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Summary

Zabargad (SL John's) Island in the Red Sea contains three ultramalic bodies, one of
which has produced the famous gem olivine {peridot). The ultramafic rock types consist
of twe major groups—the peridotites and the vein rocks within them. The peridotites
are divided into three groups: primitive, depleted and metasomatized. The primitive
peridotites are (he most abundant and arc represented by mainly pristine spinel-
therzotites which have chemical compositions representative of the subcontinental upper
mantie. The depleted peridotites are mainfy harzburgites and some dunites and both
are similar 1o worldwide occurrences, The most depleted peridotites also appear to have
the greatest metasomatic additions of incompatible elements, as has been noted at other
localities, Metasomatic additions were clearly accompanicd by tectonic shearing. Meta-
somatism included infiltration of incompatible elements and the formation of porphyro-
blasts of clinopyroxene, amphibole, Al-spinel and plagioclase; it took place under a
variety of p-T conditions and with fluids of differing compositions.

The vein rocks are mainly menomineralic and comprise olivinites, orthapyroxenites,
clinopyroxenites, websterites, hornblendites and plagioclasites. These rocks are belicved
to have formed from fluids similar to that which metasomatized the host rock, rather
than by some kind of igneous process. The fluids were derived from peridotite reservoirs
(fertile and depieted) and apparently were in equilibrium with these reservoirs. Highly
abundant fluid inclusions document the hypersaline and CO,-dominated character
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of these fiuids. Monomineralic vein rocks are closely associated with metasomatic
and tectonic processes, and there is a complete transition between metasomatic im-
pregnation and formation of vein rocks. These processes may have also been active in
other peridotite bodies of the world, as was carlier recognized and documented in the
Sciad Ultramafic Complex, California. Metasomatism is evident along clinopyroxenite
and hornblendite veins, whereas orthopyroxenites, olivinites and piagioclasites do not
show any interaction with the wall rocks. Olivinites are probably the latest (fowest p-T)
vein rock type, and the latest olivine which formed within their open cavities became
the gem peridot.

Zabargad ultramafic rocks preserve relic phascs indicating an initial depth of origin
greater than 85 km. Clinopyroxenites preserve the memories of the highesi p-T condi-
tions and they may be the first vein rock type formed in the peridotites. The p-T path
of uplift coincides with the occanic geotherm at great depth but deviates systematically
from it with falling pressure in a scries of teclonic stages accompanied by metasomatism
and recrystailization. The p-T and petrologic history indicates rapid uplift, a feature
which is supported by extensive contact metamorphism of the associated metasediments.

Zusammenfassung

Petrologie und Geochemic der Peridotite und der mit diesen vergesellschafteten Gangge-
steine der Insel Zabargad. Rotes Meer, Agypten

Auf der Tnsel Zabargad (St.John’s Tsland) im Roten Meer befinden sich drei Peridotit-
Kérper von denen einer seit Jahrtausenden den beriihmten Peridot (Edelolivin) gelicfert
hat. Die ultramafischen Gesteine von Zabargad gliedern sich in zwei Hauptgruppen: die
Peridotite und die mit diesen vergesellschafteten Ganggesteine. Die Peridotite konnen in
drei Gruppen gegliedert werden: die primitiven, die verarmten und di¢ metasomaltisch
veranderten Peridotite. Am meisten verbreitet auf Zabargad sind die primitiven Peri-
dotite. Dicse sind meist Spincli-Lherzolithe mit einer chemischen Zusammensetzung,
welche dem subkontinentalen Oberen Erdmantel entspricht. Die verarmiten Peridotite
werden hauptsichlich von Harzburgiten und cinigen wenigen Duniten reprisentiert,
Beide sind jenen aus anderen Vorkommen der Welt sehr dhnlich. Dic am stérksten
verarmien Peridotite scheinen auch die stirksten metasomatischen Verdnderungen
erfaliren zu haben—ein Trend, der auch schon an anderen ultramalischen Komplexen
erkannt wurde. Metasomatische Anreicherungen inkompatibler Spurenclemente sind
hiufig direkt mit tektonischer Verformung und Kataklase gekoppelt, Die Metasomatose
ist als Infiltration inkompatibler Elemente erkennbar und fihrte auch zur Bildung von
Porphyroblasten von Klinopyroxen, Amphiboi, Al-Spinell und Plagioklas. Diese Bildun-
gen fanden unter verschiedenen p-T-Bedingungen statl und erfolgten durch Fluide mit
unterschiedlichen Zusammensetzungen.

Die (meist ultramafischen) Ganggesteine sind hiufig monominecralisch und umfassen
Olivinite, Orthopyroxenite, Klinopyroxenite, Websterite, Hornblendite und Plagio-
klasite. Wir glauben, dafl diese Gesteine von Fluiden gebildet wurden, weiche dhnlich
jenen waren, die die Metasomatosen der Peridotite verursachien. Diese Genese wird von
uns der magmatischen vorgezogen. Die Fluide stammicn aus peridotitischen Reser-
voiren (fertilen und verarmten) und waren mit diesen offenbar im Gleichgewicht. Die
Ganggesteine sind sehr reich an “fuid inclusions”, welche allerdings keine Fiiissigkeit
enthalten, sondern nur Festkarper (Salze) und CO, (4 Ny), also einen irockenen, hyper-
salinen Charakter haben. Auch die monomineralischen Ganggesteine sind eng mit
tektonischen Prozessen verkniipft und somit auch mit metasomatischen Prozessen.
s existicren vollkommene Ubergiinge von metasomatischen bmpriignationen bis zu
cchten Ganggesteinen, Solche Prozesse waren offensichtlich auch weltweitl in anderen
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ultramafischen Komplexen aktiv und wurden schon im Seiad Ultramafic Complex in
Kalifornien erkannt und beschrieben. Metasomatismus begleitet iiberlicherweise die
Klinopyroxenit- und Hornblendit-Ginge. Orthopyroxenite, Olivinite und auch Pla-
gioklasite zeigen jedoch keine Wechselwirkung mit den Wirtgesteinen. Olivinite sind
wahrscheinlich die zuletzt gebildeten Ganggesteine. Der zuletzt sich bildende Otivin
wurde der schonste und zum gesuchten Peridot.

Alle ultramafischen Gesteine von Zabargad enthalten Minerale aus verschiedenen
Bildungsepochen. Einige Relikie erinnern an eine Herkunft aus ciner Tiefe von mehr
als 85 km. Klinopyroxenite konservierten die hischsten p-T-Bedingungen. Sic waren
daher wahrscheinlich dic ersten (noch erhaltenen) Ganggesteine, welche sich im perido-
titischen Erdmantel unterhalb des heutigen Roten Meeres bildeten. Der p-T-Pfad der
Zabargad Ultramafitite deckt sich in groBler Tiefe mit der ozeanischen Geotherme. Mit
abachmender Tiefe entfernt sich dieser Pfad allerdings zunchmend von der Geotherme
und fiBt cinc Reihe von fektonischen Aktivititen verbunden mit Metasomatose und
Rekristallisation erkennen. Die p-T-Geschichte der Zabargad Ultramafitite deuten auf
einen raschen Aufstieg aus dem Erdmantel hin. Diese Daten werden durch die weitver-
breitete und intensive Kontakimetamorphose der mit den Peridotiten assoziierten
Mectascdimenten unlerstiztzl,

Introduction

Zabargad (St. John's) Island is located near the central trough of the northern Red
Sea al about 23"36,5'N, 36°12'E, approximately 55 km southeast of Ras Banas,
Egypt. 1t 1s a small island which apparently represents an uplifted portion of the
Red Sea lithosphere exposing peridotites, crustal basement rocks, and hornfelsic
sediments {(Moon, 1923, 1925; Bonauti et al, 1981, 1983, 1986 Kurat et al.,, 1982 a,
b). Thus, Zabargad Island provides a unique opportunity to study in detail the upper
mantle underlying the Red Sea.

Little was known about the Island before the 198(s, largely because of military
restrictions. Moon (1923) in his first brief geological study, reported blocks of
uitramafic rocks which intruded sediments and were subsequently uplifted above
sea level. The short petrographic description of Moon’s collection (Moon, 1925} and
a small suite of rocks atl the Naturhistorisches Museum in Vienna, collected during
an expedition of S. M. Schiff “Pola” of the Austrian-Hungarian Navy in 1895 (Pott,
1898) testified to the presence of a variety of ultramafic rocks. They are accompanied
by metamorphic rocks and by Quaternary basalts (El Shazly and Saleeb, 1972,1979,
El Shazly et al.,, 1974). Zabargad Island is also famous for its gem peridot which has
been mined for several millennia, and after which it was named.

When military restrictions were loosened, we were able to visit Zabargad Island
early in 1980 and sample the ultramafic rocks, basalts, and hornfelsic sediments.
Since then, small preliminary reports on different aspects of our studies have been
published (Kurat ct al., 1982a, b, 1983, 1984, 1985, 1991b; Ntaflos et al., 1984; Oberli
ct ak, 1987, Zipfel et al, 1991), as well as larger contributions by other research
groups (Clocchiatti et al, 1981; Bonatti et al., 1981, 1983, 1986; Styles and Gerdes,
1983; Nicolas et al,, 1985, 1987; Brueckner ct al., 1988: Petrini et al., 1987: Piccardo
ct al, 1988). Here we present a detailed report of our studies on the ultramafic and
related rocks of Zabargad Island.

This contribution is intended not only to widen the existing data basc on
Zabargad Island but also to introduce some petrogenetic models which differ from
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previous ones. In addition, we make an attempt to unravel the geological history of
the island by utilizing all data available at this time.

Tectonic Setting and Geology

Zabargad Island is situated at the western edge of the axial trough of the northern
Red Sea. Its location is at the boundary between the zone of plate separation by
seafloor spreading in the south, and the zone of extension by lithospheric attenua-
tion in the north (Girdler and Styles, 1974; Styles and Gerdes, 1983; Nicolas et al.,
1987). A large gravity anomaly (164 mgal) and magnetic anomalies are present over
the island (Triulzi, 1898) indicating the presence of fresh peridotites (o a depth of at
least 8 km (Stvles and Gerdes, 1983).

The island has an approximately triangular shape (Fig. 1) with about 3 km
length of each side. It has a rough morphology reaching 250 m above sea level al
the main peridotite hill. Approximately one third of the istand’s surface is covered
by alluvium, older and young reefs, and evaporites. The exposed rocks consist of
peridotites, metamorphic rocks, metasediments, and basalts. Three bodies of perido-
tites are present: the main peridotite hill (MPH), central peridotite hill (CPH), and
northern peridotite hill (NPH) (terminology after Moon, 1923). Their contacts
with metasediments and metamorphic rocks appear to be exclusively tectonic
(see also Nicolas et al, 1987). The main masses of these bodies are made up of

ZABARGAD

e,

500 m

CPH
]

3 Alluvium

Plio- to Pleistocene reefs

) Evaporites (Miocene) Fig. 1. Generalized map of
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% ;‘Z?:;;::ﬁents Egypt (alter Moon, 1923; Bonatt
77 Precambrian basement et al, 1981 and Kurat et al,
* Peridot occurrences 1982h)
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spinel Therzolites with minor amounts of harzburgites, dunites, and plagioclase and
amphibole-bearing rocks. All rocks are fresh and only small-scale serpentinization
has been observed at the MPH, mainly associated with fracture zones containing
the peridot-bearing olivinite vein rocks. The peridotites are occasionally cut by
veinlets or veins of orthopyroxenites, clinopyroxenites, hornblendites and plagio-
clasites, in addition to olivinites. Basalt dikes are fairly abundant at the MPH. The
ultramafic assemblages of the peridotites and vein rocks are described in detail
below.

The metamorphic rocks consist of gneisses which are crisscrossed by amphi-
bolite veins. They strongly resemble the metamorphic rocks of the Nubian Precam-
brian basement. Boudier et al. (1988) and Seyler and Bonatti (1988) showed that they
are of deep crustal origin. The metasediments are hornfelses of former sediments
which consisted of interlayers of limestones, siliceous limestones, carbonaceous
shales, evaporites, and clastic sediments (“Zabargad Formation” according to
Bonatti et al, 1981). They are highly metamorphosed and often rich in alkaline
glass. Typical main mineral associations are: calcite, calcite + dolomite, dolomite,
dolomite + phlogopite, quartz, quartz + scapolite, quartz + phlogopite, quartz +
albite + phlogopite, quartz +scapolite + tremolite, tremolite, tremolite + scapolite,
tremolite + phlogopite, and albite. Common minor minerals are plagioclase (oligo-
clase), tale, magnesite, gypsum, cordierite, Mg-chlorite, sulfides and Fe-oxides. The
parent sediments may have been similar to the Mukawwar Formation (Cretaceous?)
described by Carelia and Scarpa (1962). Since there is no extensive magmatic activity
on Zabargad Island, the high grade contact metamorphism is attributed 1o the hot
intrusion of peridotite bodies into the sediments (Moon, 1925; Kurat et al., 1982
a, b; Nicolas et al., 1987).

Basalts are present in several small extrusives but mainly fill fissures in the
peridotites and metasediments (Petrini et al,, 1988). Within fissures and layers,
evidence for small scale gravitationai fractionation is omnipresent. Rock types range
from basalt through plagiophyric dolerite to plagioclase-rich cumulates. Basalt
flows, sometimes giving evidence of coming directly from fissures, develop pillow
structures, indicating extrusion under water. The age of the basalts has been deter-
mined to be between 0.9-1.7 m.a. (El Shazly et al,, 1974) in accordance with their
geological position which is indicative of a late event.

Analytical Methods

Bulk compositions of selected samples were determined utilizing a variety of meth-
ods. Depending on average grain size, 5-10 g of each sample were homogenized
and aliquots taken for analysis. Major element contents were determined by X-ray
fluorescence analysis (XRFA). Glass disks, made of | gof sample and 5 gof Li,B,O,,
were analyzed against U.S.G.S. standard rocks utilizing a Philips 1400 spectrometer
equipped with a Rh tube which was operated at 50 kV and 30 mA. Accuracy for
the elements determined in this manner is estimated to be generally better than 5%,
Some major (Fe, Ca), minor, and many trace elements were determined by
instrumental neutron activation analysis (INAA), About 200 mg of each sample were
irradiated for 6 hours in a TRIGA MARK IV reactor at a neutron fluence of 7 x
10" njem? sec. At various times after the end of neutron bombardment the activ-
ity of the samples was counted on Ge(Li) detectors. Spectra processing was done
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according to the procedure of Kruse (1979). Appropriate element standards were
included in the irradiations.

To determine the halogens, pulverized samples of 100-200 mg were irradiated
with thermal neutrons for 2 hours. The irradiated samples were mixed with V,Oj5
and pyrohydrolysis was applied for the separation of the halogens (Dreibus et al.,
1979). The extracted halogens were collected in a 5% NaOH solution and then
divided into two parts. One part was used for the y-counting of **Cl and *°Br
followed by the native F-measurements with a specific {luoride electrode. In the
second part, 1281 was separated from the other halogens after addition of a y-tracer
with a CCl -extraction and was measured with a Ge(Li) well type detector.

The results of the major, minor and trace element determinations are presented
in Tables 2, 3, 4, and 5. The CaO and FeO contents determined by INAA are not
listed, but there is excellent agreement between XRFA and INAA data. The Cr, Mn,
and Ni contents in Table 3 are those determined by INAA. Again, the XRFA data
for these elements agree within a few percent with the INAA data.

Mineral analyses were carried out using an ARL-SEMQ electron microprobe.
Wet chemically analyzed minerals were used as standards and correction procedures
following Bence and Albee (1968) and Albee and Ray (1970) were applied. Mineral
compositions are being published in a special publication of the Mineralogisch-
Petrographische Abteilung, Naturhistorisches Museum Wien, and can be obtained
from the first author.

Petrography

{n this section only a short and general characterization of the main rock types is
given {(compare also Table 1). A more detailed description of the analyzed samples
can be found in the special publication which contains also the mineral chemical
data (see above).

Spinel lherzolite is the main component of the ultramafic rock types on Zabargad
Island. It is characterized by an exceptional freshness, manifested in a lack of
serpentine minerals in almost all of the samples. Another exceptional feature is the
high proportion of rocks with a relatively high modal clinopyroxene content which
may indicate that primitive (undepleted) therzolites are unusually abundant on the
island (see also Piccardo etal., 1988; Kurar et al,, 1984; Kurat, 1991, 1992). In addition
to the four common phases of spinel lherzolites, plagioclase is present in trace
amounts in some of the samples, typically enveloping spinel erystals (see also Bonatti
et al.,, 1986). Another phase present in small amounts in some samples is a brown
amphibole generally found in the proximity of clinopyroxene and spinel.

The textures of the spinel lherzolites are mostly porphyroclastic (terminology
follows Mercier and Nicolas, 1975), but protogranular-porphyroclastic transitional
textures are also common. The large (> 1 mm) porphyroclasts are olivine and
orthopyroxene, while the smaller (<1 mm) crystals are mostly clinopyroxene and
spinel. Porphyroclasts may occasionally be elongated and strained, and undulatory
extinction and kink bands were found in some large olivine crystals. Rarely, highly
deformed cataclastic textures also occur. These mylonitic textures, however, are
confined to the summit area of the MPH. A remarkable feature of the Zabargad
peridotites is that the texture, ie., the degree of deformation, can change abruptly
within a sample. A good example is sample Z-17 (see also Figs. 2C and 2D} which
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Table 1. Summary of sample rock types and provenance of peridotites and vein rocks from
Zabargad Island

Rock type MPH CPH NPH BW
Peridotites

Sp-lherzolite Z-13A Z-118H
Sp-harzburgite Z-103H

Sp-plag-lherzolite Z-14,72-51 Z-34

Sp-plag-harzburgite Z-30
Plag-amph-lherzolite  Z-106

Amph-harzburgite Z-15 217D, 2-17G, 219
Amph-dunite Z-36

Plag-wherlite Z-26

Vein Rocks

Olivinite Z-104

Orthopyroxenite Z-31

Clinopyroxenite Z-102, Z-103G

Hornblendite Z-28

Plagioclasite Z-13G

Sp-websterite Z-109

Ol-plag-websterite Z-52

Plag-websterite Z-118G

Plag-clinopyroxenite Z-37

Apparent abundances have no statistical significance.
MPH Main Peridotite Hill; CPH Central Peridotite Hill;
NPH Northern Peridotite Hill; BW Breakwater

also has impressive geochemical properties (see below). Less abundant lithologies
include spinel harzburgites, plagiociase peridotites, amphibole peridotites and wehr-
lites as well as vein rocks such as olivinites, orthopyroxenites, clinopyroxenites,
hornblendites, plagioclasites and websterites.

The vein rocks always have very coarse-grained pegmatoidal textures (Fig. 3).
Grain sizes are usually in the cm range. Olivinites and hornblendites can contain
crystals in the dm range and one orthopyroxenite (Z-31) contained crystals up to
1 min diameter. The width of the veins ranges from a few mm to approximately  m.
Textures range {from equigranular (some websterites) to porphyroclastic {most pyro-
xenites) to highly complex cataclastic exhibiting several recrystallization cvents.

Results
The Peridiotites

Mineralogical, petrological and chemical investigations show that Zabargad
peridotitic rocks may be divided into three groups: (1) primitive peridotites (i.c.,
rich in magmatophile elements such as Al, Ca and Na), (2) depleted peridotites, and
(3) metasomatized peridotites.
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Fig. 2. Textures of peridotites from Zabargad Island. All photos are to the same scale with
11 mm width, and all were taken with xN. A: Primitive sp-therzolite Z-118H. B: Primi-
tive sp-plag-therzolite Z-34. C: Amph-harzburgite Z-17G. D: Amph-harzburgite Z-17D.
I: Amph-dunite Z-22. F: Plag-amph-lherzolite-mylonite Z-106, porphyroclastic portion

(1} Primitive Peridotites
This is the major ultramalic rock type of Zabargad Island represented here by
our samples Z-13A, Z-14 and Z-106 from the MPH, Z-34 rom the CPH and
Z-118H, collected at the breakwalter (probably belongs to the CPH). The most
fertile rocks, spinel lherzolite Z-118H, spinel-plagioclase lherzolites Z-14 and
Z-34, and plagioclase-amphibole lherzolite Z-106 have major and trace element
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Fig. 3. Textures of vein rocks of Zabargad Island. All photos are at the same scale with
It mm width, and all were taken with xN. A: Orthopyroxenite Z-31. B: Clinopyroxcnite
Z-102. ¢ Plag-clinopyroxenite Z-37 with large sp porphyroblast (biack} and abundant
plag. ID: Sp-websterite Z-109. E: Hornblendite Z-28. I Plagioclasite Z-13G

compositions (Tables 2, 3) which closely approach the estimated upper mantle
composition {Jagoutz et al., 1979; Palme and Nickel, 1985} The rare earth
element (REE) patterns are flat at about 2 x CI, or only slightly depleted for the
light rare carth clements (LREE) {Fig. 6A). Spinel Iherzolite Z-13A is, however,
somewhat depicted, with ~1.4 x CI heavy rare earth clements (HREE) and
~1 % CI LREE (sece Fig. §B).
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Textures of the fertile peridotites are either protogranular-porphyroclastic
(Z-118H) or porphyroclastic with evidence of recrystallization (Iig. 2). However,
occasionally tectonization grading up to mylonitization {(Z-106) is present.

Mineral compositions reflect the tectonic history. Olivines have Fo contents
around 90 and are rather homogeneous. Orthopyroxenes display a complex
patiern, and their compositions vary from Al-rich porphyroclasts to Al-poor
ncoblasts within the same rock sample (Fig. 4). The Al/Cr ratios of ortho-
pyroxenes vary according to the Al/Cr ratios of the rock and the p-T conditions
for the different recystaflization events. A similar situation is found for the

clinopyroxenes (Fig. 4).
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Amphiboles are typical pargasitic hornblendes to pargasites which have
fairly homogeneous compositions. However, Z-118H has two generations of
amphibole; one is Ti- and Cr-rich, the other Ti- and Cr-poor.

Spinels have uniform compositions in plagioclase-free peridotites. In the
most fertile samples they are typically poor in Cr,Q, (8.7 and 8.8°% in Z-34 and
Z-118H, respectively). Spinels develop thin rims which usually have 3-4% higher
Cr,0O; contents than the original spinel in plagioclase-bearing rocks. Slightly
depleted rocks of the primitive suite have spinels with higher Cr,O, contents
(14.1 for Z-14, 15.2 for Z-106). In addition to “normal” spinel Z-14 contains
spinel porphyroblasts which have a completely different composition. They are
extremely poor in Cr,O; (2.6 wt%), apparently in disequilibrium with the rock.

The bulk rock composition (Table 2) has been slightly aflected and has a
somewhat disturbed Ca/Al ratio (Al-enriched).

Depleted Peridotites
This group, much less voluminous than the preceding one, consists of harze
burgites. Rocks for which trace element data are available (Z-15, Z-103H), are
slightly depleted in HREE and more strongly in the LREE (Fig. 6A). Two
rocks described below with the metasomatized peridotites, amphibole harz-
burgites Z-17G and Z-19 (Fig. 6B) are the most extremely depleted samples
encountered. They, however, show some subsequent metasomatic enrichments
in LREE. Textures are complex porphyroclastic, with strongly deformed por-
phyroclasts and usually with several generations of ncoblasts.
100
I T T T
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Olivines have homogeneous compositions, Fogg 3..¢;.0. Orthopyroxenes
have highly variable compositions (Fig. 4). They range from highly aluminous
(up to 5.2% Al,O,), with rather low Al/Cr ratios, to Al-poor compositions (down
1o 1% Al,0,) with decreasing Al/Cr ratio. In addition, we observed reaction rim
coronas at plagioclase-olivine contacts in plagioclase-bearing peridotites with
Al-poor and yet nearly Cr-free orthopyroxenes.

Clinopyroxenes have characteristics similar to that of orthopyroxenes. Por-
phyroclasts are Al-rich, neoblasts are poorer in Al, and corona clinopyroxenes
are Cr-poor. Amphiboles are pargasitic hornblendes to pargasites. They are
usually homogeneous but occasionally {(see Z-15) two generations are present.
Spinels in depleted peridotites are rich in Cr,O; (23.1-36.1%} and slightly
inhomogeneous, with rims enriched in Cr (e.g., Z-103H). Plagioclase is generally
calcic, with An-contents above 80 (Appendix 1I). However, Z-15 also contains
small amounts of plagioclase of An 30.

Metasomatized Peridotites
A variety of peridotitic rocks were encountered which show evidence of modal
3
metasomatic alteration by the growth of porphyroblasts of amphibole (Z-171D,
Z-36)or clinopyroxene (Z-26, Z-51). These rocks are strongly enriched in incom-
patible trace elements and, at the same time, are depleted in magmatophile major
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elements (Table 3). Those rocks with amphibole porphyroblasts show a steep
REE pattern with LREE 22xCl and 55xCI, and HREE 2xCl and 3xCl for Z-17D
and Z-36, respectively (Fig. 6B, see also Fig. 13 of Bonatti et al., 1986). However,
it is clear that not ali amphibole-bearing peridotites are enriched, e.g., both Z-15
and Z-106 (Fig. 6A) contain amphibole, but are strongly depleted in LREE (they
therefore are classed with the depleted peridotites). Although much less affected
than the patently metasomatized peridotites, amphibole harzburgites Z-17G
and Z-19, in our opinion also belong to this group (terminology after Dawson,
1984). With respect to HREE and other magmatophilic elements these are the
mosi depleted rocks encountered on Zabargad Island.

Textures of metasomatized peridotites are generally porphyroclasiic to equi-
librated and show the highest degree of recrystallization {Fig. 2D and 2E).
Metasomatism appears to be related to texture, as exemplified by sample Z-17,
which consists of highly deformed and recrystallized amphibole harzburgite
Z-171> which is strongly enriched in incompatible trace elements, in contrast (o

Tabie 4. Trace element contents of minerals separated from peridotites and
vein rocks from Zabargad Island (in ppm ). Cpx clinopyroxene; Amph
amphibole; Ol olivine

Cl

Sc
Cr
Mn
Co
Ni
Zn
Ga
Br
La
Ce
Nd
Sm
Eu
Gd
Th
Dy
Ho
Tm
Yhb
Lu
Hf
Ta

Au

Cpx Cpx Cpx Amph  Amph Ol Ol
Z-15C  Z.26C Z2-103C Z-28C  Z-36A  Gem 21040
340 1050 5000 950
65 73 210 1850 4080 35
499 85,5 50.6 62.5 48.4 3.06 9.07
8800 2650 8510 7430 14060 12,6 93
682 1075 8§10 430 685 950 985
26.2 329 28.2 284 36.9 1236 130
360 520 470 707 860 2690 2820
4] 110 44 100 34 36
4 8.26 4.53 7.06 7.5
1.5 302 0.33
0.19 0.71 (141 5.82 13.6 0004 0.039
3 1.3 16.5 64.1
1.6 38 703 358
0.72 1.56 Q.57 1.78 8.22 0.0012
0.318 Q.56 0.24 0.906 27
1.8 6.3
0.26 0.48 {1.24 0.32 1.11
2.1 3 1.9 2.46 5.9
0.5 0.67 0.46 0.57 1.2
0.28
1.57 1.91 1.2 1.56 1.93 0.019 0042
0.23 0.29 0.21 0246 0.23 00056 0014
0.28 0.7 0.23 0.66
0.11 0.053 183
0.037  0.005

0.02 0.0089 0.0025
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Abundance/CI

the porphyroclastic amphibole harzburgite Z-17G with which it forms a com-
pound sample.

Olivines have uniform compositions, with high Fo (91.0-91.6) in depleted
samples (Z-17G, Z-17D and Z-19); others are Fogg 5. 9¢.5. Orthopyroxene com-
positions are complex and generally poor in Al (Fig. 4). Only two samples of this
suite contain orthopyroxene porphyroclasts with AL, O, contents above 3%,
(Z-26 and Z-51). Most orthopyroxene has recrystallized in different events and
compositions extend down to 0.07% Al,O, (Z-17G). Al/Cr ratios are low (in
accordance with the depleted nature of the rocks) and extend down to an extreme
of about one (Z-17G and Z-36). Clinopyroxene follows the same trend as
orthapyroxene, except for Z-51 which has Al-rich porphyroclasts (5.6%, Al,O,)
and very Al-rich porphyroblasts (7.4%;, Al,O5) which apparently are in disequilib-
rittm with the rock. Trace element contenis of clinopyroxene porphyroblasts
in Z-15 (Table 4, Fig. 7A) are typical for clinopyroxenes of relatively fertile
peridoditic rocks (e.g., Kurat et al,, 1980; Stosch, 1982). Amphiboles are pargasitic
and are normally Ti-poor (Z-19, Z-36). Z-17G has three different amphiboles,
originating apparently from different recrystallization and metasomatism
events. Trace element contents of porphyroblasts in amphibole dunite Z-36 are
high with the LREE enriched over the HREE (Tabie 4, Fig. 7A), similar to the
buik rock sample (Fig. 6B). Spinels are generally Cr-rich (22.2--51.1%, Cr,O3;). In
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addition, spinel porphyroblasts are present in Z-26 which are in disequilibrium
with the rock, a feature also found in other samples; plagioclase is An 78.0-80.7.

The Vein Rocks

Av

ariety of dikes and dikelets (mm to m in width) are present in the peridotites of

Zabargad Island. They are either monomineralic or consist of only a few phases. The
following types have been found: (1) olivinites, (2) orthopyroxenites, (3) clinopyro-
xenites, (4) websterites, (5) hornblendites, and (6) plagioclasites.

M

Olivinites occur as dikes of m to dm dimensions, exclusively in the MPH, and are
the parent rocks of the famous gem peridot. They consist of very large platy
olivine crystals (up to 20 cm) of brown color, with some serpentine in the
interstices. They have abundant open cavities which occasionally contain clean,
clear crystals of green peridot. The large brown olivine crystals tend to become
inclusion-poor and green in color at the margins, ending in these cavities, Olivine
in the olivinites is compositionally almost indistinguishabie from olivine in the
peridotites (e.g., Kurat et al.,, 1982b). It has high Ni and Co contents and is low
in incompatible trace elements (Tables 3, 4). There is a clear difference in trace
element content (Table 4, Fig. 7B) between the green gem peridot and the fluid
inclusion-rich brown olivine in the olivinite (Z-1040). However, both olivines
are surprisingly rich in REEs if the very low distribution cocfficients for these
elements between olivine and liguid (Mc¢Kay, 1986) are taken into account. The
rock Z-104 is very rich in Cl and Br duc to the presence of abundant hypersaline
fluid inciusions (see Table 5 and discussion below).
Orthopyroxenites are present as dikes, from cm to m wide, in all three peridotite
hills of the island. Their grain size is very large, mostly in the em range {5— 10 cm),.
One dike, however, at the northern edge of MPH has orthopyroxene crystals
up to one meter in diameter.

The bulk composition of Z-31 (Tables 2, 3) is typically that of a pyroxene-
dominated rock, with high Sc, Cr, and Mn and low Co and Ni {but in the correct

Tabie 5. Halogen contents of the sheared and granular portions of an amphibole harzburgite

and

a clinopyroxenite vein and host spinel harzburgite, compared to carbonaceous chondrite

( CI) and seawater (in ppm )

Z-17D Z-17G Z-103G Z-103H CI(l} Seawater (2)
Amph-harzb  Amph-harzb  Cpxite Sp-harzb
Sheared Granular

F I+ 4 6.0+ 0.8 16+ 2 1642 54 14

Cl 960 + 40 230 + 23 560 4+ 30 330 £ 34 678 19350

Br 0.21 +0.02 0.17 + 0.02 092 +£0.08 043-+004 253 65

I 0.10 £ 0.01 0059 + 0006 024 +002 024 +002 056 0.050

Cl/T - 9600 3900 2300 1400 1200 387000

Br/l 2.1 2.9 38 1.8 4.5 1300

{1} Palme ct al. (1981)

{2)

Data from Wedepoh! {1969)
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Abundances/Ct

Abundances/Cl
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proportion for an orthopyroxene in equilibrivim with a peridotite, e.g., Kurat el
al., 1980: Stosch, 1982). Abundances of the HREEs are at 2 % Ci, but La is much
less abundant (0.35 x CI) (Fig. 8A).

Mineral compositions in orthopyroxenites are similar to those in the perido-

tites. Olivine is Fo 91 and orthopyroxene in Z-31 (En 90.2} has an Al, O, content
comparable to orthopyroxenes in the peridotites, but with a higher Al/Cr ratio.
Clinopyroxene in Z-31 is Al,O5-rich. Amphibole in Z-31 is particularly rich in
Al,0, and TiO,, and spinel has a Cr,O;-poor {9.6%) primitive composition
(Fig. 5).
Clinopyroxenites occur in all three peridotite bodies on Zabargad Island but are
particularly common on the CPH. They form dikelets and dikes of mm to m
size. In places, dikelets form stringers of clinopyroxene porphyroblasts arranged
parallel to the foliation of the host rock. In other places, the clinopyroxene
porphyroblast stringers, dikelets and cm sized dikes run in swarms through the
host rock, centimeters apart,

In spite of their similar mode of occurrence, clinopyroxenites have surpris-
ingly different mineral and bulk compositions from one another. From a textural
point of view two groups can be distinguished: one group of clinopyroxenites
(represented by Z-102) has a thoroughly recrystallized matrix, shows some
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growth of amphibole and has cloudy zones in the clinopyroxene porphyroclasts;
the other group of samples (Z-37 and Z-103G) has clear porphyroclasts with
bent exsolution lamellae and multiply lectonized and recrystallized matrices.

The first group of clinopyroxenites (Z-102} is characterized by high contents
of Sc, Cr and REEs, and a very high content of Cl. (Table 3). The REE pattern
(Fig. 8A)1s fairly flat with 5 x CI HREE and slightly depleted LREE (~2.5 x CI).
Mineral compositions are similar to those of peridotites. Clinopyroxene por-
phyroclasts are rich in Al,O,, Cr,0, and Na,O and neoblasts have successively
lower contents (Fig. 4). Amphiboles are present in two generations. Spinel has
31.4%, Cr,0, and plagioclase has An 52.2.

Clinopyroxenites of the second group{(Z-37 and Z-103G) have fairly different
mineral compositions from one another. All samples have highly aluminous
clinopyroxene porphyroclasts but are fairly poor in Na. They have different
Cr,0O; contents (and therefore ACr ratios) of 0.82 (Z-103G) and 0.10 wt.%]
{Z-37). Neoblasts have either about the same Al/Cr ratio (Z-103G) or a lower
one. Spinel compositions are approximately in equilibrium with clinopyroxene
compositions. Z-37 has, however, extremely low- Cr, 0, (1.44%) spinel por-
phyrobiasts (similar to green spinel porphyroblasts in peridotites), whereas the
spinel of Z-103G is Cr-rich (30.4%). The latter composition is similar to the
composition of spinel rims in the host harzburgite (Z-103H). Plagioclase compo-
sitions range from An 63.3-82.7.

Trace element data for Z-103G show high contents of Cl, S¢, Cr and REE
(Table 3). Data for a separated clinopyroxene porphyroclast (Z-103C in Table
4) show the same elements at an even higher level. The REE patterns for the
rock and separated clinopyroxene are subparallel (Figs. 7A and 8A).
Websterites are present in all of the peridotite bodies. They form veinlets and
veins from cm to dm in width. Most of them have coarse-grained granular
textures, excepl for Z-52 which is porphyroclastic and tectonically deformed.
The granular websterites display different degrees of amphibolization, the least
affected being Z-109. All websterites have chinopyroxenes and orthopyroxenes
with abundant exsolution lamellae.

Based on clinopyroxene compositions, iwo groups of websterites can be
distinguished: (a) a high-Cr group (Z-52, Z-109) and (b) a low-Cr group{Z-118G).
Both have high Al contents.

(a) High Cr Group
Clinopyroxene has a composition comparable to that of clinopyroxene in
fertile therzolites. It has high Ti0,, Al,O, and Na,O but has slightly higher
FFeO than average clinopyroxene from peridotites. Neoblasts and rims show
reequilibration at lower p-T conditions, as do the abundant exsolution
lamellae. Orthopyroxene is cither in equilibrium with clinopyroxene (£-52),
or represents various stages of recrystallization. Amphibole is typically rich
in TiQ,, Al,O,, Cr,0, and Na,O with amphibole Z-109 being very rich in
TiO, and Cr,0,. Spinels, when present, have fairly low Cr,0, contents,
comparable to slightly depleted therzolites. Plagioclase is fairly sodic and
also comparable to that in fertile lherzolite. Rare olivine has a composition
similar to that of peridotite olivine. Trace element data for Z-109 (Table 3)
are characterized by high contents of Cl, Sc, Cr and REEs. The REE pattern
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(Fig. 8A) is fractionated with an increasing abundances from Lu (~4 x CI}
to La (~ 10 »x CI).
(by Low Ca Group

Chemical compositions of minerals in Z-118G show that this rock is clearly
out of equilibrium with the surrounding peridotites. Clinopyroxene (Fig. 4)
has outstandingly high Al,O5 (8.0%), fairly high FeO (3.29%), but very low
Cr,0, (0.08%) contents. Orthopyroxene is apparently recrystallized (fow
AL O,, in disequilibrium with the primary clinopyroxene), and has the same
signature-—very low Cr,0; (0.06%;) and high FeO (7.4%) contents, Olivine i$
Fo 88.8 and amphibole is rich in Al,O; and FeO and poor in Cr, 0, {0.10%).
Spinel is aluminous, but has minor elements typical of lherzolite spinels.
Plagioclase is sodic (An 52.4) and comparable to fertile lherzolite plagioclase.

Hornblendites are common on MPH and NPH. They occur either as isolated
veins or dikes, or in swarms, or in the vicinity of orthopyroxenite dikes (Z£-28).
Their width commonly ranges from dm to m. They are coarse-grained to very
coarse-grained, with crystal lengths reaching 10 cm or more. Compositions of
the amphiboles are fairly uniform and do not show the diversity encountered in
peridotites, pyroxeaites and plagioclasites. They are fairly poor in TiO, and rich
in Al,O,, Cr,05 and Na,O and always contain some K,O and NiO; MnO
contents tend to be low. Hornblendites, as do ofivinites, show the most pro-
nounced tendency towards being monomineralic. Rare relics of olivine can,
however, be present and they have the typical composition of peridotitic olivine.
Buik major element contents are in accordance with the mineral compositions.

Trace element contents in amphibole (Table 4, Fig. 7A) are typically high.
The REE patlern shows an enrichment of LREE over the HREE.
Plagioclasites are abundantly present, mainly on MPH. In contrast to all other
monomineralic vein rocks, they form bodies of restricted widths. Most com-
monly they are between 4 and 8 cm wide. They are always very coarse-grained
and of nearly constant grain size {1-2 cm). Relic minerals {rom the host rock are
always present, and amphibole and phlogopite may be present as neoblasts.

Plagiociase has a calcic composition (An 73-81), which is indistinguishable
from the peridotite plagioctase. Porphyroclasts of olivine are common and have
compositions similar to that of peridotite olivine, with a slight tendency towards
lower Fo contents (388.8-89.5). Orthopyroxene follows the same trend, and is
poor in Al,O,. Clinopyroxene has compositions which can be interpreted as
evidence for reequilibration with the Cr-poor plagioclasite system. This implies
that plagioclasites formed under conditions which did not allow Cr to be
mobilized. However, TiQ, contents are fairly high in clinopyroxene and even
higher than that of clinopyroxene from fertile therzolites. Amphibole composi-
tions of the samples analyzed are highly diverse; all are Al,Q;-rich, but differ
considerably in their TiO,, Cr,O; and K, O contents which could be either high
or low. Spinel in Z-13G is fairly Cr,O;-rich (24.4%) and similar 1o the spinel of
the host rock {Z-13A), in spite of the abundance of plagioclase.

Bulk compositions of plagioclasites (Tables 2.3) are typically depleted in
compatibie elements (Co, Ni, Cr} and surprisingly also in Cl. They are enriched
in K, Sc, Ga and REE. The REE pattern (Fig. 8B) is only slightly fractionated,
with Lu ~4 » CI and La 8 x CI and has a positive Eu anomaly. The REL
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content is surprisingly high if the very low crystal-liquid partition coefficients
are considered (e.g., Irving, 1978),

Fluid Inclusions in the Vein Racks

FFluid inclusions have been studied in the most important vein rocks: olivinite
{Z-1064) and gem peridot of the MPH, orthopyroxenite (Z-31) and clinopyroxenite
{Z-102) from the CPH.

{1) Olivinite and Gem Peridot

Gem peridot and brown olivine of olivinite (Z-104) have the same {luid inclusion
compositions, but with highly different abundances. Brown olivines are richer
in fluid inclusions. Typical primary inclusions (Fig. 9) are relatively large (up to
100 gom), isolated, and have very complex lobate shapes. They do not contain
any fluid Hquid at room temperature (no visible trace of water), but have a
diversity of solids and a fairly constant content of gas (~ 15--20 vol%,). The
complex shapes indicate slow evolution, with repeated fragmentation and modi-
fication of the original contents, There is a surprising diversity of solid phases
present which can be classified into four groups (see also Clocchiattietal., 1981):

{a)

{b)

Chlorides

These make up about 509 of the whole mineral content. The most abundant
species 1s NaCl, followed by KCl and Fe, Mg, Ca and Ni chlorides. Fe-rich
chlerides may be suspected from their yellowish color and they seem to be
almost as abundant as NaCl in some cases.

Carbonates

These are present in most inclusions in relatively constant amounts (15--20%
of the mineral content) and are invariably very Mg-rich, either magnesite or
Mg-rich dolomite.

Sulfates

Gypsum occurs sporadically and, if present, makes up at least 20% of the
inclusion. But it seems to be absent in many inclusions, notably in the
smallest ones (helerogeneous trapping).

Other Minerals

This group comprises essentially silicates and opaques. Among the silicates
talc 1s the most common, followed by clinochlore, cancrinite and serpentine.
The opaques comprise iron oxides (hematite) and hydroxides (goethite),
somelimes with significant quantities of Mn and Cr. The total content of all
of these other minerals is also highly variable, from 0 to about 20% in volume.

Secondary inclusions, in most olivine crystals, are present in well de-
veloped trails (Fig. 9). The mineral conteni is much more homogeneous as
compared to the primary inclusions and the relative proportions of chiorides
and carbonates remain constant within a single trail. Secondary inclusions
were trapped very rapidly and have experienced much less local evolution
and modification than the primary inclusions.

The gas phase, analyzed by microthermometry and micro-Raman spec-
troscopy (Microdil 28, Free University, Amsterdam, E. A. J. Burke analyst),
contains two species: CO, and/or N,. The N,/CO, ratios are highly vari-
able, much more than reported by Clocchiatti et al., (1981) for gem peridot
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Fig. 9. Fluid inclusions in olivinite (Z-104) of Zabargad Island. In all inclusions, liquid (H,0)
is conspicucusly absent at room temperature. Only gas (low density CO, and N,) and a
variety of solids (mostly chlorides) are present. Photos | to 8: primary inclusions (same scale,
1 and 2: same inclusions, 2; crossed nicols, all other photos: parallel nicols). Photos 9 and
10: secondary inclusions (same scale, 9: parallel to inclusion plane, 10: perpendicular to
inclusion plane). Note for the primary inclusions the often irregular shape (4 to 7) and the
variety of solids, which contrasts with the refative homogeneity of the secondary inclusion
content. Symbols in all photographs: o = opague (Fe or Cr oxide ?), s = undifferentiated
chloride (in 3, with numerous gas bubbles at the surface), s, = halite, s, = iron chloride,
¢ = undifferentiated carbonale, ¢, = magnesite, t = talk (Photo 1), 7 = gypsum (Photo 6),
{ij} = undifferentiated birefringent minerals (probably sulfates or silicates, Photo 1), g (and
b, Photo 9) == squecezed gas bubble

from Zabargad (0.6-1.3). We have found, in fact, all intermediates between
pure N, and pure CO,. Relatively pure CO, appears 1o be the most abun-
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dant species and apparently there are very few mixed fluids in the 50% range.
Pure N, fluids may occur very close to pure CO,, sometimes in the same
trail of secondary inclusions. This suggests a very local mechanism control-
ling the gas composition. Microthermometric determinations of the temper-
ature of phase transition are not easy to make, due to the small size of most
inclusions and the irregular shape of the gas bubbles. Many inclusions
remain gaseous (“empty”) to the lowest temperature reached by the freezing
stage (— 190°C Model Chaixmeca, Free University, Amsterdam). Only homo-
genization temperatures could be recorded, and they were always gascous
(liquid/vapor to vapor); for CQO,, they are between + 10°C and 31°C (criti-
cal), and for N, between - 155 and 170°C (the valucs given by Clocehiatti
et al., 1981, were 10 to 29.6°C and — 159 to 170°C, respectively). These data
correspond to low density fluids and are 0.47 (critical) to 0.14 g/cm* for CQ,,
and much lower values of 0.08 to 0.04 g/em?® for N,.

(2) Orthopyroxenite and Clinopyroxenite

Fluid inclusions in these vein rocks have features very similar to those of fiuid
inclusions in olivinites. The pyroxenes are generally deformed and sheared,
displaying prominent traces of slip(?) planes. Portions of the crystals are totally
recrystallized. In spite of the deformations, pyroxene contains abundant fluid
inclusions and the quantity of gas which can be studied by microthermometry
is greater than in olivine. The sizes of the inclusions vary from 2 to 15 um
and the shapes are prominently rectangular or elongated rectangular {(negative
crystals in pyroxene). The primary inclusions are isolated, similar to those in the
olivinites, whereas the secondary inclusions occur in trails. Both types of inclu-
sions were formed before deformation took place. Inclusions affected by the
deformation were reequilibrated.

The nature of fluid inclusions in the pyroxenites (containing NaCl, car-
bonates and CO,) are generally similar to those in the olivinite (Z-104), but differ
significantly in detail. The mineral content is less (< 509 of the cavity) and less
diverse: {a) Chlorides, dominated by NaCl, (b) Carbonates (Fig. 10), probably
FFe-rich dolomite, and (c) sulfates have not been observed. Silicate minerals also
seem Lo be absent, iron oxides, however, appear 10 be present.

A brown mineral was encountered, which has a strong broad line around
750 cm ™ in Raman spectra. This line is diagnostic of corundum or aluminates.
It could indicate a phase exsolved from the high pressure pyroxene (Al-rich).

With regard to the gas phase, two major differences between that i the
olivinites and pyroxenites may be noted; (a) No N, has been detected in signifi-
cant amounts in pyroxenites, and (b) Most importantly, the CO, densily in the
pyroxeniles is much higher than in the gem olivine. Most inclusions are biphased
{liquid/gas) al room temperature and all homogenization occurs in the liquid
by disappearance of the gas bubble. Homogenization femperatures are very
constant, all measured values being hetween + 26 and + 30.9°C, with a distinct
maximum at 30°C. This corresponds to densities of 0.698 g/em® (T, = 26°C) and
trapping pressures of about 3 kb, for a reference temperature of 1000°C. These
values, however, are minima, and duc to the deformation of the pyroxene the
densities may have significantly decreased; the initial values could have been
much higher.
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Fig. 10. Fluid inclusions in orthopyroxene 7-31 (all photos at same scale). Primary and
secondary inclusions (A and B, Photo Z: trace of inclusion ptane). The shape of nearly all
inclusions is subrectangular, the length being paraliel to the trace of the prominent slip plane
(reorientation of former inclusions during deformation). X = 2-phase {liquid-vapor) CO, at
room temperature, homogenization temperature (liquid) about 30°C (see text). ¢ = undiffer-
entiated carbonale, s, = halite

Discussion
(1) Peridotites

Petrological and mineralogical characteristics, as well as bulk rock and mineral
compositions unambiguously indicate that the three peridotite bodies of Zabar-
gad Island must originate from the sub-Red Sea upper mantle. In contrast Lo
many other Alpinc-type peridotites, and especially ophiolitic peridotites of the
world, Zabargad peridotites seem 1o be more fertile and hence, closer to pristine
manile compositions. The pristine nature of these rocks has also been emphasized
by carlier workers (Bonatti et al., 1986; Piccardo et al., 1988). On a plot of MgO
versus the refractory elements AL Ti, Sc and Yb Zabargad data lie very nicely on
the best [it line defined by 20 spinel lherzolite xenoliths from occurrences on three
conlinents (Palme and Nickel, 1985) {Fig. 11). Similar data of Frey et al. (1985) on
the Ronda peridotites define exactly the same trends as those shown in Fig. 11
Palme and Nickel (1985) reported that the upper mantle has a Ca Al ratio which
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is 159 higher than the cosmic ratio defined by undifferentiated meteorites. The
Zabargad data presented here support these findings, with all fertile peridotite
sampies showing Ca/Al ratios clearly higher than the cosmic ratio of 1.10 {(except
for Z-14 which has a lower ratio, but shows metasomatic alteration by addition of
Al-spinel}.

The similarity in compositions of spinel lherzolite xenoliths and Zabargad
peridotites is also evident in the trace element abundances. For example, the range
in Ir contents of the Zabargad peridotites is typical of that for spinel lherzolite
xenoliths (Jagoutz et al.,, 1979; Kurat et al., 1980; Embey-Isztin et al.,, 1989; Spettel
et al,, 1991). Ir/Au ratios of Zabargad peridotites are also within the range of
typical upper mantle rocks. All Zabargad upper mantle samples for which data
are available have higher absolute concentrations of Ir than Au, whereas basalts
and crustal rocks always show the reverse. Other chemical similarities between
Zabargad peridotites and xenoliths include the abundances of Mn, Cr, Co, Zn
and Ga.

Metasomatic alteration is evident in peridotites containing large amphibole
and/or clinopyroxene porphyroblasts (£-17D, Z-36, Z-17G, Z-19). All of these rocks
show strong enrichments in incompatible trace elements (LREE up to 55 x CI,
HREE 2xCI} (Fig. 6B). These patterns are apparently dominated by the REE
contents of the porphyroblasts, as is clearly evident from the pattern of the isclated
amphibole Z-36A (Figs. 6B and 7A). According to the REF distribution coefficients
between amphibole and liquid (e.g., Irving, 1978) the latter must have been very rich
in REEs, especially in the LREEs. A similar fluid must have been responsible for the
conlamination of Z-17G and Z-19, rocks originally fairly strongly depleted in trace
elements. A surprisingly large difference in the degree of metasomaltic alteration
shows up between Z-17G and Z-17D, two parts of the same rock, with one part
{Z-17G) much less deformed and sheared than the other {Z-173). It demonstrates,
quantitatively, that tectonic processes can facilitate the percolation of fluids through
pathways created by intensive shearing. Similar enrichment of LREEs and other
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incompatible elements in deformed peridotite xenoliths have been described in a
number of cases (e.g., Dreiser Weiher, Germany, Stosch and Lugmair, 1986; Kilbourne
Hole, Arizona, Bussod and Williams, 1987; Transdanubian Volcanic Region,
Hungary, Kurat et al., 1991a; Downes et al., 1992). Sr and Nd isotope ratios also
have been shown to be heterogeneous on a scale of meters or less in Zabargad
peridotites (Brueckner et al., 1988).

The halogen data give further evidence of the percolation of fluids into the
teclonically sheared peridotites (Table 5). The Cl, Br, and I concentrations of
metasomatized peridotite Z-17 and depleted peridotite Z-103 are factors of 10100
times higher than the halogen contents of ultramafic xenoliths (Jagoutz et al,, 1979},
The highest enrichments found are for Cl. In MORBs the halogens behave as
incompatible elements during partial melting and correlate with LREEs. The La/I
ratio for MORBs and ultramafic nodules is about 160, whereas it is only 59 for the
Z-17D (more sheared) and 9 for Z-17G (less sheared) peridotites, and 0.1 for Z-103
(depleted peridotite). Because of the strong I depletion of seawater, relative to Cl
and Br, the | in Zabargad peridotites cannot be derived {from scawater Interaction.
However, the seawater may have undergone a few changes before reaching the
peridotite, or the water may be derived from the scdiments. An alternative explana-
tion may be that these element ratios are indicative of a saline fluid phase. According
to the fluid inclusion data on vein rock minerals this fluid phase was very poor in
water. Therefore, it is likely that the I has been derived directly from the upper
maniie.

(N Vein Rocks

Our data allow an in-depth discussion on the controversial origin of ultramafic and
related vein rocks. Mono- and polymineralic uitramafic dikes and veins have for a
Jong time been regarded as being of magmatic origin and atiributed to processes
such as partial melting, fractional or flow crystallization (e.g., Boudier and Nicolas,
1972: Cawthorn, 1975; Frey, 1980; Wilshire et al,, 1991). The transformation of the
original igneous textures to metamorphic textures has been discussed by George
(1978).

On the other hand, the possibility of a hydrothermal generation of dunite and
pyroxenite veins and layers was outlined as early as 1949 by Bowen and Tuttle. A
similar origin has been suggested for hornblendites, pyroxenites and olivinites by a
number of other workers (Hess, 1960; Dungan and Avé Lallemant, 1977; Loomis and
Gottschalk, 1981; Boudrean et al., 1986; Schiffries and Skinner, 1987). Arguments in
favour of a non-magmatic origin include structural and textural features such as the
absence of cumulate textures, the continuity of very thin layers, monomineralic
banding, the variety of juxtaposed layers of differing compositions and cross-cutting
relationships (Loomis and Gottschalk, 1981), as well as chemical such as rock
compositions that cannot be derived by known igneous processes.

Many of the textural and structural features noted above were observed in the
Zabargad vein rocks. In addition, there is chemical evidence that the vein rocks
cannot easily be reconciled with a magmatic origin. For example, the REE pattern
ol the cleanest gem peridot is such that, using the experimentally determined
olivine/liquid distribution coefficients of McKay (1986} (Fig. 7B), a REE pattern for
the liquid is indicated which is incompatible with a silicate melt. This liquid {taken
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as an equivalent silicate liquid) must have had an Yb content of almost 10 x CI and
very high LREE contents. Such a pattern is characteristic of CO,-rich vapors in
equilibrium with silicate melts (e.g., Wendlandt and Harrison, 1979). The high Cl and
Br contents of vein rocks of Zabargad Island and the hypersaline, H,O-free fluid
inclusions in vein rock minerals make it very likely that the Zabargad uliramafic
vein rocks are precipitates of high p-T fluids.

(3) Thermobarometry

Application of the single pyroxene thermobarometer (Mercier, 1980) reveals a
surprisingly large range of p-T conditions recorded in the Zabargad rocks (Fig. 12},
Bulk (rehomogenized) pyroxene compaositions reflect, as expected, the highest p-T
conditions of formation ranging up to 1280°C at 27 kb (Z-103G). Relics recording
the highest p-T conditions are present exclusively in the pyroxenites and harz-
burgites (£2-103G, Z-30, Z-102, Z-51, Z-103H, Z-37) and the wehrlite Z-26.

A pronounced cluster, around 930~ 1000°C at 10-12 kb, consists mainiy of rocks
which apparently recorded a major recrystallization event in their porphyroclasts
and exsolution lamellag. A second cluster s present at 900°C at 6 kb, This cluster
comprises porphyroclasts and some neoblasts. The single pyroxene thermobaro-
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Fig. 12. Temperature-pressure plot for peridotites and pyroxenites of Zabargad Island,
using the single pyroxene thermobarometry of Mercier (1980). The arrows trace the p-T path
of the uprising peridotite from depth to the surface of the island. The oceanic geotherms of
Mercier (1980} and Clarke and Ringwood (1964) are shown for comparison
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meter of Mercier {1980) should not be applicable to that p-T regime but it reveals
“acceplable” and reasonable conditions for some pyroxene compositions, however,
not for all of them. Most neoblasts give unacceptably high pressure estimates (as
expected). The temperature estimates were checked by the two-pyroxene thermome-
ter of Wells (1977) and are comparable in most cases. The two-pyroxene thermo-
melry revealed temperature estimates between 970 and 810°C (mylonite Z-106
and recrystallized peridotite Z-17D), respectively, with clusters around 870°C and
900--960°C, for the neoblasts and rims, in agreement with the single pyroxene
thermometer.

The p-T development of the Zabargad peridotites directly reflects a fast uplift
history as also indicated by other, independent observations (e.g., contact metamor-
phism, low degree of retrograde metamorphism). Relics representing the highest p-T
conditions plot fairly close to the oceanic geotherm (Mercier, 1980). With increasing
pressure release (uplift), the reequilibration conditions moved increasingly away
from the geotherm towards higher temperatures. The difference between the geo-
therm and the Zabargad peridotites, at 10 kb, is about 180°C and apparently
increases further with decreasing pressure. The slope of the p-T path indicates rapid
ascent, which is supported by the small scale of plagioclase formation (sce also
Bonattiet al., 1986), and serpentinization in Zabargad peridotites. Extensive contact
metamorphism of the Zabargad formation (hornfelses) and the lower crustal meta-
morphic rocks {Boudier et al, 1988) further supports the relatively rapid uplift of
the Zabargad peridotites from the upper mantle.

Thermobarometry also convincingly demonstrates that the pyroxenitic vein
rocks of Zabargad are of deep-seated origin. Apparently the clinopyroxenites record
the highest p-T conditions. These data allow us 1o speculale on a sequence of vein
rock formation (from highest p-T to lowest) which can eventually be verified by expe-
rimental studies: clinopyroxenites—orthopyroxenites—hornblendites—websterites-
plagioclasites—olivinites.

Conclusions

The peridotites of Zabargad Island are of upper mantle origin. They are dominated
by spinel and spinel-plagioclasc lherzolites which are chemically fairly pristine and
similar to fertile peridotite xenoliths in basalts. Zabargad peridotites differ, however,
from common orogenic peridotites in their high proportion of fertile lherzolites.

Although fairty extensively and multiply recrystallized, Zabargad Island perido-
tites preserve some relic phase equilibria indicating derivation from great depth
(>85 km). The p-T path of uplift coincides with the oceanic geotherm at greater
depth but deviates successively from it towards higher T with falling p. This is
interpreted as indicating rapid uplift, a view supported by the extensive contact
metamorphism caused by the peridotites when they penectrated the lower crustal
rocks, and especially the sediments of the Zabargad Formation, as well as by the
fow degree of retrograde metamorphism in the peridotites (Moon, 1923; Kurat et
al., 1982a, b). The p-T path is interpreted as indicating two different modes of uprise:
(1) An carly diapiric stage, followed by (2) several tectonic stages. This is in accor-
dance with structural {Nicolas et al., 1987) and geophysical data (Styles and Gerdes,
1983). The latter indicate extension of Zabargad peridotites to a depth of >8 km
which means that the Zabargad peridotites are rooted in the upper mantle.



T

Petrology and Geochemistry of Peridotites 337

The less common depleted peridotite suite of Zabargad Island comprises mainly
harzburgites and a few dunites. Beside having experienced depletion to varying
degrees, they show addition of incompatible elements via metasomatism. The degree
of metasomatism is highly variable and appears to be correlated with the degree of
depletion, a feature also observed in upper mantle xenoliths (Frey and Prinz, 1978
and many subsequent workers). There are a few extreme examples of modal metaso-
matism (amphibole dunite Z-36 and Z-17D) and one sample (Z-17) which clearly
demonstrates the importance of tectonization 1o facilitate metasomatism. Tectoni-
zation appears to be a prerequisite for metasomatism because it provides the
necessary porosity and permeability.

Metasomatism is evident in a variety of different ways: (1) “Contamination” by
incompatible elements {cryptic metasomatism) and (2} Formation of porphyro-
blasts, i.e., precipitation of amphibole, clinopyroxene, Al-spinet or plagiociase (pa-
tent metasomatism—compare Dawson, 1984). The fact that a variety of minerals
formed (mostly one per rock) indicates that metasomatism took place under various
p-T conditions from a variety of fluids. Mctasomatism leading 1o the formation of
clinopyroxene and amphibole porphyroblasts is always accompanied by the intro-
duction of large amounts of incompatibie trace elements into the rock {cf,, Z-17,
Z-20, Z-36, Z-19). This is, however, not the case with porhyroblasts of Al-spinel.

Precipitation from percolating fluids, rather than from silicate melts, is preferred
here for the genesis of the monomineralic and pyroxenitic vein rocks. This type of
vein rock formation has been extensively described and documented in the case of
the Seiad Ultramafic Complex, California, by Loomis and Gottschalk (1981). As
evidence, we can consider the hypersaline character of the abundant fuid inclusions
and the dominance of CO, in these {luids. Trace element contents of all of the
monomineralic rocks indicate high contents of incompatibie elements and concen-
trations compatible with an origin from a CQO,-rich fluid phase according to the
experimental data of Wendlandt and Harrison (1979). The character of the fluids is
such that they must have been derived from peridotite reservoirs.

The nature of the occurrence of the monomineralic vein rocks reveals a close
association of metasomatism with (ectonic processes. The most impressive examples
showing this relationship are the numerous occurrences of clinopyroxenites. They
invariably occur in sheared peridotites which show a progressive growth of por-
phyroblasts of clinopyroxene from isolated grains, to stringers of grains, to veinlets
and to veins (see also Leomis and Gottschalk, 1981). Clinopyroxene metasomatism
and formation of clinopyroxenites must have taken place under high p-T conditions
which allowed semiplastic flow of the peridotites. This view is supported by the high
temperature relic equilibrium conditions preserved in some of the clinopyroxenites.
Hornblendites seem to represent a transitional stage; some are associated with
similar metasomatic alteration of the host rock, but some are not. Orthopyroxenites,
olivinites, and plagiociasites are developed as clean veinlets and veins displaying no
interaction with the wall rock. The wall rock apparently was brittle and tectonic
strain did not result in plastic flow but in the opening of fissures. They were
subsequently invaded by fluids which crystallized mainly a particular mineral. The
opening of the fissures took place graduaily under continuing movement. This is
documented by the abundant relic phases of the host peridotite in the plagioclasites,
and the tectonization and recrystallization omnipresent in the clinopyroxenites and
orthopyroxenites.
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Formation of vein rocks apparently took place in the upper mantle, probably
in the asthenosphere (clinopyroxenites) and during uplift. The olivinites were possi-
bly the latest veins formed, and the latest olivine within these rocks was the famous
gem peridot. The whole sequence of vein rock formation apparently represents
common and pervasive processes which may be active in the upper mantle during
orogeny. Most vein rocks are monomineralic with the exception of plagioclasites
and websterites. Websterites pose a problem needing further investigation. Trace
element data indicate some relationship to the hornblendites, and this may provide
a clue. As a working hypothesis we propose that the websterites may possibly
represent former hornblendites which were exposed to conditions under which the
amphibole broke down, released the water and recrystallized to an assemblage of
clinopyroxene + orthopyroxene. All websterites display thoroughly recrystailized
textures which obscure relic features.
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