harzburgite (H-M) and wehrlite (W-M) displayed in (C) are after Mogahed (2021).
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weakly dependent on pressure, yielding similar values throughout the spinel lherzolite
stability field, so we present temperatures computed at 0.5 GPa pressure.

The estimated temperatures based on pyroxene compositions in the KB lherzo-
lite samples are 1170 °C (Na-in-Cpx thermometer), 997 to 1055 °C (Ca-in-Opx ther-
mometer), and 759 to 811 °C (Al and Cr in Opx thermometer), whereas the olivine-
spinel thermometer yields 553 to 566 °C. On the other hand, temperature estimates
for the KB harzburgite samples are 702 °C (Al and Cr in Opx thermometer) and 493
to 538 °C (olivine-spinel thermometer). Published olivine and spinel compositions for
KB harzburgite yield somewhat higher estimated Fe-Mg temperatures (615 °C,
Moussa, 2002; 643 °C, Abu El-Enen and Makroum, 2003). It is commonplace for oli-
vine-spinel Fe-Mg exchange thermometry in serpentinized ultramafic rocks to yield
temperature estimates lower than those from coexisting pyroxene compositions (for
example, Ali and others, 2020a and references therein), because Fe-Mg exchange
between olivine and spinel continues during the slow cooling experienced by these
rocks (for example, Okamura and others, 2006). Thus, we consider that the higher
temperatures (>1000°C) derived from the Na-in-Cpx and Ca-in-Opx thermometers
are most likely to be close to the crystallization temperatures of the KB ultramafic
rocks.

OXYGEN FUGACITY

Oxygen fugacity recorded by the KB ultramafic rocks was determined by the
method of Ballhaus and others (1991), based on equilibrium between co-existing oli-
vine, orthopyroxene, and spinel. Oxygen fugacity is quoted as Alog/Os (FMQ), that is,
the difference between sample fO and the fayalite-magnetite-quartz (FMQ) buffer at
a specified temperature and pressure, in log units. A pressure of 1 GPa was assumed in
the calculations, following Parkinson and Pearce (1998), Parkinson and Arculus
(1999), Dare and others (2009), and Ahmed (2013). Temperature of equilibration
was calculated using the olivine-spinel thermometer of Ballhaus and others (1991).
Assumptions about pressure and temperature have rather small effects on oxygen fu-
gacity estimation; differences of 1 GPa and 100 °C lead to estimated oxygen fugacity
differences of 0.3 and 0.2 log units (Wood and others, 1990), respectively. Because
the olivine-spinel thermometer preserves closure of the Fe-Mg exchange between
these minerals at sub-magmatic temperature (~500°C), the oxybarometer calculation
is also likely to be slightly modified at conditions of post-magmatic cooling and
equilibration.

The calculated AlogfOs (FMQ) values of the KB ultramafic rocks vary from +3.14
to +3.39 for harzburgites and from +2.47 to +2.51 for lherzolites, indicating equili-
bration at strongly oxidizing conditions. Assuming a pressure of 0.5 GPa produces
even higher values (+3.38 to +3.65 for harzburgite and +2.72 to +2.75 for lherzo-
lite). The same calculation applied to published mineral compositions for KB harz-
burgites (Moussa, 2002; Abu El-Enen and Makroum, 2003) also yields results more
oxidizing than FMQ, from +0.77 to +2.98. The oxygen fugacity recorded by the KB
ultramafic rocks is comparable to those reported for Neoproterozoic fore-arc ophio-
lite serpentinized peridotites (AlogfOs (FMQ) = +0.35 to +3.45, Ahmed, 2013; —4.73
to +1.49, Ali and others, 2020b) and chromitites (fOy = +0.88 to +4.50, Ahmed,
2013) of the Arabian-Nubian Shield, but lower than those reported for the
Neoproterozoic arc-associated Korab Kansi mafic-ultramafic layered intrusion
(AlogfOs = +4.1 to +4.3, Khedr and others, 2020) of the South Eastern Desert of
Egypt. All these values are higher than estimates for the oxidation state of the modern
asthenospheric mantle (Birner and others, 2018), but given heterogeneity in the man-
tle, analytical uncertainty, and the possibility of self-oxidation during lithospheric
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cooling, it would be premature to conclude that the evidence indicates any secular
change in asthenospheric mantle.

DISCUSSION

A shortage of detailed field studies, mineral chemistry data, and petrological ex-
amination perhaps explains why unresolved controversy over the origin and tectonic
history of the KB serpentinized ultramafic rocks has persisted in the literature. Here
we combine all the available information about their field relationships, petrography,
mineralogy, and geochemistry to better understand the petrogenetic and geotectonic
history of the KB ultramafic rocks. Then, we integrate these results with broader geo-
logical and geochemical data to define the significance of these ultramafic rocks for
the evolution of the ANS.

Tectonic setting

The KB serpentinized peridotites have been interpreted variously as fragments of
an Alpine peridotite massif (Beyth and others, 1978), a serpentinite diapir (Shimron,
1980), an ophiolite (for example, Shimron, 1981, 1984), an Alaskan-type mafic-ultra-
mafic intrusion (for example, Mogahed, 2021), and a post-collisional or within-plate
mafic-ultramafic intrusion (for example, Takla and others, 2001). The dismembered
supra-subduction zone ophiolite hypothesis may include grouping the KB serpenti-
nized peridotite masses with the Shahira layered gabbro-diorite complex (to the west
of the KB ultramafic masses) and other nearby rock units. On the other hand,
Reymer (1983) rejected the notion that the isolated KB serpentinite masses are part
of a dismembered ophiolite. Attempting to link the KB masses to the Shahira layered
gabbro-diorite complex introduces considerable additional confusion because that
complex itself has unclear affinity; it has been assigned variously to back-arc (Furnes
and others, 1985), arc (Moghazi and others, 1998; Eyal and others, 2014), post-colli-
sional (Be'eri-Shlevin and others, 2009; Eyal and others, 2010) and continental within-
plate settings (Takla and others, 2001). The Shahira metagabbro (632 Ma, Be'eri-
Shlevin and others, 2009) is markedly younger than that of the ophiolites of the
Eastern Desert of Egypt (730 Ma, Allaqi ophiolite: Ali and others, 2010; ca. 736 Ma:
Fawakhir ophiolite, Andresen and others, 2009; 741 Ma, Gerf ophiolite: Kroner and
others, 1992; 746 Ma, Ghadir ophiolite: Kroner and others, 1992). Likewise, the dio-
rite gneiss (island-arc Ghurabi pluton; Eyal and others, 2014) that forms the direct
country rock of the KB masses is dated at 628 Ma (Eyal and others, 2014). The ab-
sence of any dated gabbro in the vicinity of Wadi Kid with an age consistent with the
ophiolites of the ANS argues strongly against the interpretation of the KB ultramafic
masses as parts of a dismembered ophiolite (Shimron 1980, 1981). A younger age for
the KB ultramafic rocks, comparable to or younger than nearby gabbro and diorite
gneiss, is supported by the presence of fresh primary silicate minerals even in 100 m
scale ultramafic masses, whereas the much larger and older serpentinite masses of the
ANS ophiolites rarely contain primary silicate relics.

The low whole-rock AlyO3 contents (0.34-1.9wt.%) of the KB harzburgites sug-
gest that they are either oceanic or SSZ peridotites, because peridotites from pre-oce-
anic rift and passive margin settings have uniformly higher Al,Os abundances
(Bonatti and Michael, 1989). Turning to mineral chemistry of Cr-spinel, in CroOg vs.
TiOy space (fig. 12A), analyses in KB harzburgite are similar to spinel in oceanic
(MOR and SSZ) peridotites, whereas those in KB lherzolite resemble data from lay-
ered and island arc (including Alaskan-type) peridotites. In the complementary plot
of TiOg vs. AloO3 (Kamenetsky and others, 2001), Cr-spinel analyses in KB harzburgite
plotin the field of SSZ peridotites and overlap with the arc spinel field, whereas those
in KB lherzolite again plot with layered and Alaskan peridotites (fig. 12B). The high
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Fig. 12. Discrimination diagrams for tectonic setting based on Cr-spinel composition: (A) CreOg vs.
TiOg; (B) TiOg vs. AlyOg (after Kamenetsky and others, 2001); (C) Cr# vs. Mg#; (D) Fet# vs. Mg# dia-
gram. Altered Cr-spinel composition is shown for comparison. Data sources for the fields of peridotites
from different tectonic settings as well as Oman ophiolite ultramafic cumulates (OUC), Arabian-
Nubian Shield (ANS) ophiolites, Zabargad Island, Eastern Desert (ED) and Sinai mafic-ultramafic
intrusions as in figure 7.

Cr# (70-89, average 79) and low TiOy content (0.00-0.37 wt.%, average 0.12wt.%) of
Cr-spinel in KB harzburgite are characteristic of peridotites from supra-subduction
zone tectonic settings. When Cr# and Fe® # are plotted against Mg# (figs. 12C and
D), and as noted above in AlyOj3 vs. CroOs3 (fig. 7), the Cr-spinel analyses in KB harz-
burgite partly overlap those of oceanic peridotites, but all analyses from KB peridotites
plot within the large and somewhat amorphous field of Cr-spinel known to occur in
layered and island arc (including Alaskan-type) peridotites.

Pyroxene chemistry tells a similar story. The CroO5 and AlyOg5 contents (fig. 13A)
of Opx in KB harzburgite largely plot in the oceanic peridotites field, whereas Opx in
KB lherzolite falls in the overlap between the oceanic and island arc peridotite fields.
In AlyOg5 vs. Mg/ (Mg+Fe) (fig. 13B), Opx in KB harzburgite plots close to both oce-
anic and island arc peridotite fields, whereas Opx on KB lherzolite plots in the island
arc peridotite field. In similar discrimination diagrams for Cpx chemistry, only lherzo-
lite samples can be plotted. The KB data either spread over the fields of oceanic and
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Fig. 13. Pyroxene-chemistry indicators of tectonic affinity: (A) CryOg vs. AlsOg in orthopyroxene, (B)
AlyOg vs. 100¥Mg/(Mg+Fe) in orthopyroxene; (C) CroOg vs. AloOg in clinopyroxene; (D) AloOg vs.
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Ishii and others (1992), Ohara and Ishii (1998), Pearce and others (2000), Ohara and others (2002,
2003), Okamura and others (2006), Murata and others (2009b), Birner and others (2017); Pre-oceanic
rift peridotites (Zabargad Island): Bonatti and others (1986), Brooker and others (2004); Island arc
(including Alaskan-type) intrusions: Himmelberg and others (1986), DeBari and Coleman (1989), Khan
and others (1989), Himmelberg and Loney (1995), Jagoutz and others (2007); Mantle-crust transition
zone peridotites: Koga and others (2001); Arabian-Nubian Shield (ANS) ophiolites: Surour (ms, 1993),
Azer and Khalil (2005), Ahmed and others (2012), Gahlan and others (2012, 2015), Khedr and Arai
(2013), Ahmed (2013); Eastern Desert (ED) and Sinai mafic-ultramafic complexes (intrusions): Farahat
and Helmy (2006), Azer and El-Gharbawy (2011), Abd El-Rahman and others (2012), Helmy and others
(2014, 2015), Abdel Halim and others (2016), Khedr and Arai (2016).

island arc peridotites or plot within or close to the island arc peridotite field (figs. 13C
and D). The NasO contents of Cpx in subduction-associated peridotites often show a
systematic across-arc trend, increasing from the fore-arc through the arc to continen-
tal areas behind the front (Arai and others, 2007). This is thought to be a pressure-de-
pendent signal, with low-Na Cpx in fore-arc peridotite reflecting thin lithosphere
(lower pressure) compared with continental regions. The NayO content of Cpx
(<0.5wt.%) in KB lherzolite, taken together Cr# of co-existing Cr-spinel (average 50),
matches mineral chemistry in abyssal and fore-arc peridotites, and is inconsistent with
the high Na,O contents of Cpx in continental and hotspot peridotites (Arai and
others, 2007). In the Al, vs. TiOg diagram of Loucks (1990), Cpx in KB lherzolite falls
in the field of Alaskan-type complexes along the arc ultramafic cumulate trend (fig.
14), even though none of the pyroxenes in the KB samples plot on the trend of deep
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Fig. 14. Al, versus TiOy diagram (after Loucks, 1990) for Cpx from KB lherzolite. Al, is defined as the
percentage of tetrahedral sites that are occupied by Al. The field of Alaskan-type complexes is from
Himmelberg and Loney (1995). CPXM is the field of clinopyroxene of the “Kabr El-Bonaya” ultramafic
rocks of Mogahed (2021).

crustal rocks of Alaskan complexes on AlsOg vs 100¥*Mg/ (Mg+Fe) diagrams (figs. 13B
and D), overlapping instead the field of island arc ultramafic rocks. We note that the
Cpx analyses of the “Kabr El-Bonaya” ultramafic rocks of Mogahed (2021) apparently
define a trend in which Al, varies inversely with TiOs content (“CPXM” in fig. 14),
which is the reverse of trends displayed by Cpx in island arc ultramafic cumulates or
Alaskan-type mafic-ultramafic intrusions.

Whether the KB lherzolite samples are residual products or cumulates, one can
estimate the trace element compositions of melts in equilibrium with their Cpx and
primary amphibole using partition coefficients DP*™ and D" for various ele-
ments. Using values suitable for basaltic systems from Hauri and others (1994) and
Tiepolo and others (2007) (tables 5 and 6), we obtained the N-MORB-normalized
trace element patterns of melt in equilibrium with Cpx shown in figure 15A and with
primary amphibole in figure 15B. Both patterns show marked enrichment in large
ion lithophile elements (LILE: Rb, Ba, U, Th), negative anomalies in high field-
strength elements (HFSE: Nb, Ta, Zr), and strong positive Pb anomalies. Each of
these is a characteristic geochemical feature of subduction-related magmas.

As noted above, the REE patterns of the Cpx from KB lherzolite (figs. 8B and C)
are less depleted in LREE than those in oceanic peridotites or in the transition zone
peridotites of the Oman ophiolite but are broadly similar to REE patterns of Cpx
from Chilas island arc peridotites of the Kohistan island arc. Similarly, amphibole in
KB lherzolite has less depleted LREE than amphibole from Moho transition zone peri-
dotite in the Oman ophiolite, but a similar range to amphibole data from subduction-
related Eastern Desert intrusions.

Oxygen fugacity varies as a function of tectonic setting whereas mantle and mag-
matic samples from the same tectonic setting generally have similar /O, (Bucholz and
Kelemen, 2019; Birner and others, 2018; Cottrell and others, 2021). The upper man-
tle and derived magmas are most oxidized in arcs, followed by back-arcs and then by
abyssal ridges (Cottrell and others, 2021); although its origin is disputed, the oxidized
nature of Phanerozoic subduction-associated peridotites and magmas is widely
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recognized (for example, Ballhaus and others, 1990; Parkinson and Arculus, 1999;
Bucholz and Kelemen, 2019; Cottrell and others, 2021). Recently, Bucholz and
Kelemen (2019) showed that the uppermost mantle and the lowermost ultramafic
cumulates of the Jurassic Talkeetna arc (Alaska) have similar oxidation states
(FMQ + 0.4 to +2.3). The notably oxidized fOg values (FMQ+2.47 to +3.39) calcu-
lated for the KB ultramafic rocks evidently resemble those found in subduction-associ-
ated peridotites (FMQ +1 to FMQ+ 3, Ballhaus and others, 1990). The KB
peridotites preserve an oxidized signature similar to upper mantle modified by sub-
duction (Ballhaus and others, 1990) and primary arc magmas (Bucholz and Kelemen,
2019), consistent with a subduction-related tectonic setting. This assignment of the
KB ultramafic rocks is consistent with their enrichment in LREE (fig. 11) and their
extended trace element patterns (fig. 15), which reflect an imprint of subduction-
related fluids or melts. The presence of primary amphibole in the lherzolites reflects
addition a water-bearing source, another indicator of subduction influence.

Nature of the KB Harzburgite

In a number of ways, the KB harzburgite samples resemble residual mantle peri-
dotites. Their Mg#, 89 to 91 (average 90), is typical of mantle samples (Bonatti and
Michael, 1989), as are their olivine NiO contents (fig. 6A). Bulk rock ratios of MgO/
SiOg and AlyOs5/SiOs, as well as high Cr# and low TiOg contents in their Cr-spinels,
are consistent with residues after high degrees of partial melt extraction. However,
there are some anomalies. The Cr-spinel in KB harzburgite plots off the AlyOg vs.
CryO3 spinel mantle array (fig. 7) and the olivine and co-existing Cr-spinel in harzbur-
gite and lherzolite extend out of the olivine-spinel mantle array (OSMA, Arai, 1994)
in the low-Fo direction (fig. 16), along a trend more consistent with magmatic fractio-
nation than with residual mantle origin. Although metasomatized spinel peridotites
may be randomly shifted off the OSMA towards low Fo, ultramafic cumulates pro-
duced by fractional crystallization best match the systematic trend from the OSMA
towards low Fo (Arai, 1994). Given the clearly magmatic character of the KB lherzo-
lite, this motivates us to explore the hypothesis that both harzburgite and lherzolite at
KB represent island arc ultramafic cumulates, with harzburgite preserving an early
stage of fractionation.

The magmatic evolution preserved by the KB ultramafic samples might be useful
for distinguishing between partial melt extraction and progressive fractional crystalli-
zation models. In particular, Cr-spinel chemistry can be inverted for the characteris-
tics of coexisting melts. The spinel-melt equilibrium equations of Maurel and Maurel
(1982) and Page and Barnes (2009) predict AlsO5 and TiOg contents (wt.%) of melt
from the wt.% contents of these same oxides in Cr-spinel:

(AlyOs3),_ ., = 4.00 (Al,Og) . 413, (1)

melt spinel

In (TiOy), ., = 0.82574 In (TiOs) . ,+ 0.20203. (2)

melt spinel

These equations predict AlyO5 contents of 6.4 to 10.9wt.% (average 9.2wt.%)
and TiOg contents of 0.01 to 0.54wt.% (average 0.21 wt.%) for melt in equilibrium
with KB harzburgite. The concentrations (fig. 17) computed from Cr-spinel in harz-
burgite resemble boninitic magmas (for example, Page and Barnes, 2009; Hunt and
others, 2012). The low TiOy (average 0.12wt.%) together with high Cr# (average 79)
of Cr-spinel in KB harzburgite also indicate equilibration with a boninitic primitive
melt (for example, Uysal and others, 2012), supporting an arc setting for the KB peri-
dotite masses.
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Fig. 15. N-MORB-normalized trace element patterns of calculated equilibrium melts coexisting with
(A) clinopyroxene and (B) amphibole from KB lherzolite. N-MORB normalization values after Sun and
McDonough (1989). Assumed partition coefficients are given in tables 5 and 6.

A Quantitative Model for Evolution of the Cumulates

The formation of cumulate harzburgite, followed by lherzolite, is quite challeng-
ing to explain. First, most common basaltic primary magmas, cooled at crustal pres-
sures, crystallize olivine (*spinel) first, followed by plagioclase (at low pressure) or
clinopyroxene (at higher pressure). With added water, amphibole may become the
second silicate phase to crystallize. Hence troctolite, wehrlite, and appinite are com-
mon cumulate rocks. Only boninites are sufficiently high in MgO and SiOs, and low
in CaO and AlyOs, that the second liquidus phase is orthopyroxene, which is neces-
sary to make a cumulate harzburgite. Second, during fractional crystallization, ortho-
pyroxene enters at a peritectic reaction, upon which olivine stops crystallizing. During
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Fig. 16. Mineral chemistry of coexisting olivine and Cr-spinel pairs, plotted as Cr# of Cr-spinel vs. Fo
content of olivine. Only average compositions of all analyses for each hand sample are shown for samples
from the present work and published Bonaya data (Moussa, 2002; Abu El-Enen and Makroum, 2003).
Olivine-spinel mantle array (OSMA) and melting trend are from Arai (1994). Field of abyssal peridotites
after Dick and Bullen (1984); Fields of supra-subduction zone and passive margin peridotites after Pearce
and others (2000) and references therein. Data sources of different peridotites and fields are: Pre-oceanic
rift peridotites (Zabargad Island): Bonatti and others (1986); Island arc (including Alaskan-type) and lay-
ered intrusions: Wilson (1982), DeBari and Coleman (1989), Khan and others (1989), Himmelberg and
Loney (1995), Jagoutz and others (2007); Ultramafic cumulates of Oman ophiolite: Clénet and others
(2010); Arabian-Nubian Shield (ANS) ophiolites: Khalil and Azer (2007), Ahmed and others (2012),
Gahlan and others (2012, 2015), Khedr and Arai (2013), Ahmed (2013); Eastern Desert (ED) mafic-ultra-
mafic complexes (intrusions): Helmy and others (2014), Abdel Halim and others (2016), Khedr and Arai
(2016).

isobaric equilibrium crystallization, olivine is resorbed as orthopyroxene crystallizes.
Though the two phases may coexist over a limited interval, they will not precipitate to-
gether, certainly not over a large enough interval to also reach clinopyroxene satura-
tion. The primitive nature of the KB harzburgite mineral chemistry and the notably
more evolved character of the KB lherzolite mineral chemistry require substantial
cooling and differentiation to occur between them and this adds to the challenge of
finding a crystallization path that can maintain olivine together with orthopyroxene
over the whole interval. However, motivated by the observations suggesting that the
KB harzburgite and lherzolite both represent cumulates formed during evolution
from a boninite primary magma, we explored forward models of example scenarios
that can accomplish this. Here we propose an example scenario that does so and show
its predicted mineral chemical evolution.

We used the rhyolite-MELTS 1.0.2 model (Gualda and others, 2012), the latest
version of the MELTS family of models suitable for COo-free magmatic systems at
<1 GPa pressure, as implemented in the alphaMELTS software (Smith and Asimow,
2005), which also tracks trace elements. We selected a representative Intermediate Ca
Boninite sample from Ocean Drilling Project leg 125, hole 786B (Pearce and others,
1992), as a starting point. However, the estimation of (AlsOs3) e and (TiOg) ymere from
Cr-spinel composition discussed above shows that these components need to be
adjusted downwards in the starting liquid. Our revised primary boninite has 10.0 wt. %
AlyO3 and 0.1wt.% TiOg. We assumed 2.5wt.% HyO in the starting liquid and the
nickel/nickel-oxide (NNO) oxygen fugacity buffer. We confirmed (fig. 18A) that this
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and Maurel (1982) and Page and Barnes (2009). Fields of boninites and island arc tholeiites are adopted
from Hunt and others (2012) based on Page and Barnes (2009).

composition has olivine on the liquidus at all crustal pressures, that orthopyroxene is
the second phase to appear during fractional crystallization, and that the reaction is
peritectic, with no temperature interval of cotectic crystallization of olivine+Opx (or
olivine+Opx+Cr-spinel, much less olivine+Opx+Cpx). Hence fractional crystalliza-
tion of boninite, although it can be tuned to yield the initial olivine composition, can-
not apparently make a harzburgite by co-crystallizing olivine+Opx+ Cr-spinel.

However, considering that cumulate crystals may form in contact with residual
intercumulus liquid, it seems reasonable to relax the constraint of simple fractional
crystallization. The simplest alternative is isobaric batch crystallization. The applica-
tion of a batch model to the KB suite is consistent with the absence of zoning in the
primary minerals. At a constant pressure of 0.5 GPa, for example, olivine is still the lig-
uidus phase and crystallizes alone over an interval of 40 °C, reaching 5wt.% of the ini-
tial liquid mass. Then orthopyroxene enters, but the reaction still being peritectic,
olivine now begins to be resorbed rather than to continue crystallizing (fig. 18B).
Over a 100 °C interval, olivine disappears; Cr-spinel appears only for the last 15 °C of
this interval. Hence isobaric equilibrium crystallization, while it reaches a liquid com-
position that can coexist with olivine+Opx+Cr-spinel, does so over a very limited tem-
perature interval and, importantly, has nearly resorbed all the olivine at this point. It
never co-crystallizes these three phases. There is no textural evidence of olivine
resorption or peritectic texture in the harzburgite, so this model is barely able to
make cumulate harzburgite. Moreover, Cpx does not appear until 75 °C after the dis-
appearance of olivine, so it fails altogether to make cumulate lherzolite.

The third class of models we examined takes advantage of the steady shift in the
position of the olivine+Opx cotectic with decreasing pressure. This property allows
liquids to continue crystallizing both olivine and Opx if temperature and pressure
decrease together. We chose a reasonable crustal geothermal gradient, 1 K/MPa, and
fractionated our modified primitive boninite along a linear path from its liquidus at
1370 °C and 0.5 GPa to a stopping point at 970 °C and 0.1 GPa. This model has the
desired behavior (fig. 18C): when Opx appears in the fractionating assemblage,
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Fig. 18. Comparison of three modes of crystallization of a model primitive intermediate Ca boninite com-
position (Pearce and others, 1992), calculated with the rhyolite-MELTS 1.0.2 model (Gualda and others, 2012).
Each panel shows the accumulated masses of fractionated solids as a function of temperature. (A) Isobaric frac-
tional crystallization at constant pressure P=0.5 GPa. Olivine is the liquidus phase but stops crystallizing at a
peritectic reaction when orthopyroxene (OPX) appears. (B) Isobaric batch crystallization at P=0.5 GPa. In this
case, olivine is resorbed over a 100 °C interval of OPX crystallization and never coexists with clinopyroxene
(CPX). (C) Polybaric batch crystallization along a 1K/MPa decompression and cooling path. In this case, oli-
vine continues to crystallize alongside OPX and is still present when CPX joins the assemblage. The model in
(C) can make both cumulate harzburgite and cumulate lherzolite from a single parental liquid.
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olivine continues to crystallize (though more slowly than before), and its mass contin-
ues to increase over a subsequent 175 °C interval, including 150 °C of co-precipitation
of olivine+Opx+ Cr-spinel. Moreover, olivine is still present in the assemblage when
Cpx appears, and there is a 100°C interval over which the assemblage
olivine+Opx+Cpx+ Cr-spinel persists. Although olivine resorption does begin when
Cpx appears, this is consistent with the petrographic texture of the lherzolite, where
we do find intercumulus Cpx rimming olivine as well as intergrown Cpx and Opx.
With continued cooling and decompression, the magma reaches water saturation and
then feldspar crystallization. Note that rhyolite-MELTS typically fails to predict the
occurrence of magmatic amphibole, which might be expected at or before water satu-
ration in this system. We now discuss the mineral chemical consequences of this
model.

As shown in figures 19A and 19B, the polybaric equilibrium crystallization model
predicts the correct trends in NiO vs. Fo and MnO vs. Fo in olivine, extending from
the neighborhood of the KB harzburgite olivine analyses to the neighborhood of the
KB lherzolite analyses. The match in NiO vs. Fo is significant; it requires continued
fractionation of olivine (in which Ni is compatible) for NiO to keep decreasing.
Olivine resorption would lead to increasing NiO with cooling and decreasing Fo con-
tent, which is not seen.

The model also predicts many aspects of the Cr-spinel chemistry of the KB suite.
The first Cr-spinel is predicted to have ~49wt.% CrsOs, ~11wt.% AlsOs, 0.16 wt.%
TiOs, 100%Cr# of 74, 100%Fe>*# of 17, and 100¥Mg# of 69. In terms of CryoOs, AlyOs,
TiOy, Cr#, and Fe"#, this is an excellent match to the Cr-spinel analyses from the KB
harzburgites (figs. 19C-G). The Mg# is much higher than that observed in the KB Cr-
spinels (<40), but as noted above, the olivine-spinel Fe-Mg exchange thermometer
indicates very low temperatures in these rocks and was clearly reset on cooling. The
more slowly diffusing trivalent and tetravalent elements in spinel better preserve the
original igneous chemistry. Moreover, with progressive polybaric equilibrium crystalli-
zation, the spinel chemistry in the model evolves to ~26 wt.% CroO3, ~18 wt.% AlsOs,
0.7wt.% TiOs, 100*Cr# of 50, 100%Fe> " # of 32, and 100*Mg# of 49. Again, except for
Mg#, this plots in the middle of the field of KB lherzolite fresh Cr-spinel analyses (figs.
19C-G). Moreover, the co-variation of olivine Fo and Cr-spinel Cr# in the model is an
excellent match to the KB harzburgite and lherzolite mineral chemistry (fig. 19H).

The model also captures at least one enigmatic aspect of the whole-rock REE pat-
terns. The KB harzburgite samples show LREE enrichment, with (La/Yb),, between
10 and 17. Although the KB lherzolite samples are overall more enriched in every
REE, their pattern is notably flatter, with (La/Yb),, of 2.7. Also, the KB harzburgite
has a clear positive Eu anomaly, which is absent in the KB lherzolite. Our model pre-
dicts the relative evolution of each trace element based on its partition coefficients in
the crystallizing phases and the modal abundances of the minerals. When the REE
contents of the model harzburgite are scaled to match the KB harzburgite, we can
then examine how the pattern changes as the model evolves to lherzolite (fig. 20).
Indeed, as the melt fraction decreases, all the REE behave incompatibly and become
enriched in later cumulates but, more importantly, the addition of Cpx to the rock
causes a flattening of the patterns, with a decrease in model (La/Yb), from 10 to ~7.
This is a smaller effect than seen in the data but in the right direction. The model
does not predict the straightening of the middle part of the REE pattern, which may
reflect the presence of amphibole in the KB lherzolite, a feature missing from the
model. A more serious limitation is that the positive Eu anomaly in the harzburgite is
inherited without change by the model Iherzolite, since no plagioclase is involved in
the fractionation. We do not have a simple explanation for this feature of the data. It
is not an analytical artifact (it was reproduced in two labs). We speculate that—
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Fig. 19. Mineral chemistry predictions of the polybaric batch crystallization model of an intermediate
Ca boninite liquid, computed with rhyolite-MELTS, as in figure 18C. The model is compared to fresh ig-
neous mineral analyses from the KB harzburgite and lherzolite samples. The gray arrows indicate the
direction of progressive evolution of the mineral chemistry as the model proceeds. (A) NiO (wt. %) Vs Fo
content in olivine; (B) MnO (wt.%) vs. Fo content in olivine; (C) AlyO3 (wt.%) vs. CroOg (wt.%) in Cr-s
nel; (D) CryO3 (wt.%) vs. TiOy (wt. %, log scale) in Cr-spinel; (E) T102 (wt. %, log scale) vs. AIZO; (wt$
in Cr- -spinel; (F) 100*Cr# vs. 100*Mg# in Cr-spinel, note that Mgi# in spinel is subject to subsolidus re-
equilibration, which has not been modeled; (G) 100¥Fe®"# vs. 100¥Mg# in Cr- -spinel, again subsolidus re-

equilibration of Mg# was not modeled; (H

) 100*Cr# in Cr-spinel vs. Fo content in co-crystallizing olivine.
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Fig. 20. Model evolution of whole-rock REE patterns accompanying the polybaric equilibrium crystal-
lization model (fig. 18C) computed with rhyolite-MELTS 1.0.2 using default partition coefficients in
alphaMELTS 1.9 (Smith and Asimow, 2005), compared to data from KB harzburgite and lherzolite sam-
ples. The REE content of the model liquid corresponding to harzburgite crystallization at 1316 °C (qv. fig.
18C) has been adjusted to match the pattern of KB harzburgite sample GB-1. Only the subsequent evolu-
tion towards the KB lherzolite REE pattern is tested by this exercise. The model predicts progressive
increase of XREE and some flattening of the pattern (decreasing (La/Yb),,). It does not predict the disap-
pearance of the Eu anomaly or the rate of increase of the middle rare earth elements, perhaps reflecting
unmodeled roles for plagioclase and amphibole in petrogenesis of the lherzolite.

consistent with an equilibrium model that calls for interconnected intercumulus lig-
uid—the cumulate pile remained in contact with evolving liquids above, and that the
lherzolite reflects some degree of interaction with feldspar-bearing gabbroic members
of the sequence, with consequent loss of Eu relative to neighboring REE.

The conclusion of this modeling exercise is that it is indeed possible for a paren-
tal boninite liquid, during progressive non-fractional crystallization and decompres-
sion, to produce first a harzburgite cumulate and later a lherzolite cumulate with
olivine and spinel chemistry and some features of the trace element evolution match-
ing those observed in the KB ultramafic masses. This supports our model that the two
rock types are genetically related rather than tectonically juxtaposed after independ-
ent origins. The required decompression roughly along a typical crustal geotherm
could indicate either crystallization accompanying ascent of a diapiric crystal mush or
in-place crystallization upwards from the floor of a trans-crustal magmatic system with
a small cross-sectional area in the deeper parts.

Metamorphism

Anthophyllite and tremolite are characteristic phases in metamorphosed ultra-
mafic rocks (for example, Arai, 1975; Scotford and Williams, 1983; Nozaka, 2011).
Massive anthophyllite rock is present in veins and local patches within the KB ultra-
mafic masses and in a thin, irregular zone along the contacts with country rocks.
Randomly oriented anthophyllite and tremolite are disseminated in the peridotites as
well. Production of anthophyllite in veins and along contacts implies introduction of
some silica from the country rocks, whereas formation of tremolite in rocks domi-
nated by olivine and enstatite requires addition of some Ca. Beyth and others (1978)
proposed that anthophyllite in the KB peridotites was produced by alteration of
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harzburgite upon cooling to ~500°C and introduction of water able to transport dis-
solved silica from the country rocks.

Petrographic and compositional evidence indicate that olivine grains in the KB
serpentinized harzburgite are relics of primary igneous mineralogy and not metamor-
phic products. Metamorphic olivine is recognized by numerous opaque inclusions
(Arai, 1975; Nozaka, 2003) and prominent compositional zoning (Nozaka, 2003,
2010), neither of which is present in olivine from KB. The dominance of lizardite in
the coexisting serpentine is inconsistent with a metamorphic origin for the olivine;
deserpentinization (prograde metamorphism) would have occurred in the high-tem-
perature stability field of antigorite (for example, Derbyshire and others, 2013).
Moreover, preservation of mesh and bastite textures from serpentinization of olivine
and pyroxene and pseudomorphs of serpentine after tremolite and anthophyllite (fig.
4G, present work; Beyth and others, 1978) indicate that serpentinization was the last
alteration process experienced by the KB peridotites (Scotford and Williams, 1983).
In the talc-anthophyllite rock, textures indicate that talc formed at the expense of
anthophyllite (see fig. 4H).

Some Cr-spinel grains in KB serpentinized peridotites have variably developed
ferritchromite rims, particularly in serpentinized lherzolite. The origin of such Cr-spi-
nel alteration rims in peridotites has been attributed variously to serpentinization (for
example, Takla, 1982) and to prograde metamorphism (for example, Farahat, 2008;
Anzil and others, 2012; Derbyshire and others, 2013). However, low-temperature
(<3800°C) serpentinization is buffered to strongly reducing conditions by production
of Hy gas and magnetite from HyO and ferrous iron in olivine and pyroxene (Seyfried
and others, 2007; Evans, 2010; McCollom and others, 2016; Huang and others, 2017).
Such conditions are not likely to induce ferritchromite rim formation (Derbyshire
and others, 2013 and references therein), which is favored instead by oxidizing condi-
tions (for example, Farahat, 2008; Gonzdlez-Jiménez and others, 2009). The mini-
mum temperature for formation of ferritchromite is ~500°C (Kimball, 1990; Mellini
and others, 2005), whereas antigorite grows at the expense of lizardite and chrysotile
above 320 °C (Evans and others, 2013). Hence, transitional greenschist-amphibolite
to lower amphibolite facies conditions can form an assemblage of ferritchromite and
antigorite (Farahat, 2008). If we assume that ferritchromite formed during prograde
metamorphism of the KB ultramafic masses, we would expect co-existing serpentine
to be dominantly antigorite rather than lizardite. Consequently, we propose that
ferritchromite rims formed at high temperature (~500°C) during cooling of the
ultramafic masses (retrograde metamorphism) rather than during prograde meta-
morphism. Antigorite may have formed early and later been replaced by lizardite, or
serpentinization may have been delayed altogether to lower temperatures, with lizar-
dite directly replacing fresh olivine and pyroxene. The more pronounced rims
around Cr-spinel in lherzolite compared with that in harzburgite can be attributed to
the greater availability of iron from the more Fe-rich olivine (average Fo=81) in
lIherzolite.

From the foregoing, we propose that the alteration and metamorphism of the KB
ultramafic mass record only retrograde cooling, including two distinct stages. (1) An
early retrograde alteration at high temperature conditions (>500°C), with introduc-
tion of some Si, Al and Ca (Scotford and Williams, 1983), resulted in the formation of
anthophyllite, tremolite, and ferritchromite rims in the peridotites. Anthophyllite was
then variably replaced by talc. (2) A later retrograde hydration stage at lower tempera-
ture conditions (~300°C) during which lizardite replaced anthophyllite, tremolite
and primary olivine and pyroxene. Outer rims of magnetite on Cr-spinel and ferrit-
chromite formed at this stage (Farahat, 2008). Beyth and others (1978) also con-
cluded that anthophyllite formation preceded serpentinization.
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If prograde metamorphism of the KB ultramafic rocks exceeded ~500°C, this is
not recorded in the assemblages we observed. Thermobarometry applied to associated
metasediments and orthogneisses (Abu El-Enen and Makroum, 2003) in contact with
the northern KB ultramafic body yielded tightly constrained peak conditions of 0.62
to 0.65 GPa and 639 to 668 °C (Abu El-Enen and Makroum, 2003). The difference in
preserved grade of metamorphism of the KB ultramafic rocks and the surrounding
metasediments and orthogneisses allows two interpretations: either the highest tem-
perature stages are not recorded by the preserved mineralogy and texture of the peri-
dotite, perhaps because it remained anhydrous at this stage, or the rock masses were
tectonically juxtaposed after the peak metamorphism of the metasediments and
orthogneisses.

Relationship to Other Ultramafic Rocks in the ANS

The KB serpentinized peridotites occur as two small, isolated masses, enclosed in
metasediments and migmatites. The field relations do not allow them to be assigned
to any particular tectonic context or larger association. Instead, we must rely on their
petrological, geochemical and mineralogical characteristics to compare them to
known ultramafic rock units exposed elsewhere in the ANS, which include ophiolitic
peridotites, preoceanic rift peridotites of Zabargad Island, and peridotite members of
mafic-ultramafic intrusions. The ultramafic sections of Neoproterozoic ophiolites
throughout the ANS are dominated by dunite and harzburgite (for example, Azer
and Stern, 2007; Ahmed, 2013; Ali and others, 2020b) with rare cumulate wehrlite
(Gahlan and others, 2015). The post-Mesozoic preoceanic riftrelated mantle rocks of
Zabargad Island include spinel lherzolite, amphibole peridotite and plagioclase peri-
dotite (Bonatti and others, 1986). By contrast, the ultramafic members of various
Neoproterozoic layered mafic-ultramafic intrusions in Egypt feature wehrlite (Imleih
intrusion, Sinai; Azer and El-Gharbawy, 2011); peridotite (Mikbi-Lahami intrusion,
Eastern Desert; Madbouly, ms, 2000); dunite, lherzolite and olivine pyroxenite
(Akarem intrusion, Eastern Desert; Helmy and El Mahallawi, 2003); clinopyroxene
dunite, olivine clinopyroxenite and hornblende clinopyroxenite (Abu Hamamid
intrusion, Eastern Desert; Farahat and Helmy, 2006; Helmy and others, 2015); dunite,
hornblende-bearing harzburgite and hornblende pyroxenite (Genina Gharbia intru-
sion, Eastern Desert; Khudeir, 1995; Helmy and others, 2008, 2014); and dunite, Iher-
zolite and wehrlite (Dahanib intrusion, Eastern Desert; Khedr and Arai, 2016; Azer
and others, 2017). By normative classification (Coleman, 1977), the KB serpentinized
peridotites are classified as harzburgite and lherzolite (fig. 10), which is an unusual
association in the context of the ANS. The only harzburgite reported in a mafic-ultra-
mafic intrusion is in the Genina Gharbia intrusion (Khudeir, 1995; Helmy and others,
2014), and this occurrence is distinguished from KB and ophiolitic harzburgite by its
lower Mg# (<85, Khudeir, 1995; Helmy and others, 2014) and by the presence of
green spinel (pleonaste) and primary intercumulus amphibole (Khudeir, 1995;
Helmy and others, 2008).

Geochemically, the Mg# of the KB harzburgite samples (89-91) is markedly
higher than that of peridotites from Egyptian mafic-ultramafic intrusions (74-87;
Khudeir, 1995; Madbouly, ms, 2000; Helmy and El Mahallawi, 2003; Azer and El-
Gharbawy, 2011; Helmy and others, 2014, 2015; Khedr and Arai, 2016; Azer and
others, 2017) or ultramafic cumulates in ANS ophiolites (83-84; Gahlan and others,
2015). Instead, it is comparable to that of residual peridotite in ANS ophiolites (87—
94; Azer and Khalil, 2005; Khalil and Azer, 2007; Farahat and others, 2011; Azer and
others, 2013; Khedr and Arai, 2013; Gahlan and others, 2015; Abdel-Karim and
others, 2016) and preoceanic rift peridotite (86-91, Bonatti and others, 1986;
Brooker and others, 2004). The Mg# of the KB lherzolite (82), by contrast, falls within
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the range of Egyptian mafic-ultramafic intrusions. The whole-rock Al,O3/SiOs ratios
tell the same story: the depleted values in KB harzburgite samples (0.007-0.040) are
generally lower than in ultramafic cumulates in ophiolites (0.056-0.0.071; Gahlan and
others, 2015), Zabargad preoceanic rift peridotite (0.032-0.204; Bonatti and others,
1986; Brooker and others, 2004) and most peridotites in mafic-ultramafic intrusions
(0.015-0.214; Khudeir, 1995; Madbouly, ms, 2000; Helmy and El Mahallawi, 2003;
Azer and El-Gharbawy, 2011; Helmy and others, 2014, 2015; Khedr and Arai, 2016;
Azer and others, 2017), but are in the same range as in mantle peridotites from ANS
ophiolites (0.003-0.042; Azer and Khalil, 2005; Khalil and Azer, 2007; Farahat and
others, 2011; Azer and others, 2013; Khedr and Arai, 2013; Gahlan and others, 2015;
Abdel-Karim and others, 2016). KB lherzolite samples, however, have AlsO3/SiO,
ratios (0.107-0.119) within the range of mafic-ultramafic intrusions and preoceanic
rift peridotites.

Mineralogically, most of the data available for comparison to ANS peridotites
concern olivine and Cr-spinel chemistry. The Fo contents (88-92, average =90) of oli-
vine in KB harzburgite are generally higher than those of olivine in mafic-ultramafic
intrusion peridotites (78-90, average 86; Abd El-Rahman and others, 2012; Helmy
and others, 2014; Abdel Halim and others, 2016, Khedr and Arai, 2016) but overlap
those of Zabargad olivine (87-91, average 89; Bonatti and others, 1986), both residual
and cumulate peridotites from ANS ophiolites (82-96, average 91; Surour, ms, 1993;
Khalil and Azer, 2007; Ahmed and others, 2012; Gahlan and others, 2012, 2015;
Khedr and Arai, 2013; Ahmed, 2013), and ultramafic cumulates in the Oman ophio-
lite (88-90, average 89, Clénet and others, 2010). By contrast, the Fo contents (78-83,
average 81) of olivine in the KB lherzolite are akin to that in peridotites from mafic-
ultramafic intrusions (fig. 6). On average, the NiO content (0.39wt.%) of olivine in
KB harzburgite is comparable to that in olivine from ANS ophiolitic peridotites
(0.34wt.%) and Zabargad olivine (0.32wt.%), but markedly higher than in ultramafic
cumulates in Oman ophiolite (0.22wt.%) or in Egyptian mafic-ultramafic intrusions
(0.24wt.%). Olivine in the KB lherzolite samples has lower NiO contents (average
0.14wt.%) than any of these comparisons but is closest to the mafic-ultramafic intru-
sions and Oman ophiolite ultramafic cumulates.

The only fresh spinel in KB ultramafic rocks and in mantle section of ANS ophio-
lites is Cr-spinel (for example, Khalil and Azer, 2007, Farahat, 2008; Ahmed and
others, 2012; Khedr and Arai, 2013; Ahmed, 2013; Abdel-Karim and others, 2016, Ali
and others, 2020a, 2020b), whereas stratiform and Alaskan-type mafic-ultramafic
intrusions also contain pleonaste (Khudeir, 1995; Azer and El-Gharbawy, 2011; Abdel
Halim and others, 2016) with >58wt.% AlyO3 and <1.5wt.% CrgOs. The Zabargad
Island preoceanic rift lherzolite has bimodal spinel compositions, including an AlsOs-
rich (57-58 wt.%), CroOs-poor (8.52-10.30 wt.%) group and an AlyOs-poor (31-40 wt.
%), CroOgrich (24-34wt.%) group (Bonatti and others, 1986). Texturally, Cr-spinel
in ultramafic ANS ophiolite rocks is commonly altered to ferritchromite and Cr-mag-
netite (for example, Farahat, 2008; Ahmed and others, 2012; Khedr and Arai, 2013;
Ahmed, 2013; Ali and others, 2020b) whereas Cr-spinel in mafic-ultramafic intrusion
peridotites is usually not rimmed by ferritchromite (for example, Ahmed and others,
2008; Azer and El-Gharbawy, 2011). Moreover, Cr-spinel in mafic-ultramafic intrusion
peridotites includes a population of Fe-rich grains (Ahmed and others, 2008) with
TiOg up to 4.96wt.% (Farahat and Helmy, 2006). Thus, the rimmed Cr-spinel grains
in the KB peridotites most closely resemble those found in ANS ophiolites.

Generally, Cr-spinel in Egyptian mafic-ultramafic intrusion and Zabargad Island
peridotites has lower CroOs, higher AlyOs, and higher TiOy contents than that in
ANS ophiolites (figs. 7 and 12). On average, the CroO5 (42.4wt.%) and TiOg (0.12wt.
%) contents of Cr-spinel in KB harzburgite are closer to those of ANS ophiolites,
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whereas Cr-spinels in KB lherzolite is similar to those in mafic-ultramafic intrusion
peridotites. However, the Al;O5 content of Cr-spinel in KB harzburgite (7.06wt.%)
and lherzolite (18.4wt.%) are lower than those from ANS ophiolites and mafic-ultra-
mafic intrusions, respectively.

In summary, taken separately, the KB harzburgite has some geochemical and
mineralogical similarities to (but also some distinctive differences from) harzburgite
from ANS ophiolites whereas KB lherzolite resembles peridotites from a number of
mafic-ultramafic intrusions. The association of both types together at Kabr El-Bonaya
remains nearly unique.

Tectonic Implications

The Precambrian crystalline basement of Sinai consists essentially of four meta-
morphic complexes (Feiran, Sa'al, Kid and Elat) intruded by larger volumes of gra-
nitic plutons (Eyal and others, 1980). Reported U-Pb ages for the metamorphic
complexes in south Sinai are mainly within the range of 850 to 740 Ma, but younger
gneisses (660—630 Ma) have also been reported (Stern and Manton, 1987; Kroner and
others, 1990, 1994; El-Shafei and Kusky, 2003; Bea and others, 2009). However, the
most recent SIMS U-Pb zircon geochronology led Eyal and others (2014) to conclude
that the Sinai metamorphic complexes preserve three successive island arcs: the Sa'al
island arc (1030 to 930 Ma), the Feiran-Elat island arc (ca. 870 to 740 Ma), and the
Kid island arc (640-620 Ma). The KB ultramafic masses are part of the Kid basement
complex, which also includes metamorphosed volcano-sedimentary successions (Kid
Group), gneisses, the Shahira gabbro-diorite complex and numerous granite intru-
sions. The Kid Group is divided into four tectonic units by a series of thrust contacts
(the Heib, Um Zariq and Malhaq Formations, and the Tarr complex; Shimron, 1980,
1984; Furnes and others, 1985). Volcanic rocks in the Kid Group include basaltic an-
desite, andesite and dacite in the Malhaq Formation and dacite and rhyolite in the
Heib Formation. These volcanic rocks have clear subduction signatures: calc-alkaline
affinity, LREE-enriched chondrite-normalized REE patterns and MORB-normalized
spider diagrams with enrichment in LILE and pronounced Nb anomalies (Moghazi
and others, 2012).

The tectonic setting of formation of the Kid Group has been much debated.
Reymer (1983) suggested that Wadi Kid area may represent a cratonized mature
island arc or a continental margin. Indeed, the volcanic rocks of the Heib formation
(634-630 Ma, Eyal and others, 2014) have been interpreted as active continental mar-
gin lavas (for example, Furnes and others, 1985; El-Gaby and others, 1991). The
Malhaq Formation (considered older than Heib Formation, Eyal and others, 2014)
has been assigned to a back-arc basin setting, whereas the Tarr complex resembles a
fore-arc assemblage (for example, Shimron, 1984; Furnes and others, 1985; Abu El-
Enen, 2008). Some authors reject the Eyal and others (2014) island arc model for the
Wadi Kid volcanic sequences and describe them as post-collision eruptions associated
with extensional tectonics (El-Bialy, 2010; Moghazi and others, 2012). The KB ultra-
mafic rocks have geochemical features characteristic of island arc ultramafic cumu-
lates, which lends support to the island arc model for the magmatic rocks of the Kid
area. An island arc setting, as opposed to an active continental margin setting, is most
consistent with the absence of any signatures inherited from pre-Neoproterozoic con-
tinental crust in the Kid subduction-related rocks. The arc rocks of the Kid area have
mantle-like eNd(t), Sr; and §'%0 (Eyal and others, 2014 and references therein) and
pre-Neoproterozoic zircons are rare or absent in the Kid arc rocks (Moghazi and
others, 2012; Eyal and others, 2014). Based on their geochemical and mineral chemis-
try characteristics and the age of the associated arc rocks, we conclude that the two
serpentinized peridotite masses preserve a fragment of the plutonic root of island arc
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crust. This arc crust was incorporated into the ANS and cratonized by closure of the
Mozambique Ocean and exposed by exhumation during the post-collisional stage af-
ter the terminal collision of East and West Gondwana.

CONCLUSIONS

The primary minerals and whole-rock compositional characteristics of harzbur-
gite and lherzolite samples from Kabr El-Bonaya resemble, respectively, those of resid-
ual mantle and of magmatic ultramafic rocks. Yet, the CroO5 and AlyO5 abundances
of fresh Cr-spinel in harzburgite are different from those in mantle peridotites. It is
clear from all data that the KB lherzolite is an ultramafic cumulate from an evolving
magma, indicated by elevated and fractionated REE abundances, primary hydrous
minerals, and mineral chemistry of primary silicates and Cr-spinel. We advocate that
the KB harzburgite, with its low AlyO3/SiOs ratio and high Cr# in Cr-spinel, is also a
cumulate, representing an earlier stage in the evolution of a probably boninitic mag-
matic intrusion. Quantitative thermodynamic modeling of differentiation of an inter-
mediate-Ca boninite shows that a non-fractional crystallization process, accompanied
by continuous decompression, is able to crystallize harzburgite followed by lherzolite
assemblages with olivine and spinel chemistry resembling the KB case.

The subduction affinity of the parental magma of the KB ultramafic cumulates is
preserved by several lines of evidence: LREE-enriched chondrite-normalized REE pat-
terns, elevated fOy values (+2.47 to +3.39 log units above QFM), low TiOy contents
and high Cr# (>70) of Cr-spinel in of harzburgite, Cpx composition in lherzolite, and
positive LILE and Pb anomalies and negative HFSE anomalies in melts calculated to
be in equilibrium Cpx and amphibole in Iherzolite. The estimated boninitic composi-
tion of the parental melt and the affinity of the chemistry to island arc cumulates favor
an island arc rather than an active continental margin for the KB masses and, by
extension, the Kid complex.

The metamorphic and alteration assemblages of the KB ultramafic masses pre-
serve only retrograde processes, including two successive stages: (1) early retrograde
alteration and metasomatism at high temperature (>500°C) formed anthophyllite,
tremolite, and ferritchromite, (2) later low-temperature (~300°C) retrograde hydra-
tion formed lizardite at the expense of anthophyllite, tremolite and primary olivine
and pyroxene and Cr-magnetite around ferritchromite.

We do not consider it plausible to group the KB ultramafic masses and the
Shahira metagabbro to define a dismembered ophiolite complex. The ANS ophiolites
are markedly older than the Shahira gabbro and the KB lherzolite certainly does not
resemble ophiolite-associated ultramafic rocks in the ANS. Rather, these serpenti-
nized peridotite masses and associated arc plutonic rocks of southeastern Sinai repre-
sent plutonic crust of a cratonized island arc.

SUPPLEMENTARY DATA LINKED TO THIS PUBLICATION
http://earth.eps.yale.edu/ % 7Eajs/SupplementaryData,/2021/Maurice
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