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Abstract

We studied rodingite and rodingite-like rocks within « <ccpentinized ultramafic sequence and
ophiolitic mélange at Um Rashid, in the Eastern Ces2rt of Egypt. The Um Rashid ophiolite is
strongly deformed, metamorphosed, 7nd altered by serpentinization, carbonatization,
listvenitization, rodingitization and s.'icification. The textures, whole-rock chemistry, and
composition of fresh primary mineral re'ics show that the serpentinite protoliths were strongly
melt-depleted harzburgite and rino. dunite, typical of a supra-subduction zone fore-arc setting.
The light-colored rocks reniccir.g gabbro are divided on the basis of field relations, mineral
assemblages and geoci.~nucal characteristics into typical rodingite and rodingite-like rock.
Typical rodingite, found as blocks with chloritite blackwall rims within ophiolitic mélange,
contains garnet, vesuvianite, diopside and chlorite with minor prehnite and opaque minerals.
Rodingite-like rock, found as dykes in serpentinite, consists of hercynite, preiswerkite, margarite,
corundum, prehnite, ferropargasite, albite, andesine, clinozoisite and diaspore. Some rodingite-

like rock samples preserve relict gabbroic minerals and texture, whereas typical rodingite is fully
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replaced. Rodingite is highly enriched in CaO, Fe,O3, MgO, and compatible trace elements,
whereas rodingite-like rock is strongly enriched in Al,O3; and incompatible trace elements. Based
on geochemistry and petrographic evidence, both types of rodingitic rocks likely developed from
mafic protoliths in immediate proximity to serpentinite but were affected by interaction with
different fluids, most likely at different times. Typical rodingite development likely accompanied
serpentinization and shows mineral assemblages characteristic of low-Si, high-Ca fluid
infiltration at about 300°C. Rodingite-like rock, on the other nond, likely developed from

seawater infiltration.

Keywords: Arabian-Nubian Shield, Rodingitization, -<arbonatization, garnet, vesuvianite,

hercynite, margarite, preiswerkite

1. Introduction

The term rodingite was int*ad.'c2d by Bell et al. (1911) for white, calcium-rich rocks
hosted by serpentinites in the Dun Mountain ultramafic complex. In general, rodingite is a
massive, light-colored reck -~cnsisting of Ca- and Ca-Mg-silicates, produced by calcium
metasomatism of mafic \ ~ck compositions and generally linked to serpentinization of ultramafic
rocks (e.g., Coleman, 1977; Frost and Beard 2007; Bach and Klein, 2009; Li et al., 2007). A
considerable diversity of rodingites have been documented in ophiolites worldwide (e.g.,
Schandl, et al., 1989; Tsikouras et al., 2009; Koutsovitis, 2017).

A series of serpentinized and hydrothermally altered Neoproterozoic ophiolites outcrop in
the Arabian-Nubian Shield (ANS), specifically in its northwestern most exposure, the Eastern

Desert of Egypt (e.g. Boskabadi et al., 2017). One of their major alteration products is rodingite.



Observations of these rodingites offer detailed information on the effects of hydrothermal
processes and the physical and chemical conditions of rodingite development provide essential
constraints on the tectonic history of their host ophiolites. Yet the rodingites of the ANS have not
received much scientific attention, with only a few published studies describing potential
rodingite in the Eastern Desert (Takla et al., 1992; Abdel-Karim, 2000; Surour, 2019), and little
discussion of the processes involved. In fact, most of the samples described previously as
rodingite are altered diabases that, while they bear the cha.~cteristic minerals of Ca-
metasomatism (hydrogrossular, diopside, prehnite, epiricte,, also experienced further
metasomatism associated with later granitoid intrusions, fo.ming phlogopite and tourmaline, and
making their classification as rodingite controversial.

This paper is the first detailed study of *¢~nrite associated with ophiolitic rocks in the
Um Rashid area, in the southern part o’ the central Eastern Desert of Egypt. We present a
comprehensive study of the petrologica: and chemical character of these rodingites, rodingite-
related rocks, and the associated sene.t'nized ultramafic suite. These data support a discussion
of the sequence of petrogenetic ana metasomatic events that affected this segment of ancient
ocean floor; these events =ay 2 common to rodingite-bearing ophiolite sequences in the ANS

and elsewhere.

2. Geological outline

About 10° km? of Neoproterozoic rocks outcrop in the Red Sea hills of the Eastern Desert
of Egypt and in the southern Sinai Peninsula. Ophiolite sequences are a significant and
tectonically important portion of late Neoproterozoic rocks in the central and southern parts of

the Eastern Desert of Egypt (Fig. 1), but they are absent in the northern part. Ophiolites were



first recognized among the Neoproterozoic basement rocks of the Eastern Desert of Egypt by
Garson and Shalaby (1976), but the significance of the Egyptian ophiolites was not appreciated
until the study of the Wadi Ghadir ophiolite by ElI Sharkawy and ElI Bayoumi (1979). The
Egyptian ophiolites are tectonized bodies and mélanges of pillowed metabasalt, gabbro, and
variably serpentinized ultramafic rocks. They are all strongly deformed, metamorphosed, and
affected by several types of alteration (e.g. Azer and Stern 2007; Gahlan et al., 2015; Gamal El
Dien et al., 2019; Abdel-Karim et al., 2020; Ali et al., 2020).

The Um Rashid area, the focus of this study, .o located between latitudes
24°55°&25°00’N andlongitudes34°00° &34°10° E. It iorms the southern part of the EI-
Barramiya District and lies on the southern side of the 1L%;-Mersa Alam road. The study area is
mainly covered by dismembered ophiolites, is'a. 1-e.c assemblages and intrusive rocks (Fig.
2).Ophiolitic rocks are the oldest units in *1e riapped area and occur in tectonic contact with the
volcano-sedimentary island-arc successic (Fig. 3a).

The island-arc assemblages arc r.ominated by metavolcanic rocks and a gabbro-diorite
complex; outcrops of metasedin, =ntacy rocks are only a few meters in size and not resolvable at
the map scale. The metav~lce~ic sequence makes up a large fraction of the map area. These
rocks are mostly massive qreyish-green to black in color, with foliation and schistosity apparent
in discrete shear zones. Their protoliths extend from mafic to felsic volcanic varieties
(metabasalt, meta-andesite, metadacite and metarhyolite) and their pyroclastic equivalents
(metatuff and metaconglomerate). Some dykes of variable thickness and composition, both mafic
and felsic, cut metavolcanic flow units. The metagabbro-diorite complex is found in a series of

small hills in the northeastern part of the map area, and is intruded by granodiorite.



The ophiolitic rocks are dominated by serpentinized peridotites. There are uncommon
blocks of metagabbro within the ophiolitic mélange (Fig. 3b), but none large enough to be
resolved on the map. Variably altered serpentinites form the main component of the ophiolite
sequence. They are mainly found as large masses, usually black or greenish-black. Most
serpentinite occurs as massive sheets (Fig. 3c). However, sheared serpentinites are found along
shear zones and fault planes (Fig. 3d) and serpentinite blocks of various sizes are observed in the
ophiolitic mélange. Alteration of the serpentinites is expressed by outcrops of talc-carbonate,
magnesite, and listvenite. Magnesite veins are generally corcnrezit to foliation in the sheared
serpentinites and rarely pass gradually into a magnesite .*ockworks. Talc-carbonate rocks are
less common and are only observed as sheets and block> of various sizes within the ophiolitic
mélange (Fig. 3e).A few listvenite bodies are dev ~'op2d along shear zones; they form dyke-like
bodies or lenses hundreds to thousands of meters long. Listvenite is erosionally resistant,
strongly sheared, and pink to red in coi.* due to iron-oxide staining. In some exposures, highly
sheared black to grayish-black grap*ite b:aring serpentinites are observed.

Rodingitic rocks appea: boui in serpentinized ultramafics and in ophiolitic mélange.
There is no mention of rofinq.*~ in previous literature concerning the Um Rashid ophiolite. They
are conspicuous in outc: "o because they are white or whitish-grey in colour with black spots,
contrasting with the dark-colored ultramafic host rocks. We have observed rodingite-related rock
occurring in two distinct modes that we classify as true rodingite and rodingite-like rock.

Rodingite forms blocks and irregular lenses (0.5-1.0 m) in ophiolitic mélange (Fig. 3f) at
south of G. Um-Rashid. Narrow (5 to 10 cm) blackwall rims of chloritite separate rodingite and

serpentinite (sketched in Fig. 3g). The chloritite is massive and green; it exhibits a gradual



transition into rodingite. The rodingite and blackwall lenses are commonly tectonized and highly
fractured at both macroscopic and microscopic scales.

Rodingite-like rock forms thin light-toned dykes (0.5-1.0 m) with prominent black spots,
cutting serpentinized peridotite (photograph in Fig. 3h, interpretive sketch in Fig. 3i).The dykes
of rodingite-like rock contain both fully replaced samples and areas with remnants of gabbroic
texture and mineral replacement (Fig. 3j), indicating that the protolith was most likely gabbro. A
few blocks of gabbro with only minor evidence of rodingitizew."n were also found in the

ophiolitic mélange.

3. Analytical methods

Mineral chemical analyses, electron hac'scatter images, and X-ray mapping were
obtained from polished thin and thick ect’ons using a five-spectrometer JEOL JXA-8200
electron microprobe at the Division o1 Geological and Planetary Sciences (GPS), California
Institute of Technology, USA. Surfce - *vere vacuum-coated with ~15 nm of carbon. Operating
conditions were 15 kV, 25 nA. . um peam, 20 s on-peak counting times, and the CITZAF matrix
correction routine. The an>'vi,~%l standards used for analyses were synthetic forsterite, fayalite,
Mn-olivine, anorthite, O, and Cr,O3; Amelia albite, Asbestos microcline, and Durango
apatite.

Selected minerals that could not be definitely identified optically or by electron
microprobe were investigated by micro-Raman spectroscopy using a Renishaw InVia instrument.
Carbon coats were removed and a 523 nm laser was focused to <1 pum spots on the sample. The
spectrometer was calibrated against the 520.5 cm™ main peak of metallic Si. Spectra were

collected at Raman shifts from +100 to +4000 cm™* with 10 s integration time. Most phases were



identified by matching peak positions and intensities to the RRUFF library, but serpentine
polymorphs were distinguished using the peak assignments of Petriglieri et al. (2015).

Based on the petrographic studies, 25 rock samples (15 serpentinites and 10 rodingitic
rocks) were analysed for major, trace and rare earth elements at California Institute of
Technology (Caltech, USA) and Activation Laboratories Ltd. (Actlabs, Canada). At Caltech,
whole-rock compositions of major and minor elements (Si, Ti, Al, Fe, Mg, Ca, Na, K, P, and Mn
as wt. % oxides; Rb, Ba, Sr, Nb, Zr, Hf, Y, Zn, Cu, Ni, Co, Cr, v’ La, Ce, Nd, Pb, and Th as
elemental pg/g) were determined using a Panalytical Zetium >{R:+". sample powders were milled
in an agate ball mill, loss on ignition (LOI) determined bv \ *cighing before and after firing in air
for 1 hour at 1050°C, and fused-glass beads prepared froi.. tired powders by mixing with 9 times
their weight in 66.67% Li,B407-32.83% LiBO, 0.709, Lil flux and fusing at 1200°C. The XRF
protocol is calibrated against USGS stand.rds AGV-1, AGV-2, BCR-1, BCR-2, BHVO-2, BIR-
1, DNC-1, DTS-2, G-2, GSP-2, MAG-., NKT-1, NOD-A-1, QLO-1, RGM-2, SBC-1, SCO-1,
SDC-1, SGR-1, STM-1, and W-2 '1S~ 5 standards AGV-2, GSP-2, and RGM-2 are routinely
analyzed along with unknowns 1.¢ quality control and drift correction.

After XRF measurzienr.s, 2521 mg chips of the fused-glass beads are dissolved in new 50
mL polypropylene tubes vy refluxing in 2 mL of hot (100°C) 3:1 nitric and hydrofluoric acid for
at least 8 hours. After dilution with milli-Q distilled water to 30 mL total volume, elemental
concentrations of rare-earth element (REE) and selected major and trace element concentrations
(Al, K, Fe, Mn, Cr, V, Ni, Co, Cu, Sc, Sr, Rb, Nb, Ba, Zr, Zn, Cs, Mo, Ta, Hf, Th, W, Pb, and U)
were determined with an Agilent Technologies 8800 triple quadrupole ICP-MS. A working

curve for instrument sensitivity was developed using a blank fused bead from the same batch of



flux along with USGS standards AGV-2 and RGM-2. To control for quality, additional USGS
standards (DTS-2, BCR-1, G-2) were included as unknowns.

In the Actlabs (Canada) analyses, the major oxides were measured by lithium
metaborate/tetraborate fusion ICP-AES. Trace and rare earth elements were measured by ICP-
MS following lithium borate fusion and acid digestion. Loss on ignition (LOI) is determined by
weight difference after ignition at 1000°C. Precision and accuracy were controlled by analysis of
international reference materials and replicate analyses and are 1% \>r major elements and 2% to

5% for trace elements. Full details are on the laboratory websi*z t(.2tiabs.com).

4. Petrography

Petrographic studies were carried out on b.o’'n fain and polished sections of the rodingites
and their host serpentinite. Modal abunde 1cec were estimated by optical microscopy, with key
mineral identifications verified whei> necessary by electron microprobe and Raman

spectroscopy.

4.1. Serpentinites

Ultramafic samp.~s are variably serpentinized and include both massive and sheared
varieties. Massive serpentinite consists essentially of serpentine minerals with minor carbonates,
amphiboles, opaques, and brucite. Despite the high degree of serpentinization, rare fresh relics of
primary olivine, pyroxene and chromian spinel are observed. The original textures of the
ultramafic rocks have been almost completely obliterated, but the geometric configurations of
the original mafic minerals help to determine their protoliths. The abundance of bastite after

orthopyroxene (Fig. 4a) and mesh texture after olivine (Fig. 4b) indicates harzburgite and dunite



protoliths. Fresh olivine relics in most samples are strained crystals with kink bands,
characteristic of deformed mantle tectonites from ophiolites. In one serpentinite collected near
the granodiorite intrusion, there are also unstrained relict olivine crystals. Chromian spinel,
magnetite and sulfides are the main opaque minerals. Deep reddish-brown chromian spinel
occurs as subhedral to euhedral disseminated crystals and as irregular grains. Along grain
boundaries and cracks, chromian spinel is partly replaced by inner rims of ferritchromite and
outer rims of Cr-magnetite (Fig. 4c).Brucite appears as platy or fiv, 2us crystals intermixed with
serpentine minerals and as veinlets. Very few sulfide grainc aic present; they may be pyrite,
arsenopyrite, or chalcopyrite.

Partly serpentinized peridotite has similar text.=s and compositions to the massive
serpentinite, but with higher proportion of fresk 1~ne.als (up to 30 vol. %). The fresh relics of
primary olivine form anhedral, strained, ar 4 cracked crystals dissected by networks of serpentine
veins (Fig. 4d). Subhedral fresh orthopy:-oxene (enstatite) and clinopyroxene (diopside) crystals
are both present. The clinopyroxene displays metamorphic foliation and lineation (Fig. 4e),
typical of mantle samples hat have experienced high-temperature subsolidus plastic
deformation.

Sheared serpentn.‘te is similar in mineralogy to massive serpentinites, but is brecciated
and expresses a clear schistosity defined by subparallel alignment of serpentine flakes (Fig. 4f).
Some samples of sheared serpentinite are rich in carbonates (10-25 vol. %) and some contain
occasional fibrous crystals of tremolite—actinolite. Fractures in sheared serpentinite are filled
with chrysotile, quartz and carbonate minerals. No relics of fresh olivine orpyroxenes are found

in the sheared serpentinites; chromian spinel is the only surviving primary mineral.



4.2. Rodingitic rocks

Based on field relations and mineral assemblages, we divide the rodingitic rocks into two
types: typical rodingite and rodingite-like rock. Some samples of rodingite-like rock are
completely replaced whereas others preserve primary textures from their gabbro protoliths.

Typical rodingite is medium- to coarse-grained with whitish colour and black spots. It
consists essentially of calcium-rich minerals including garnet, pyroxene, vesuvianite, and
chlorite, plus minor prehnite and opaque minerals. Garnet occurs & dissected crystals (0.5 to 3
mm in diameter), spotted with very fine specks of vesuvianitz 21,2 scarce inclusions of diopside
and transformed along the margins into chlorite (Fig. <2). Clinopyroxene occurs as coarse
anhedral crystals of diopside (Fig. 5b, c), partly replaceu =1ong the margins and cleavage planes
by chlorite, garnet and secondary diopside and > npaibole. Rarely, secondary diopside forms
fibrous or acicular crystals around or wit" (n v esuvianite aggregates. Vesuvianite, in addition to
the fine inclusions in garnet, is also foud as subhedral to anhedral, medium to coarse crystals
(Fig. 5c¢, d). Chlorite occurs as int~rst tiul crystals and along cleavage planes in clinopyroxene
and cracks in garnet (Fig. 5a. . c, d). Prehnite occurs as wormy veinlets and in the cores of
highly altered plagioclase ~vvs~'s.

The chloritite founa as narrow blackwall rims around outcrops of rodingite is a nearly
monomineralic, dark green rock. In addition to the dominant chlorite phase, there are minor
amounts of rutile, epidote, corundum and opaque minerals. Scarce relics of serpentine can be
found in the chloritite. Chlorite appears as fine dense flaky aggregates with perfect foliation. It is
pale green and faintly pleochroic in plane polarized light; under crossed nicols it shows an
anomalous brown interference color. Rutile is present as fine anhedral red crystals or as tabular

red crystals (Fig. 5e). Corundum occurs as aggregates of subhedral to anhedral crystals (Fig. 5f).
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Rodingite-like rock is fine- to medium grained and white with black spots. Aluminum-
rich minerals are the main constituent of rodingite-like rock. They include corundum, hercynite,
micas and plagioclase as well as minor secondary amphibole, clinozoisite, prehnite, diaspore and
epidote. Although the rodingite-like rock is the product of extensive alteration and replacement,
gabbroic textures and relics of primary minerals characteristic of gabbro are preserved in some
samples. The rodingite-like rock samples are further divided into partly and fully rodingitized
groups based on the modal abundance of preserved primary minera. and textures. The alteration
assemblage is the same in these two groups. Corundum occure 2s cz:orless, subhedral to euhedral
crystals (Fig. 6a). Hercynite, a green spinel-group mine.al, occurs as subhedral to anhedral
porphyroblasts and as fine aggregates (Fig. 6 a, b). The \.=e hercynite aggregates are only found
in association with amphibole and chlorite in ar>s Jf coronitic texture. Mica-group minerals
include preiswerkite, margarite and musc vit~,; all take the form of acicular or tabular crystals
(Fig. 6¢). Plagioclase occurs as fine tu medium-sized subhedral crystals. The primary calcic
plagioclase is almost completely a'hiti-eJ, but rare relics of labradorite are recorded and albite
twinning of the primary plagioc'ase can still be recognized (Fig. 6d). Clinozoisite and prehnite
replace plagioclase and oc~''r .~ iine crystals and fine columnar aggregates, respectively. Epidote
also occurs as veinlets “nd as small anhedral crystals rimming green spinel. Diaspore, an
aluminum hydroxide mineral, occurs as anhedral (Fig. 6¢) or acicular crystals. Secondary
amphibole is represented by fibers or clusters of acicular green actinolite crystals. Chlorite

occurs as fine aggregates.

5. Mineral Chemistry
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The electron microprobe was used in this study for two purposes: to identify those
essential and accessory minerals that could not be fully determined by optical petrography, and
to quantitatively analyze those minerals that have significant solid solution ranges and occur as
homogeneous grains large enough for single-phase analysis. Not all the minerals mentioned
above were suitable for quantitative microprobe analysis. This section summarizes mineral

chemistry results, grouped by rock type and then by mineral phase.

5.1. Serpentinite

Both silicate and non-silicate minerals were an.lvzed in serpentinite samples. The
analyzed silicate minerals include olivine, pyroxene, an “nibole, serpentine and chlorite; non-
silicate minerals include chromian spinel, magrei*e #nd brucite. The mineral chemistry dataset
for serpentinite, including calculated stru ‘tur.l formulae, is given in the Electronic Appendix

(Supplementary Tables 1S-8S).

5.1.1. Olivine

Most of the analy7~1 ('*vine relics are unzoned, except for sample 53, which exhibits a
relatively wide composi.onal range, from Fo (molar Mg/[Mg+Fet]) 0.75 to 0.96. The unzoned
olivine crystals have homogeneous and high Fo contents (91-92) in the common range of
primary mantle olivines (e.g. Pearce et al., 2000; Takahashi et al., 1987). NiO contents in the
unzoned olivines range between 0.20 and 0.31 wt.% (average 0.25 wt.%), notably lower than is
typical of mantle olivines (Takahashi et al., 1987). The wide range in the Fo content in sample 53
can be attributed to recrystallization of olivine during a thermal metamorphic event linked to the

intrusion of granodiorite (see discussion, section 7.2).
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5.1.2. Pyroxenes

A few fresh relics of orthopyroxene were analyzed in serpentinized peridotite; it is
identified as enstatite(Fig. 7a)(nomenclature of Morimoto et al.,1988).Orthopyroxene has high
Mg# (molar Mg/[Mg+Fe;) ~ 0.92) and low TiO; (<0.02 wt. %), Al,O3 (1.35-1.84 wt. %), CaO
(0.95-1.31wt. %),and Cr,0O3; (0.62-0.81 wt. %) contents. The Mg# of orthopyroxene is very
similar to that of olivine (0.91-0.92), suggesting that these two pii.ces equilibrated under high-
temperature mantle conditions (Uysal et al., 2016). The lowA', 3.4 CaO contents are similar to
those of primary mantle orthopyroxenes (Ishimaru et al., zc17). One pseudomorph after enstatite
includes both lamellae of fresh orthopyroxene ann ~ones of fibrous, poorly crystalline
clinopyroxene-rich material (see Fig. 4e). Its cheraical composition at electron probe scale is
subcalcic (0.61-0.83, average 0.73 apfu:. rczarly Fe-free (Mg# ~0.99), cannot be mapped
precisely into pyroxene components, ai.1 shows low totals. Its Raman spectrum shows weak
diopside peaks as well as a I~vqe H-absorption. This material is not relict igneous
clinopyroxene; it is an alteiction product indicating incipient Ca-metasomatism of the

serpentinite.

5.1.3. Chromian spinel

Chromian spinels relics have homogeneous fresh cores of Cr-spinel surrounded by inner
rims altered to ferritchromite and outer rims of Cr-magnetite. In most crystals, Cr,O3, Al,03 and
MgO show a systematic decrease from core to rim, whereas FeOr increases outwards. This

sequence is commonly recognized in spinels altered under hydrothermal conditions (Barnes,
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2000). The fresh cores show Cr# (molar Cr/[Cr+Al)) between 0.64 and 0.67 (average 0.66) and

Mg# between 0.45 and0.58 (average 0.54).

5.1.4. Tremolite

Structural formulae of amphibole were calculated on the basis of 23 oxygen atoms in the
anhydrous total using the 13-CNK method of Leake et al. (1997); they are calcic amphibole,
exclusively tremolite. The low TiO; (<0.1 wt. %) content of amgi.*hole and the discrimination
diagram proposed by Keeditse et al. (2016) for separati»? .magmatic and post-magmatic
amphibole both indicate that it is secondary (Girardeau ai.¥ Mevel, 1982), formed by alteration

of primary olivine and pyroxene (Fig. 7b).

5.1.5. Serpentine minerals

Serpentine is divided petrograp:.‘cally into matrix and vein-type. Matrix serpentine is
chemically homogeneous and near ‘-ec! ~ntigorite stoichiometry (i.e., (Mg+Fe)/Si is consistently
less than 1.5, averaging 1.41). Several spots of matrix serpentine were checked by Raman
spectroscopy and verified *~ be ~ntigorite by the criteria of Petriglieri et al. (2015). Vein-forming
serpentine has lower My* (0.86-0.92) than matrix serpentine (0.88-0.99) and often approaches
ideal chrysotile stoichiometry (i.e. (Mg+Fe)/Si ~ 1.5); Raman spectra confirms that the veins are
chrysotile. Vein and matrix serpentine both show low concentrations of TiO; (< 0.02 wt. %.).
Our petrographic studies indicate that serpentinite sample M9 had a dunite protolith; serpentine
in this sample is richer in Cr,O3 and NiO than in the samples of harzburgite parentage.

Sample M9 contains occasional ~100 um phyllosilicate grains whose analyses at electron

probe scale are very rich in both Ni and Fe and very low in Al. Detailed high-magnification
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examination with a field-emission scanning electron microscope shows that these domains are
not a single phase. They are fine-grained (100 nm-scale) porous aggregates of a Ni-rich
serpentine (likely pecoraite or népouite) and a Fe-rich serpentine (likely greenalite or
cronstedtite). Given the very small grain-size, further characterization is difficult and would

require further study beyond the scope of this work.

5.1.6. Chlorite

The chlorite in sample 53 shows limited chemical vzriaizn in SiO,, MgO and Cr,0s.
This chlorite is mainly classified (Hey, 1954)as penninite .ith minor talc-chlorite(Fig. 7c). The
chemical composition of chlorite can be used to determi .= the temperature of its formation (e.g.
Kranidiotis and MacLean 1987; Cathelineau anr Nieva 1985). The temperatures for
disseminated chlorite formation, calculate 1 w.th the geothermometry calibration of Kranidiotis

and MacLean (1987), range between 1242nd 181°C, with an average of 162°C.

5.1.7. Magnetite

In the disseminater mic2.etite analyses, total Fe as FeO is the main oxide (88.29-91.99
wt.%),with negligible ar.ounts of MnO, Cr,0O3 and NiO. Oxides such as SiO,, CaO, Na,0, K,0O
and P,Osthat appear in the analyses probably represent beam overlap with or secondary
fluorescence from adjacent phases. The disseminated magnetite plainly differs from the Cr-

magnetite that rims chromian spinel; the latter is much richer in Cr,O3.

5.1.8. Brucite

15



Brucite is a magnesium hydroxide mineral, nominally Mg(OH),. Hypothetical pure
brucite would contain 71.09 wt. % MgO and show an analytical total of 71.09 wt. %. In fact,
MgO is the main oxide (71.64-79.57 wt. %), with smaller amounts of SiO, (0.93-9.75 wt. %) and
FeO (2.53-4.90 wt. %); analytical totals range from 80 to 89 wt. %. Other oxides (Al,O3, MnO,
Cr,03 and CaO) occur in minor amounts. It is unclear whether the brucite contains chlorite layers
as defects or whether the electron probe beam tended to overlap adjacent serpentine, given the

very small grain size of brucite patches.

5.2. Rodingitic rocks

Microprobe analyses and calculated structural v~ mulae of minerals in rodingite and
rodingite-like rock are presented in Supplement.rv ""ables 9S-22S. Analyzed minerals in the
rodingite samples include garnet, pyroxen - vfsuvianite, chlorite and ilmenite, while those in the
rodingite-like rock samples include hercynite, corundum, diaspore, plagioclase, micas,

amphiboles, clinozoisite, and prehrita,

5.2.1. Garnet

Garnet analyses c'uster at the Al-rich and Fe-rich ends of the grossular-andradite solid-
solution series. The electron microprobe does not directly measure water in the garnet structure,
but low analytical totals on well-polished garnets indicate the presence of a significant
hydrogarnet component in many cases. This is supported by energy-dispersive X-ray spectra that
demonstrate the absence of any unanalyzed elements heavier than C and by Raman spectra with

very strong OH vibration bands. Although there are multiple possible substitution mechanisms
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for minor hydrogen in garnet, the component that can host the largest amount of water is katoite,
CazAly(OH)1,, and we include this molecule in our garnet end-member fractions.

Grossular is composed mainly of SiO, (38.4-39.8 wt.%) and CaO (35.5- 37.2 wt.%), with
variableAl,O3 (13.9-21.8 wt.%) and FeO; (1.0-8.3 wt.%). The increased abundance of FeO; in
andradite (9.27-23.82 wt.%) is compensated by lower weight fraction of SiO, (32.2-36.8 wt.%),
CaO (31.5-35.3 wt.%) and especially Al,O3 (3.0-9.3 wt.%). Entirely aside from the issue of
hydration, andradite shows a lower apparent analytical total than gr.ssular because the Fe in this
mineral is dominantly Fe;O3;, whereas the electron probe t2*ai. assume total Fe as FeO; for
garnets with up 23 wt.% FeO;, this accounts for up to 2.3 w. % deficit in the total.

After correcting for Fe,O3, the analytical total dei.its of both andradite and grossular are
correlated with deficits in Si relative to 3 atoms ou* fo.mula unit (apfu), which is consistent with
H,0 being incorporated by the hydrogarn« ¢ svostitution. We find hydrous grossular with up to 6
mol.% katoite component or 1.5 wt.% +._O and hydrous andradite with up to 12.3 mol.% katoite
or 2.7 wt.% H,O. The abundance ~f ~vJdrated garnets with substantial Si deficits in rodingite
suggests a component of desilic.ficauon associated with their formation. Hydrogrossular may be
formed after diopside (F*~su ~ad Beard, 2007) but the more common reaction pathway is
decomposition of anortn.*ic plagioclase to zoisite or prehnite followed by alteration to hydrous

garnet (Schandl et al., 1989).

5.2.2. Clinopyroxene
Petrographic studies indicate that most of the clinopyroxene in rodingite is secondary,
although a few primary relics are present. The major oxides in clinopyroxene are SiO, (50.0-55.3

wt.%), CaO (23.0-25.8 wt.%), MgO (13.7-17.7 wt.%) and FeO; (2.8-8.1 wt.%). Primary
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clinopyroxene relics are richer in MgO (15.8-17.7 wt.%) and lower in FeOy(2.8-3.3 wt.%), with
higher Mg# (0.90-0.92)than the more common secondary clinopyroxene (14.5-16.4 wt.% MgO;
3.2-6.2 wt.% FeO; Mg# 0.75-0.89). On the pyroxene nomenclature diagram(Morimoto et
al.,1988), all the clinopyroxene analyses are diopside(Fig. 7a). The compositions of the fresh
clinopyroxene relics are typical of clinopyroxene in ophiolitic gabbro (Mogahed and Saad,

2020).

5.2.3. Vesuvianite

The essential oxides in vesuvianite areSiO,(36.3-5> 2 wt.%), CaO (32.2-37.0 wt.%) and
Al;03(16.3-21.6 wt.%), with subordinate FeO(1.1-6.6 \ *.%) and MgO (0.0-3.7 wt.%). Some
vesuvianite analyses have low analytical totals a1.< Icw birefringence, suggesting incorporation

of an unanalyzed volatile component(Hatz oar agiotou and Tsikouras, 2001).

5.2.4. Chlorite

There is a wide range of chlorite compositions both within and between samples,
presumably the result of 2 ~ai~kination of multiple ferromagnesian parent minerals (amphibole,
pyroxene and biotite) and evolving conditions of pressure, temperature, and water activity. Major
oxide variations are dominated by SiO; (21.7-30.1 wt.%), MgO (9.9-27.8 wt.%), Al,03(14.2-
24.8wt.%), and FeO; (9.1- 33.0 wt.%). TiO,, Cr,03, K,O and Na,O are all negligible. A few
spots of chlorite have significant concentrations of CaO (up to 3.8 wt.%), attributable to
incorporation of interlayer smectite.

According to the classification scheme of Hey (1954), chlorite is mainly pycnochlorite

and ripidolite with minor clinochlore and some outliers in other named fields (Fig. 7c).The
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calibrated geothermometer equation of Kranidiotis and MacLean (1987)yields chlorite formation

temperatures in rodingite between 217°Cand 375°C.

5.2.5. llmenite
IImenite is composed mainly of TiO,(42.2- 51.3 wt.%)and FeO(44.3-52.8, wt.%), with

measurable but minor MnO (1.5-2.6 wt.%).

5.2.6. Hercynite

Analyses of hercynite have been filtered to remove voints with SiO2 > 0.5 wt.%, likely
due to contamination from neighboring phases. Analytic.' totals of hercynite in sample R41 are
low (93-98 wt.%), probably due to rounding »1 ~m-dl grains during polishing, but structural
formulae show valid spinel stoichiometr . F.ercynite consists mainly of Al,OzandFeO;, with
minor MgO (2.4-3.6 wt.%). Cr,0s is beicw detection. On the Cr*-Fe**-Al*%ternary classification
diagram of spinel, these analyses ~e .eurly perfect end-member hercynite and plot entirely in
the hercynite field (Fig. 7d). Ti.’s spinel-group material is clearly distinct from primary igneous

chromite.

5.2.7. Corundum and diaspore

The Al-rich minerals include corundum and diaspore. Corundum is essentially pure
Al,O3 with high totals and up to 0.4 wt.% FeO;. Diaspore has up to 1 wt.% FeO; (goethite
component) and is distinguished by low analytical totals (87.2-94.0 wt.%) reflecting the presence

of structural OH.
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5.2.7. Plagioclase

Apparent plagioclase compositions vary significantly from albite through oligoclase and
andesine to labradorite. The plagioclase is all strongly altered and mottled with replacement
phases that make it challenging to obtain quality electron probe analyses with 100% totals and no
contamination. Only two spots yielded candidate primary labradorite compositions that would be
reasonable igneous minerals in a gabbroic protolith. The other, more sodic, plagioclase spots are

likely to be secondary plagioclase developed during alteration and .1.~tamorphism.

5.2.8. Mica

The analyzed mica-group minerals are represente.' vy margarite, preiswerkite, and minor
muscovite. Preiswerkite, nominally NaMg,AI(Al_%i»' O10(OH),(Keusen and Peters, 1980), is a
rare sodic trioctahedral mica. In our samg es taere is major replacement of Mg by Fe, but in all
analyses Mg > Fe and so the nan.» preiswerkite is appropriate. Margarite, nominally
CaAly(Al;Si;)010(OH),, has in our sar>r.es substantial substitution of Na (up to 0.57 apfu, but
more commonly ~0.32 apfu), ¢ arge-compensated by partial trioctahedral occupancy by Fe and
Mg. Muscovite deviates from (“2al KAl (AlSi3)O10(OH), due to vacancies on the K site variably
charge-compensated by anomalies in the tetrahedral Al/Si ratio or by partial trioctahedral

occupancy by Al or Mg.

5.2.9. Amphibole

Amphibole in rodingite-like rock exhibits a substantial compositional range. In the

classification scheme of Leake et al.(1997),all points are calcic amphibole and variously classify
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as ferro-pargasite orferro-tschermakite, with one point each of pargasite and magnesio-

sadanagaite. With <0.1 apfu of Ti, they are of secondary origin(Girardeau and Mevel, 1982).

5.2.10.Clinozoisite

A handful of clinozoisite crystals were noted in one rodingite-like rock sample; it is very
close to nominal end-member Ca,Als(Si,O7)(Si04)O(OH) composition, with only small amounts
of Fe;0O3 (£0.76 wt.%) or NayO (<0.41 wt.%)observed in a cuuple spots. Clinozoisite is a
common epidote group mineral that represents an alteration r:~uoze of plagioclase; primary Ca-

bearing plagioclase typically breaks down to albite and Ca-.ich clinozoisite or prehnite.

5.2.11. Prehnite

Prehnite, like clinozoisite, forms c«rirg alteration of primary Ca-bearing plagioclase to
albite and acts as a sink for Ca. Prehn.:*e was found and analyzed in one rodingite-like rock
sample; it is essentially stoichiom~tric Ca,Al,Siz010(OH)with negligible concentrations of all

other oxides.

6. Geochemistry
6.1. Serpentinites

Fifteen representative serpentinite samples were analyzed for whole rock geochemistry
and the results are given in Tables 1 and 2. All the serpentinite samples have high LOI values,
between 11.2 and 15.4 wt.%. The highest value of LOI is recorded in the carbonate-rich sheared

sample (59).

21



The modal percentages of primary minerals cannot be accurately determined due to
extensive serpentinization. Neglecting changes in composition due to alteration, we applied a
classification based on normative composition (Table 1), which classifies the samples mainly as
harzburgite with minor dunite (Fig.8a), in agreement with petrographic assessments. Two
samples are shifted into the lherzolite field by enrichment in CaO hosted by secondary
carbonates.

The serpentinite samples assigned to dunite protoliths (>8C v.t.% normative olivine) have
lower silica contents (36.7-37.0 wt.%) and higher MgO (41.6- %7 . “4t.%) than those formed from
harzburgite (37.0-41.8 wt.% SiO, and 37.0-39.4 wt.% n'10). No significant variations were
noted in other major oxides. All the analyzed samples aic very low in CaO (< 1.0 wt. % except
for carbonate-bearing samples) and AlOs3 (<1 % /t. %), consistent with the low modal
clinopyroxene abundance and absence of olajioclase. The serpentinites have high whole-rock
Mg# with limited variation(0.90-0.92, av.0.91),typical of oceanic peridotites (Bonatti and
Michael, 1989) and similar to the Mg* of other serpentinites in the ANS (e.g., Gahlan et al.,
2020; Ali et al., 2020; Abdel-Ke.im et al., 2020).

Trace element cont~m. ~nong the analyzed serpentinite samples vary by a factor of 3 to
10 for most well-resolve.' elements (Table 2). They are depleted in most trace elements but they
are enriched in compatible elements (Cr, Ni and Co) and above primitive mantle in selected
fluid-mobile elements (Li, As, Sb, Pb, Sr, Cs and U).

On primitive mantle (PM) normalized trace element patterns (normalization values of
McDonough and Sun, 1995) (Fig. 8b), the depletion of most trace elements in serpentinite
samples is evident. Positive anomalies in Cs, Pb and U are prominent. Enrichment of these

elements in serpentinites has been judged in various cases to have been present in the protolith

22



(Godard et al., 2008) or to have been added from fluids(e.g., seawater) during serpentinization
(Deschamps et al., 2013). Serpentinites contain suitable hosts for sequestering and concentrating
each of these elements from migrating fluids: As and Sb can be hosted in both serpentine phases
and sulfide minerals; carbonates are known to host U, Sr and Pb. Scambelluri et al. (2019) noted
that enrichment in As and Pb are characteristic of fore-arc serpentinites in particular.

The concentrations of REE of serpentinites are given in Table 3 and their chondrite-
normalized REE patterns (normalization values of Evensen et al., 1978) are plotted in Fig.8c.
The REE abundances vary markedly among the serpentinite -2n,2'cs, by an order of magnitude
in LREE and a factor of 4 in HREE. Most samples s.;'ow a modest enrichment in LREE
[(La/Lu)n= 1.26-4.30] with nearly flat HREE [Gd/Lu)y = 0.97-1.38]. Although fresh mantle
harzburgites and dunites are characterized by stroia 0 extreme LREE depletion, serpentinites
often show LREE enrichment, presumakt« 7.5 a result of transfer from serpentinizing fluids
(Deschamps et al., 2013). Among the serpentinite samples, there is no evident correlation
between trace and major elements ar h-tween trace elements and primary mineral modes. In
particular, the dunites are in the miduie range of samples for nearly all analyzed elements. This is
consistent with the tre>= ~'ement signature being dominated by enrichment during
serpentinization rather tr,on py primary source or melting phenomena.

The serpentinite samples have widely variable negative or positive Eu anomalies [Eu/Eu*
= 0.45-2.51], despite neither containing nor having interacted with plagioclase. The Eu budget of
these samples is also likely derived from serpentinizing fluids (Paulik et al., 2006). In this case,
positive Eu anomalies likely result from substitution of Eu®*for Ca** in carbonates (either at the

source of the CO,-bearing fluids or locally in the samples) (Boedo et al., 2015).0n the other
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hand, negative Eu anomalies reflect the occasional presence of talc, a phase that is known to

exclude Eu relative to neighboring REE (Cardenas-Parraga et al., 2017).

6.2. Rodingitic rocks

Major and trace element contents of 10 rodingitic samples(4 rodingite and 6 rodingite-
like rocks)are given in Tables4 and 5. The division of the rodingitic samples into categories on
the basis of mineralogy is reflected in well-defined groups of disti.~tive whole-rock chemistry,
most notably in concentrations of SiO,, Al,03, MgO, Fe, N3, und CaO and LOI. Typical
rodingite samples are richer in CaO (20.6-23.9 wt.%), F.-O3; (6.9-20.7wt.%), and MgO (8.4-
13.6wt.%) compared to rodingite-like rocks (5.9-13 4. 1% CaO, 1.9-4.8 wt.% Fe,O3, 2.1-
10.6wt.% MgO). On the other hand, typical rocir.cate is lower in SiO; (33.2-39.1 wt.%), Al,O3
(9.3-14.8 wt.%), and K,0 (<0.03 wt.%) tk m t'.e rodingite-like rocks (35.3-45.1 wt.%SiO;, 28.0-
32.6Wt.%Al,03, 0.8-1.8 wt.% and K;0).

The high concentration of ~aC i1 typical rodingite reflects the abundance of calcium-—
rich minerals including as gai.et, diopside and vesuvianite. Elevation in MgO reflects the
formation of secondary M7 -bc~ing minerals including chlorite and diopside. Elevated values of
LOI in the rodingite reti~t the presence of hydrous minerals including chlorite, vesuvianite, and
hydrogarnet.Al,O3/CaO ratios in typical rodingite are low (0.45-0.65 by weight) and they lack
normative corundum. Rodingite-like rock samples, by contrast, are highly enriched in Al,Og,
hosted in the highly aluminous phases corundum, diaspore, preiswerkite, margarite, hercynite,
and plagioclase. They have notably high Al,03/Ca0(1.8-5.6) and normative corundum (3.2-
13.0wt.%). Plotting all the rodingite and rodingite-like samples on an A-C-F diagram (Fig. 9a)

shows that the rodingite samples lie near the field of rodingite defined by Coleman (1977),
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although one sample contains an unusually high concentration of Fe,Os.The samples of
rodingite-like rock plot near the A apex due to aforementioned enrichment in Al,O; and
abundance of Al,Os—rich minerals.

The trace element contents of the rodingitic rocks separate into well-defined groups of
rodingite, partly rodingitized rodingite-like rock, and highly rodingitized rodingite-like rock
(Table 5). If all the rodingites are derived from similar gabbroic protoliths, then these variations
testify to major metasomatic redistribution of elements during rudingitization. However, their
initial concentrations and differential mobility during alterz*iv.> may also reflect significant
differences between their source lithologies. Most roding::=-like samples, especially the highly
rodingitized ones, have higher concentrations of all inru.wpatible trace elements except Nb and
Ta (and, in one sample, Th) than do the typical *¢”nc ites. The partly rodingitized rodingite-like
rocks are mostly intermediate in trace :ler.ent enrichment between the other two groups.
Rodingite samples, by contrast, are ncher in compatible elements (Cr, Ni, Co and V)than
rodingite-like rocks. One of the mn=<t _triking features of the rodingite-like rock is its abnormal
enrichment in Sr (up to 3438 n.2/g) and Zr (up to 1181 ug/g).These values are notably higher
than those in the less-altercd n.Ziic suite of the associated ophiolite (gabbro). These features will
be discussed in detail bei.'w (section 7).

The PM-normalized trace elements patterns of the rodingitic rocks are shown in Fig.9b.
The typical rodingites have surprisingly flat trace element patterns, with all elements (except Cs,
Rb, and Sr) plotting within a small range around 2X PM. By contrast, the highly rodingitized
rodingite-like rocks have dramatic enrichments and anomalies, being over 100X PM in
concentrations of most incompatible elements, including both large ion lithophile elements (K,

Rb, Sr, Ba, U, Th)and the high field strength elements Zr and Hf. However, they are strongly
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depleted (anomalies of 2-3 orders of magnitude) in the HFSE Nb and Ta. The partly rodingitized
samples share some of these features, with about one order of magnitude lower LILE but similar
patterns of anomalies.

REE concentrations in the rodingitic samples are given in Table 6 and chondrite-
normalized REE patterns are plotted in Fig. 9c. The distinctions among the rodingite, partly
rodingitized, and highly rodingitized rodingite-like samples are obvious in their REE patterns. As
with the extended trace elements, truerodingite samples show low cvoncentrations (XREE = 9-13
ug/g, av. 11 ug/g) and very limited range of variation. Their RZk patterns are nearly flat, gently
depleted in LREE with slight positive Ce anomalies that mc.‘ reflect oxidizing conditions during
alteration that stabilized some Ce*". The samples of rou."gite-like rock are highly variable in
REE concentration, XREE from 15-595 ug/g. w't% light to moderate enrichment in LREE
[(La/Lu)n,=3.1-21.3]. The partly rodingitize ;amples of rodingite-like rock, preserving primary
gabbroic minerals and textures, are syctematically lower in REE than the fully replaced
rodingite-like rocks and display in w ™ vases significant positive Eu anomalies (Eu/Eu*=1.42 and

4.13).

7. Discussion
7.1. Protolith and geodynamic setting of serpentinites

Based on petrographic observation and geochemical data, the protoliths of Um Rashid
serpentinites are strongly depleted mantle harzburgites and dunites. Their Mg#, Ni, and Cr
contents and low Al,O3 CaO, and incompatible trace elements are all characteristic of highly
refractory mantle peridotites, residual to high degrees of melt extraction (Bonatti and Michael,

1989; Parkinson and Pearce, 1998; Deschamps et al., 2013). Specifically, with the exception of
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carbonate-hosted CaO in some samples, the very low Al,O3; and CaO of these serpentinites are
most similar to fore-arc peridotites (Fig. 10a). On an MgO/SiO, vs. Al,O3/SiO, diagram (Jagoutz
et al., 1979; Hart and Zindler, 1986), the Um Rashid serpentinite plots at low
Al,05/Si0,(<0.03)(Fig. 10b), overlapping the fore-arc field (Deschamps et al., 2013) and the
most depleted end of the abyssal peridotite field. The serpentinite samples with dunite protoliths
plot above the terrestrial mantle array, suggesting that a process other than progressive fractional
melt extraction was responsible for increasing their olivine/orthopy:axene ratios (Deschamps et
al., 2013).

Even in almost completely serpentinized peridou‘es, the chemistry of relict primary
minerals offers a tool to infer the tectonic environment o. ‘neir protoliths (e.g., Dick and Bullen,
1984; Barnes and Roeder, 2001; Ohara et al., 20%2: Arif and Jan, 2006). Fo content of fresh
olivine, like Mg# of whole rocks, increasfs with melt depletion and is less sensitive to
modification during serpentinization. Chromian spinel is notably sensitive to changes in
variables such as temperature, prossuve, oxygen fugacity, bulk rock composition, and fluid
composition (e.g. Dick and Bui.»n, 1984; Barnes and Roeder, 2001; Arif and Jan, 2006; Gamal
El Dien et al., 2019) that i~ tu " indicate particular tectonic settings and petrogenetic processes.
Spinel in mid-ocean ridy. and back-arc basin peridotites generally has Cr#<50, whereas spinel in
fore-arc harzburgites generally has higher Cr# (60-80) and spinel in boninite lavas typically has
even higher Cr# (70-90) (Barnes and Roeder 2001; Ohara et al., 2002).

In the Um Rashid case, the low TiO, (<0.02 wt. %) and high Cr# (0.64-0.67) of relict
primary chromian spinel in serpentinite point, like the whole-rock indicators, to strongly depleted
mantle residues after extensive partial melt extraction. Such high extents of melt extraction are

most common in supra-subduction zone setting, specifically in the fore-arc (e.g. Dick and
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Bullen, 1984; Ishii et al., 1992; Bloomer et al., 1995). On the Cr# versus Mg# discrimination
diagram, the fresh chromian spinel relics plot in the region of fore-arc peridotite (Fig. 11a), at
estimated degrees of partial melting from 35-38% (Parkinson and Pearce, 1998; Pearce et al.,
2000).Although high Cr# spinel can also form by extensive melt—rock interaction (e.g. Parkinson
and Pearce, 1998; Pearce et al., 2000), low TiO, contents are not consistent with the products of
melt-rock reaction, which tend to be Ti-rich. Spinel in Um Rashid serpentinite resembles many
other examples in ANS ophiolites assigned by numerous authors tc [ ~re-arc settings (Azer, 2014;
Gahlan et al., 2015; Boskabadi et al., 2017; Abdel-Karim et 2!., <22J; Ali et al., 2020; Gahlan et
al., 2020).

Pyroxene relics can provide further insight into |, > 1dotite petrogenesis (e.g., Pagé et al.,
2008; Xiong et al., 2018). The high Mg#, \~w Al,O3 content, and low Cr,Oz0f relict
orthopyroxene are all consistent with orthc ayr.,xene from known fore-arc peridotites (Pagé et al.,
2008; Xiong et al.,, 2018) and outsiu~ the field of abyssal peridotites (Fig. 11b, c).The
composition of orthopyroxene in th~ cuerant suite is consistent with that of other serpentinites of
the ANS assigned to fore-arc se.ings (e.g., Abdel-Karim et al., 2020; Gahlan et al., 2020).

Olivines becominr inorzasingly magnesian with progressive melt extraction. To the
extent that different exte, * or melting are characteristic of tectonic setting (e.g., supra-subduction
zone vs. mid-ocean ridge), olivine too is helpful for distinguishing the setting of serpentinite
protoliths (Parkinson and Pearce, 1998). Mg-rich olivine (F0g.91-0.92) in the Um Rashid samples
again points to the high extents of melt extraction most commonly recorded by fore-arc
peridotites. Similar high-Fo olivine have likewise supported assignment of numerous other ANS
ophiolite mantle sections to fore-arc settings (Khalil and Azer, 2007; Stern et al., 2004; Gahlan et

al., 2020).
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In short, all the mineralogical and whole-rock evidence points to emplacement of the
mantle section of the Um Rashid ophiolite, like other ANS ophiolites, as fragments of oceanic
lithosphere above the fore-arc of a subduction (e.g. Azer and Stern, 2007; Gahlan et al., 2020).A
number of tectonic and petrogenetic models have been proposed to explain formation and
obduction of fore-arc peridotites in Egypt (e.g. Azer and Stern, 2007; Ali et al., 2020; Abdel-
Karim et al., 2020); the most recent such model (Abdel-Karim et al., 2020) is summarized in Fig.
12. Opening of the Mozambique Ocean between East and Wes. Gondwana is followed by
development of an incipient arc stage and then by full develezmc:t of a mature arc system with

high slab-derived fluid flux and large degrees of melting in *he tore-arc mantle.

7.2. Formation of metamorphic olivine in serpen. it~

Upon prograde metamorphism, <-=rpratine can dehydrate and produce metamorphic
olivine (e.g., Nozaka, 2003; Evans, 20.M. Such metamorphic olivine typically lacks chemical
zonation or evidence of ductile def~rn.~tion (e.g., undulatory extinction; Khalil and Azer, 2007;
Evans, 2010). According to Eva.’s (2J10), metamorphic olivine with low Fo content can form by
breakdown of Fe-rich serponti >~ itself a product of relatively high-temperature serpentinization.

Olivine crystals . sample 53 have unusual compositions, with a wide range of Fo content
(0.79 to 0.96). These are quite different from the homogeneous Fog1.g; in residual peridotites.
Petrographically, sample 53 contains both strained olivine with kink bands and unstrained
olivine. Olivine with similar characteristics has been reported in serpentinized peridotites from
other ANS ophiolites and labeled metamorphic olivine (e.g., Khalil and Azer, 2007; Gahlan et
al., 2020; Ali et al., 2020).Metamorphic olivine in various ANS serpentinites has been attributed

either to thermal effects of granitoid intrusions (e.g. Gahlan and Arai, 2009; Khalil and Azer,
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2007; Ali et al., 2020) or to low-pressure high-temperature regional metamorphism (Gahlan et
al., 2015, 2020). In the current case, sample 53 is the only sample with metamorphic olivine and
was collected close to the contact with a younger granodiorite intrusion, so this is evidently a

case of contact metamorphism.

7.3. Petrogenesis of rodingitic rocks

Rodingite is metasomatic rock, enriched relative to its prcwlith in CaO and depleted in
silica and NaO.lttypically contains hydrogarnet, diopsicdz, vsuvianite and chlorite (e.g.
Tsikouras et al., 2009). It commonly develops from smai. hodies of mafic rocks hosted within
larger masses of serpentinized ultramafic rock (Colemai. 1977), leading to genetic hypotheses
that assume a relationship between serpentinizc*.or and rodingitization. Specifically, fluids
escaping from serpentinizing peridotite arc Ca rich and silica-poor; infiltration of such fluids into
mafic rocks leads to rodingite formatioi. (e.g. Bach et al., 2013).In principle, the occurrence of
rodingite may therefore help to cor-treir the evolution of the ophiolitic sequences in which it is
found (e.g., Dilek and Furnes, ?01.). However, hypotheses differ concerning the timing and
location of rodingite form~tiu> (e.g. Hatzipanagiotou and Tsikouras, 2001; Palandri and Reed,
2004; Bach and Klein, 20u9; Tsikouras et al., 2009; Bach et al., 2013), leading to different
implications for their host terranes. Rodingites might develop during low-temperature
hydrothermal alteration such as ocean-floor metamorphism (e.g., Schandl et al., 1989; Frost et
al., 2008) or, by contrast, at the comparatively higher temperatures associated with obduction of
ultramafic rocks onto continental crust and development of a metamorphic sole (Mittwede and

Schandl, 1992).
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At Um Rashid, we see two clearly different types of rodingitic rocks that imply the
operation of two different processes of rodingitization. One might sort hypotheses for explaining
the difference into two general categories: (1) the same fluid may have interacted at the same
time and P-T-fO, conditions with two mafic protoliths, different in their mineralogy and bulk
chemistry, leading to different results; or (2) different fluids at may have interacted at different
times with the same protoliths, under independent P-T-fO, conditions. We observe no
superposition or inheritance relationships between the two types of rodingitic rocks, so any
sequence of formation of the two types (including syncontemrz2ra,:zous) is admissible.

True rodingite samples at Um Rashid are character.ed by the mineral assemblage garnet
+ vesuvianite + diopside +chlorite +actinolite £prehnite. Tney are enriched in CaO, Fe,0O3;, and
MgO compared to common gabbros as well #s rele.ive to the rodingite-like samples, which
instead are enriched in SiO,, Al,O3, and K -O /~ig. 9a).True rodingite is also strongly depleted in
most incompatible trace elements, whe eas rodingite-like rock is enriched in these elements
(Figs. 9b, c). It is difficult to propo=~ porent lithologies that would be found in the mantle section
of an ophiolite sequence that ~re sufficiently different to drive such opposite results upon
interaction with a commor fi.i7, at common conditions. The opposite sense of change of many
elements and the absencc or any evident spatial relationship between the two types of rodingitic
rocks suggest that different processes rather than different protoliths is a more promising
hypothesis from which to begin a discussion.

Typical rodingite has been associated with Ca-metasomatism of basic rocks during
serpentinization either on the sea floor or in proximity to a subduction zone (Coleman, 1977:
Tsikouras et al., 2009). During serpentinization, olivine with (Mg+Fe)/Si = 2breaks down to

serpentine with (Mg+Fe)/Si < 1.5. Hence, if there is excess hydrous fluid that escapes from
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serpentinizing peridotite, it likely exports dissolved Mg**while being buffered to a low Si-
activity as long as olivine remains in the assemblage. Reaction of such metasomatic fluids with
mafic assemblages enriches them in MgO while leaching SiO, as the fluid adjusts towards
equilibrium with a higher Si-activity (Tsikouras et al., 2009). The source of Ca is less obvious,
since depleted peridotite is a poor source for Ca. What little Ca remained in the depleted
peridotite after melt extraction might be effectively leached during serpentinization (no
clinopyroxene survives the process), or it might have already beei, nresent in the source fluids
before serpentinization and remained in solution. Or, Ca origina.', hosted in plagioclase in the
mafic protoliths themselves may simply become passivei,” enriched and incorporated into Ca-
rich phases as a result of overall mass loss dominated by . =silication (Frost et al., 2008).

The samples we have called rodingit?-."<e rock, although light-colored and found
apparently replacing mafic material wit! in “erpentinite, are not Ca-enriched. Rodingite-like
rocks have the mineral assemblage herc,mite (green spinel), preiswerkite, margarite, corundum,
ferropargasite, plagioclase, clinoz~*sit» and diaspore. In partly rodingitized samples, primary
calcic plagioclase is albitized w.*h rare relics of primary labradorite. Petrographic studies reveal
that corundum and diasp~re f2rmed by replacement of green spinel; in partly rodingitized
samples, corundum rims 7reen spinel that becomes smaller and more irregular as the amount of
diaspore and corundum increases. The reaction pathway from gabbro to highly replaced
rodingite-like rock appears to involve early stabilization of green spinel driven by decreasing
activity of CaO and SiO,and increasing activity of Al,Osin high-temperature hydrothermal fluids
(Nozaka et al., 2016). When the system reaches corundum saturation, Fe,O3 activity also begins
to decrease. Desilication of plagioclase leads to the formation of margarite and muscovite

(Bucher et al., 2005).
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In rodingite-like samples, incompatible elements, notably LREE, Sr and Zr, are highly
enriched. Enrichment increases from partly rodingitized samples (ZREE 15-51 pg/g) to highly
rodingitized samples (XREE 382-595ug/g). From a trace element perspective, these rocks do not
look like gabbros at all. Highly enriched protoliths such as plagiogranites would be inconsistent
with relict gabbroic minerals and textures in the partly rodingitized samples. Rather, we attribute
the trace element enrichment to the effects of the extensive metasomatism that also modified the
major-element chemistry. The increase of orders of magnifiiae in incompatible element
concentration cannot be sensibly explained as residual corweudtion due to mass loss; it is
necessary that most of the trace element enrichment represcnts addition from fluids. Except for
the highest LOI sample (42), which is rich in seconcary carbonates, the fluid-mobile element
concentrations are well-correlated with LOI. Ho we ‘e, high Zr and Hf in the rodingite-like rocks
is challenging to explain with fluid adutica; it requires growing zircons to sequester and
concentrate these elements from hydrous fluids carrying Zr derived from a subducting slab or
liberated by breakdown of olivine «a syroxene during serpentinization. Sr may be retained in
the rodingite-like rock by nroth of margarite, a phase often characterized by high Sr
concentrations (Bucher et.ai.. 23J5).

Among the rodingte-like rocks, positive Eu anomalies are most developed in the least
enriched and least rodingitized samples. The magnitude of the Eu anomaly in sample 42
resembles that seen in ophiolitic metagabbros in other Eastern Desert ophiolites (Gahlan et al.,
2015). Hence, we interpret the positive Eu anomalies in the rodingite-like rocks as inherited from
their plagioclase-rich protoliths (Hall and Ahmed, 1984). The anomaly is progressively
overwhelmed by sequestration of all REE from fluids and loss of plagioclase from the

assemblage.
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Chloritite blackwall rims are found between rodingite and serpentinite at Um Rashid and
other Eastern Desert localities (Takla et al., 1991, 2003; Abdel-Karim, 2000; Boskabadi et al.,
2017). Chloritites may develop from ultramafic rocks by metasomatism or from pelitic sediments
by low-grade metamorphism. In fact, various authors have assigned chloritite occurrences in the
Eastern Desert to both metasedimentary (EI-Ramly and Akaad, 1960) and ultramafic
metasomatic scenarios (Takla et al., 1991; Abdel-Karim, 2000; Boskabadi et al., 2017).In the
present study, there is little evidence within the chloritites thems.'ves to indicate a protolith;
there are no primary minerals or original textures. However, th i occurrence in a transitional
reaction zone between serpentinite and rodingite stronai, suggests that they are metasomatic

products developed from serpentinite during developmen. = the adjacent rodingite.

7.4. Formation of mineral assemblages ir the rodingitic rocks

The suite of minerals in the ‘rue rodingites at Um Rashid point consistently to
temperatures of 300£100°C.Chlorite fo.mation temperatures are 217-375°C.A key indicator
phase for peak conditions in (he rodingite assemblage is calcic garnet, both andradite and
grossular. Grossular, esperian, “iydrogrossular, may form after calcic plagioclase by plagioclase
breakdown directly or vic intermediary prehnite or clinozoisite (Schandl et al., 1989), by reaction
with amphibole in the presence of excess CaO and water (Koutsovitis et al., 2013), or less
commonly by reaction of clinopyroxene and plagioclase with excess water (Li et al.,
2007).Enrichment in hydrogrossular component reflects the combination of high water activity
and low silica activity (Frost and Beard, 2007). The reaction path models of Bach and Klein
(2009), however, show that grossular develops at both 200 °C and 300°C but does not develop at

400°C, whereas clinozoisite is dominant at 300°C and absent at 200°C. Vesuvianite generally
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forms in water-rich and very CO,-poor fluids at 300-400°C (Hatzipanagiotou et al., 2003;
Koutsovitis et al., 2013). Vesuvianite may develop by reaction of chlorite with hydrogrossular in
the presence of excess Ca(Koutsovitis et al., 2013).Andradite is thought to grow directly from
low-CO,, high-pH, Fe-rich and Ca-rich fluids; the stability field for andradite is broad at 300°C
and becomes increasing narrow, requiring specific combinations of intensive parameters, below
200 °C (Beard and Hopkinson, 2000). In combination, the assemblage of (hydro)
grossular+(hydro) andradite+vesuvianite without clinozoisite in true vodingite samples appears to
require temperatures close to but probably less than 300°C.

According to Bach and Klein (2009) and Bach et a.. (2013), rodingite dykes often have a
well-defined mineralogical zonation. Garnet is mostlv v>und near the rims of dykes, whereas
clinopyroxene and chlorite gradually increase inv “«ad; towards the cores, which are dominated
by epidote, tremolite, prehnite and plagic ‘las.. The core areas lack vesuvianite or calcite. This
rim to core zonation is interpreted as o progression of decreasing water/rock ratio as fluids
originally buffered by serpentinite ™o\ = .owards equilibrium with a gabbroic bulk chemistry. In
the experiment of Palandri anu Reed (2004),which used a pyroxene-bearing protolith reacting
with a serpentinizing flui? «ic> «in Al and Ca at 300°C and 100 bars, the mineral assemblages
observed in sequence wi.™ aecreasing water/rock ratio are the following: vesuvianite + chlorite +
grossular — prehnite + grossular + chlorite — diopside + prehnite + grossular —diopside +
prehnite— diopside + prehnite + wairakite—+prehnite + wairakite + chlorite. The present rodingite
dykes sample the high water/rock ratio parts of this sequence, all containing vesuvianite and not
reaching the appearance of wairakite.

The rocks we have described as rodingite-like have a very different mineral assemblage,

consisting of hercynite, corundumzdiaspore, plagioclase, aluminous micas, and clinozoisite.
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Micas are mainly preiswerkite and margarite with subordinate muscovite. Petrographically, the
micas appear to have formed at a late stage, after corundum and secondary sodic plagioclase.
According to Godard and Smith (1999),margarite and preiswerkite suggest Na and Al-rich,
silica-poor systems under greenschist facies conditions. Likewise, the development of albite
suggests slower greenschist facies metamorphism of gabbro. Clinozoisite formed at the expense
of calcic plagioclase. Rather than the Ca-rich fluids buffered by serpentinizing reactions that
control the formation of true rodingite, the rodingite-like rocks arc more likely the product of
extreme leaching of mobile elements and retention of Al d:riny ceawater alteration (Hall and
Ahmed, 1984). Evarts and Schiffman (1983) point specific. 'ly to seawater as the fluid source for

similar Al-rich greenschist-facies metasomatism in the o' Puerto Ophiolite, California.

8. Summary

» The Um Rashid ophiolite is disme.nbered, strongly deformed, and metamorphosed. The
outcrop is dominated by serpe~tir.’te, with less common metagabbro found as blocks of
various sizes and shapes ‘within ophiolitic mélange. Alteration mechanisms include
serpentinization, carbor~ti.>*on, listvenitization, rodingitization and silicification.

» Despite extensive rceplacement, fresh relics of primary chromian spinel, olivine and
orthopyroxene are preserved in serpentinites. The chemistry of relict phases, together with
preserved texture and whole-rock major and trace-element geochemical data, indicate
protoliths of strongly depleted harzburgite and minor dunite. Mantle rocks residual to high
degrees of partial melt extraction are typical of fore-arc supra-subduction zone oceanic
lithosphere.

» One sample adjacent to a younger granodiorite intrusion contains metamorphic olivine.
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> A suite of light-colored rocks within serpentinite and ophiolitic mélange is divided on the
basis of field relations and mineral assemblages into typical rodingites and rodingite-like rock.
True rodingite occurs as blocks and lenses in ophiolitic mélange with narrow chloritite
blackwall rims. Rodingite-like rock forms thin dykes in serpentinite with, in some samples,
remnants of gabbroic minerals and texture. Rodingite consists essentially of garnet,
clinopyroxene, vesuvianite and chlorite with minor prehnite and opaque minerals. Rodingite-
like rock consists essentially of corundum, hercynite, micas ond plagioclase with minor
secondary amphibole, clinozoisite, prehnite, diaspore and ezinutz.

» Typical rodingite is enriched in CaO, Fe;O3;, MgO ana ~ompatible trace elements. Rodingite
samples have low REE concentrations with nearly 1.t REE patterns and slight positive Ce
anomalies. Rodingite-like rock, by contrast, ~ao'vs enrichment in SiO;, Al,03K;0, and
incompatible elements including Ba, St Zr and Zr (but not Nb or Ta). Rodingite-like samples
have widely variable REE pattern. reaching considerable enrichment, with significant
enrichment in LREE.

» The rodingite and rodingite-i.'e rucks are both derived from gabbroic protoliths by interaction
with different fluids, pr~hd"'y at different times during the evolution of the ophiolite. True
rodingites likely deve!aped at the boundaries of serpentinized peridotite and gabbroic units,
driven by infiltration of Ca-bearing serpentinite-buffered fluids crossing into the gabbro and
approaching equilibrium as water/rock ratios declined. The rodingite-like rocks, on the other
hand, experienced strong Al enrichment through lower greenschist-grade interaction with

seawater-derived fluids.
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Caption of Figures

Figure 1. Distribution of ophiolitic rocks in Eastern Desert of Egypt (modified after Shackleton,
1994). Location of the study area (Fig. 2) is indicated.

Figure 2. Geological map of the Um Rashid area (after Hussein et al., 1994). Sampling locations

are indicated by stars with sample numbers.
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Figure 3. Field photos and outcrop sketches from the Um Rashid area: (a) low-angle thrust
contact between hanging-wall ophiolite and foot-wall volcano-sedimentary island-arc
succession; (b) metagabbro block within ophiolitic mélange; (c) massive serpentinites;
(d) foliated and brecciated sheared serpentinite; (e)talc-carbonate block within ophiolitic
mélange; (f) rodingite block within ophiolitic mélange; (g) sketch showing the a rodingite
block with chloritite blackwall hosted by ophiolitic mélange; (h) a dyke of rodingite-like
rock within serpentinite; (i) sketch of a dyke of rodingite-lin> rock with gabbro remnants
hosted by serpentinite; and (j) hand-sample of variar!:’ «!*cred rodingite-like rock with
remnant gabbroic texture.

Figure 4. Photomicrographs showing petrographic texi. es in the serpentinite. All photos are
taken in cross-polarized transmitted lich. except panel (c) is an electron backscatter
image:(a) bastite texture in serpen* ne wfter orthopyroxene; (b) mesh texture after olivine
with chrysotile veinlets; (c) chrumian spinel crystals replaced by ferritchromite and Cr-
magnetite at rims and alo~a r=cks; (d) fresh relics of primary olivine dissected by
network veins of serper.iine; (e) exsolved pyroxene showing metamorphic foliation and
lineation; (f) shears scr.entinite showing subparallel alignment of serpentine flakes.

Figure 5. Photomicrogr.nhs showing petrographic textures in the rodingite. Panels (a), (b), (c)
and (d)are back-scattered electron images; panels(e) and (f) are taken in plane-polarized
transmitted light: (a) dissected garnet crystals transformed along the margins into
chlorite; (b) diopside and garnet replaced along the margins by chlorite; (c) vesuvianite
and diopside replaced along the margins by chlorite; (d) vesuvianite corroded and
replaced by chlorite; (e) red crystals of rutile associated with opaque minerals; and (f)

anhedral aggregate of corundum.
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Figure 6. Photomicrographs showing petrographic textures in the rodingite-like rock. (a) and (c)
are backscatter images, (b) is taken in plane-polarized transmitted light and (d) is taken in
cross-polarized transmitted light:(a) corundum crystals associate with hercynite and
preiswerkite; (b) green spinel (hercynite) surround by corundum and preiswerkite; (c)
micas including preiswerkite and margarite associated with hercynite and diaspore; and
(d) plagioclase showing albite twining.

Figure 7. Classification diagrams based on mineral chenistry in the Um Rashid
suite:(a)pyroxenes (Morimoto et al, 1988); (b) prima,” and secondary amphiboles
(Keeditse et al., 2016); (c) chlorite-group minera.~ (Hey, 1954); and (d) spinel-group
minerals (Barnes and Roeder, 2001).

Figure 8. Whole-rock chemistry of serpentinitrs fior1 Um Rashid: (a) nomenclature based on
OI-Opx-Cpx normative composi‘-on (after Coleman, 1977); (b) primitive mantle-
normalized trace elements patte.ns (normalization values from McDonough and Sun,
1995); (c) chondrite-norme':ze.! rare earth element patterns (normalization values from
Evensen et al., 1978).

Figure 9. Whole-rock chomi_*ry of rodingite from Um Rashid: (a) Al,O3-CaO-Fe,03 ternary
diagram (Colei;an, 1977); (b) Primitive mantle-normalized trace elements
patterns(normalization values from McDonough and Sun, 1995); (c) Chondrite-
normalized rare earth element patterns(normalization values from Evensen et al., 1978).

Figure 10. Tectonic classification of serpentinite by whole-rock chemistry:(a) Al,Ozvs. CaO
showing fields of Ishiiet al. (1992); (b)MgO/SiO,vs.Al,04/SiO, diagram showing fields
ofabyssal peridotite (Niu, 2004), fore-arc peridotite(Pearce et al., 2000; Parkinson and

Pearce (1998), and the terrestrial array (Jagoutz et al., 1979; Hart and Zindler, 1986).
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Figurell. Tectonic discrimination diagrams for peridotites based on mineral chemistry: (a) Cr#
vs. Mg# diagram for fresh chromian spinels (after Stern et al. 2004) with field boundaries
are from Dick and Bullen (1984), Bloomer et al. (1995) and Ohara et al. (2002) and trend
of experimental equilibrium melting in wt.% from Hirose and Kawamoto (1995); (b)
Al,O3 vs. Cr,03 in orthopyroxene;(c) Al,O3 vs. Mg# in orthopyroxene. Compositional
fields for orthopyroxene adopted from Pagé et al. (2008) and Xiong et al. (2018).

Figure 12. Schematic tectonic model of Arabian-Nubian Shield fo.=-arc ophiolite development
after Abdel-Karim et al. (2020): (a) opening of Mozcmciyue ocean between East and
West Gondwana; (b) subduction initiation or incipwnt arc stage, in which partial melting
occurred in the mantle wedge and proto-fore-arc spreading begins over the subduction
zone; (c) true subduction or mature-arc s."ge associated with high flux of slab-derived

fluids that induce partial melting of ore depleted mantle to yield boninitic melts.
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Highlights
Rodingites are recorded within serpentinized ultramafics and ophiolitic mélange
The protoliths of the ultramafic rocks were harzburgite with minor dunite
Two types of rodingites are recognized: typical rodingite and rodingite-like rock
The first stage of rodingitization was related with serpentinization of the peridotites

The second stage of rodingitization occurred during obduction of the ophiolite
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