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Abstract

A fluid inclusion study in relation to textures has been performed on Pan-African granulite-facies gneisses from
Zabargad Island (Red Sea rift, Egypt). The gneiss samples were collected at a maximum distance of 60 m above the
contact with mantle peridotites with which they are co-structured by a high-7T plastic deformation during an isothermal
decompression starting from conditions estimated at 35 km depth and 850°C (base of the Pan-African crust). A first
metasomatism of the crustal section during decompression is represented by CO,-fluid inclusions trapped at minimum
conditions of 15 km depth and 800°C. The CO,-fluid inclusion planes are controlled in orientation by the high-7
plastic flow structures, but have been subsequently deformed during medium-7 plastic deformation in quartz. The second
metasomatism is represented by solid-rich aqueous fluid inclusions which were trapped at minimum P-T7 conditions of 3.7
km depth and 450°C corresponding to a very high thermal gradient. They trace the introduction either of seawater or of
fluids resulting from leaching of the Middle Miocene evaporites, within the gneisses during their residence at a shallow
depth below the seafloor. Two models are proposed in the literature in order to reconstruct the geodynamic history of
Zabargad Island: one [Brueckner, H.K., Elhaddad, M.A., Hamelin, B., Hemming, S., Kroner, A., Reisberg, L., Seyler, M.,
1995, A Pan African origin and uplift for the gneisses and peridotites of Zabargad Island, Red Sea: a Nd, Sr, Pb and Os
isotope study, J. Geophys. Res. 100, 22283-22297] suggests that most of the decompression P-T path is Pan-African in
age and only the aqueous metasomatism is related to the rifting history of the Red Sea; the second [Nicolas, A., Boudier, F.,
Montigny, R., 1987, Structure of Zabargad Island and early rifting of the Red Sea, J. Geophys. Res. 92, 461-474; Boudier,
F, Nicolas, A, Ji, S., Kienast, J.R., Mevel, C., 1988, The gneiss of Zabargad Island: deep crust of a rift, Tectonophysics
150, 209-227] supposes the existence of an asthenospheric diapir intrusive through the deep Pan-African crust leading
to a continuous deformation event during early rifting of the Red Sea. Although it is impossible to date trapping of
fluid inclusions and to know with certainty the origin of the fluids, our preference is for the second model but slightly
modified. The high-T decompression path traced by CO,-fluid inclusions, relayed by solid-rich aqueous inclusions, traces a
continuous process of crustal thinning. Such a continuous path would assign to a single event the thinning and uplift of the
deep crust and uppermost lithosphere to shallow basin bottom during the Red Sea early rifting. In such an interpretative
model, the northern and central peridotite bodies are representative of the uppermost continental lithosphere and only the
southern body could belong to an ascending asthenospheric diapir centred on the southeast of Zabargad Island.
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1. Introduction

Zabargad Island is situated on the western margin
of the Red Sea main trough (Fig. 1). In spite of its
small size (4 km?), it has been the subject of nu-
merous recent geological, geophysical, petrographi-
cal and geochemical studies due to the presence of
mantle rock outcrops in a rifting geological setting.
The peridotites are associated with a metamorphic
gneiss complex. Two contradictory interpretations
were suggested for the origin of these gneisses:
old Pan-African (ca. 600 Ma) continental crust (El
Ramly, 1972), or new crust formed by the metamor-
phism of rift sediments and mafic intrusions {(Nicolas
et al., 1987). The first interpretation was confirmed
by geochronological studies (Lancelot and Bosch,
1991; Brueckner et al., 1995) showing that all the
granulite-facies felsic gneisses are remnants of a
Pan-African continental crust. However, Bonatti and
Seyler (1987) and Boudier et al. (1988), on the basis
of petrological and structural data, concluded to a
mixed origin: new intrusive mafic components were
added to remnants of Pan-African continental crust.

The controversy now concerns the age of the jux-
taposition of the granulites and peridotites, and the
lithospheric or asthenospheric nature of the latter
(Brueckner et al., 1995). The gneisses of Zabar-
gad Island are in contact with lherzolites that were
interpreted either as a mantle diapir emplaced dur-
ing the early rifting of the Red Sea (Bonatti et al.,
1981; Nicolas et al., 1987) or as mantle material
emplaced into the crust during Pan-African con-
vergence (Brueckner et al., 1995). The gneisses were
metamorphosed and deformed in the granulite to am-
phibolite facies (Seyler and Bonatti, 1988; Boudier
et al., 1988) along with the peridotite as shown by
the common kinematics registered by the two rock
types. This paper is focussed on the relationships
between textures of the gneisses and gabbros, and
the fluid inclusions representative of the fluid circu-
lation in order to bring some new information on
fluid circulation in the crustal sequence of Zabargad
Island and, if possible, to distinguish the respective
contributions of metamorphic or mantle fluids and of
seawater during the deformation events.

2. Geological context

The main geological units of Zabargad Island are
the following (Fig. 1).

(1) Plagioclase peridotites (southern body) and
spinel lherzolites (central and northern bodies), which
are proposed to have a mantle controversial origin
in relation with the Red Sea opening (Bonatti et al.,
1981; Styles and Gerdes, 1983; Nicolas et al., 1985).

(2) Granulite-facies gneisses, which occupy the
western and the central part of the island and have
been dated as part of the Pan-African basement
(Lancelot and Bosch, 1991; Brueckner et al., 1995).

(3) The Zabargad Formation, which is a sedi-
mentary formation made of an alternation of black
shales and grits and tectonically overlies the gneisses
and peridotites. It is affected by a low-grade meta-
morphism which has been related to the contact
metamorphism of diabase sills intruded at the base
of this formation (Nicolas et al., 1985).

(4) Numerous diabase dykes, which cross-cut
both the peridotite and gneiss formations and dia-
base sills which are well developed in the contact
between the peridotite and the Zabargad Formation.

(5) The evaporite unit of Middle Miocene age
(Bonatti et al., 1983), which discordantly overlies
the Zabargad Formation and is not metamorphic.

(6) Older and recent reef carbonates.

Both the gneiss complex and the peridotites have
a complicated structural and metamorphic history at
high pressure and temperature (Nicolas et al., 1987;
Boudier et al., 1988). Most models proposed that this
history occurred during the opening of the Red Sea
as a mantle diapir intruded into the crust (Bonatti et
al., 1981; Styles and Gerdes, 1983; Nicolas et al.,
1985).

3. Description of the gneisses

Petrography, mineralogy and geochemistry of the
gneisses have already been described by Bonatti and
Seyler (1987), Seyler and Bonatti (1988) and Boudier
et al. (1988). Only the major features are given here.
The different components of the gneisses are: (1)
granulites s.str. which have tonalitic—trondhjemitic
affinities (Bonatti and Seyler, 1987); (2) deformed
meta-gabbros and pyroxenites recrystallized into
mafic granulites or amphibolites and which are rem-
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Fig. 1. Schematic map and cross-section A—B of Zabargad Island (modified from Boudier et al., 1988). Location of the studied samples.

nants of a basic layered complex; and (3) basaltic
dykes which cross-cut the peridotites and gneisses
(Bonatti and Seyler, 1987; Seyler and Bonatti, 1988).
Boudier et al. (1988) distinguish two sets of diabase
dykes which are not or only slightly deformed in the
peridotites but which are discordant to concordant rel-
ative to the foliation of the gneisses when approaching
the contact with the peridotites along a strain gradient

and which are transformed into foliated amphibolites.
Moreover, the occurrence at the same place of dis-
cordant and subconcordant dykes suggests that these
diabase dykes were intruded continuously during the
deformation of the enclosing rocks.

This study focuses on two samples of the gran-
ulites s.str. (85ZA68-a and 85ZA68-b) and one sam-
ple of metagabbro (86ZA34b) from the point of
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view of relationships between textures and fluid in-
clusions. The petrography and mineralogy of these
three samples have been described by Boudier et
al. (1988). One of these samples (85ZA68-b) has
been studied by Lancelot and Bosch (1991) for
geochronology. They were collected in two outcrops
(Fig. 1) at a maximum distance of 60 m (normal
to the foliation) above the contact with mantle peri-
dotites with which they are co-structured. Only one
foliation (115 S 15) and one lineation (subhorizontal
E-W) are discernable on both outcrops (no super-
imposed schistosity or folding phase) although an
earlier foliation could have been preserved in some
other places (Marshak et al., 1992). A three-phase
metamorphic history may be recognized from the
successive mineral assemblages in these samples and
confirms the previous observations made by Bonatti
and Seyler (1987), Seyler and Bonatti (1988) and
Boudier et al. (1988).

3.1. Sample 85ZA68-b

This sample shows a foliation defined by flat-
tened garnets, pyroxenes and stretched aggregates of
plagioclase and quartz and a lineation defined by
the same constituents. A first granulite-facies assem-
blage (stage I) is made of plagioclase 1 + garnet

+ orthopyroxene + clinopyroxene + quartz. It is
replaced by a second assemblage (stage II) defined
by a corona of polygonal plagioclase II (andesine—
oligoclase), already described by Bonatti and Seyler
(1987) in similar rocks, and by a rim of colour-
less amphibole, biotite and magnetite—ilmenite. The
latter are observed also in the grain boundaries be-
tween the polygonal plagioclases Il around the flat-
tened garnet (Fig. 2). These amphibole, biotite and
magnetite—ilmenite minerals are themselves inter-
preted as the product of hydration of the previous
orthopyroxene resulting from the transformation:

garnet + quartz = plagioclase 11 4+ orthopyroxene

Garnet was partly kelyphytized along margins
and fractures (vermicules of biotite, plagioclase,
magnetite—ilmenite) during this metamorphic hydra-
tion stage. Furthermore, colourless or pale amphi-
boles are surrounded by a rim of green to blue-green
amphibole which is characterized by a high chlorine
content (Boudier et al., 1988).

The main foliation of the sample is defined by
the minerals of both the first and the second assem-
blages, i.e. pyroxenes, garnet, plagioclase | and 1l
and quartz. The quartz ribbons have also registered
a slight plastic deformation as shown by dynamic
recrystallization into small grains (50 pm) along

Fig. 2. Microphotograph of the 85ZA68-b sample showing garnet relicts surrounded by a plagioclase and ferro-magnesian mineral
assemblage. Plane polarized light. Trace of the foliation plane and stretching lineation are parallel to the length of the microphotograph.
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the grain boundaries and undulatory extinction with
prismatic tight subgrains. The products of hydra-
tion of granulites have no preferred orientation and
developed statically upon the previous structures.
Fluid inclusions are present within garnet, plagio-
clase I and I1, quartz, pyroxenes where not replaced
by amphiboles, within accessory minerals such as
apatite and zircon and along quartz grain boundaries.

3.2. Sample 85ZA68-a

This sample corresponds to a more felsic con-
stituent of the gneisses. It is made of quartz, entirely
kelyphytized garnet, plagioclase and amphibolitized
clinopyroxene. Therefore, the three metamorphic
stages are not so clearly expressed in this sample.
However, textures are similar, that is flattening and
stretching of minerals from granulite-facies meta-
morphic stages and plastic deformation and dynamic
recrystallization of quartz ribbons before hydration
(kelyphyte and amphiboles) of the third metamor-
phic stage.

Fluid inclusions are essentially present within
quartz and plagioclase and along quartz grain bound-
aries. The complete transformation of other minerals
(garnet and clinopyroxene) during the third meta-
morphic stage makes the recognition of fluid inclu-
sions impossibie.

3.3. Sample 86ZA34b

This is a foliated and lineated gabbro-norite which
contains relict magmatic ortho- and clino-pyroxene,
and plagioclase (stage I). The secondary assemblage
formed during mylonitization and includes granu-
lar ortho- and clino-pyroxene, granular plagioclase
and brown amphibole titanium-rich pargasite (stage
II). Aluminium content is much lower in secondary
than in primary pyroxenes, suggesting that the my-
lonitization took place at lower pressure than the
crystallization of the gabbronorite (Boudier et al.,
1988). The mylonitic deformation textures of this
sample have been described by Ji et al. (1988)
and ascribed to high-temperature deformation. Un-
deformed scapolites developed in cracks oriented at
high angles to the foliation and lineation.

Fluid inclusions are present in all the mineral
phases and along grain boundaries.

4. Fluid inclusion study

Fluid inclusions in minerals may be subdivided
into two groups (see Roedder, 1984), i.e. the primary
fluid inclusions which are contemporaneous with the
mineral growth, and the secondary fluid inclusions
which postdate the mineral growth. The secondary
fluid inclusions are either within grain boundaries
and result from redistribution of fluid inclusions
during dynamic recrystallization (Hollister, 1990)
or trapped in intracrystalline microfractures which
are subsequently healed (see again Roedder, 1984).
Therefore, secondary fluid inclusions within miner-
als are arranged in planar arrays which are called
“fluid inclusion planes’ in this paper. In the samples
studied, no primary fluid inclusion was found, and
all the descriptions below concern secondary fluid
inclusions which are present in almost all minerals
as quoted above and along grain boundaries.

4.1. Analytical methods

Fluid inclusions have been investigated in thick
(0.150 mm) oriented doubly polished sections. The
3D orientations of fluid inclusion planes were
measured by using the calibrated focus screw of
a standard petrographic microscope following the
Ploegsma (1989) method.

Measurements of the phase transition tempera-
tures in fluid inclusions (microthermometry) have
been performed using a gas flow USGS-adapted
Fluid. Inc. stage (see Roedder, 1984) calibrated with
synthetic fluid inclusions supplied by Synflinc. P—
V-T-X properties of the fluids are then deduced
from the microthermometric data using state equa-
tions appropriate to fluid systems.

4.2. Different types of fluid inclusions

Based on petrographic observations on ca.
40 samples and microthermometric measurements
(melting and homogenization temperatures), two
main types of fluid inclusions have been observed
in the Zabargad gneisses: CO,-fluid inclusions and
solid-rich aqueous fluid inclusions.

4.2.1. Type 1: COy-fluid inclusions
CO,-fluid inclusions are present in all granulites,
gabbros and metagabbros examined (total of 30 sam-
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ples) but were not observed in amphibolitized di-
abases (ca. 10 samples). Two subtypes have been
distinguished.

Type la: liquid-rich CO;-fluid inclusions. These
are generally two-phased (liquid>vapour) at room
temperature (20°C) or locally three-phased when
they contain one, or more rarely two, small solids.
They are secondary, i.e. within fluid inclusion planes
or along grain boundaries.

In plagioclase or in pyroxene, they tend to have
a rectangular shape parallel to the crystallographic
planes of the host crystal (Fig. 3a); the largest
CO,-fluid inclusions (>4 pum) are spread out from
the original microcrack leading to some uncertainty
in the orientation measurement of these cracks. Gar-
net contains mostly very small two-phased CO,-fluid
inclusions.

In quartz, CO,-fluid inclusions have variable
shapes depending on their filling ratio (volume of
the vapour bubble/total volume). In a single micro-
crack with low filling ratio, the smallest CO,-fluid
inclusions are regular, generally with a negative crys-
tal shape, but the largest CO,-fluid inclusions (> 10
um) are surrounded by a planar halo defined by very
small CO,-fluid inclusions which have a filling ratio
identical to that of the large central one (Fig. 3b).
Experimental results (Pécher and Boullier, 1984;
Boullier et al., 1989; Bodnar et al., 1989; Vityk and
Bodnar, 1995) on similar features suggest that they
can be interpreted as decrepitation halos originated
from internal overpressure within the large fluid in-
clusions. Therefore, these fluid inclusions are called
decrepitated type 1a CO,-fluid inclusions.

There is a correlation between the size of fluid
inclusions within a healed crack and the length of
that crack: the shortest planes contain the small-
est fluid inclusions. In the Zabargad samples, the
healed cracks which contain small fluid inclusions
are generally located in the vicinity of long planes
containing large fluid inclusions.

Type 1b: vapour-rich CO>-fluid inclusions. In
quartz, some planes of large irregular CO,-fluid in-
clusions are also observed in which fluid inclusions

either have high filling ratios (large vapour bubble,
Fig. 3c) or are one-phase fluid inclusions (vapour
phase) at room temperature. These planes appear as
incompletely healed fractures (unminimized surface
energy). In one of those, it was possible to observe
a water meniscus in thin tubes separating two large
CO,-fluid inclusions. In the 86ZA34-b gabbro, only
type 1b irregular vapour-rich CO;-fluid inclusions
have been observed in the late undeformed scapolites.

4.2.2. Type 2: Solid-rich aqueous fluid inclusions

These fluid inclusions contain numerous solids
with different shapes and a shrunk vapour bub-
ble (Fig. 4a). Almost no liquid is visible at room
temperature, but liquid appears during heating ex-
periments when the solids disappear by dissolution.
Their behaviour during heating experiments is com-
parable to that of the ‘liquid-absent aqueous fluid
inclusions’ described by Schiffries (1990). The fol-
lowing solids were observed: a large cubic solid
(halite), thin platelets and birefringent crystals, some
of which show a relief pleochroism indicating that
they may be carbonates or nahcolite. Observations
were made on rock fragments with a S.EM. in
order to determine the nature of crystals in the
open cavities (Fig. 4b). Semi-quantitative analysis
on open fluid inclusions suggests the presence of
FeCl,, CaCl,, dolomite, calcite, siderite and talc
(7), minerals which accompany large halite crystals.
Some phosphorus and sulphur (gypsum?) have also
been detected in small solid phases. These solid-
rich aqueous fluid inclusions are trapped in healed
microcracks within all minerals.

In the 86ZA34-b gabbro, undeformed scapolites
developed in cracks with the same orientation as
the few observed solid-rich aqueous fluid inclusion
planes.

4.3. Chronology of fluid inclusions

In general, the chronology of different types of
fluid inclusions may be determined by cross-cutting
relationships between healed microcracks (Touret,

Fig. 3. Plane polarized light microphotographs of carbonic fluid inclusions in the 85ZA68-b sample. (a) Rectangular-shape type la
CO,-fluid inclusions in plagioclase. (b) Large decrepitated type la CO;-fluid inclusions surrounded by a halo of small secondary
CO,-fluid inclusions in quartz. (c) Large irregular-shape type 1b CO»-fluid inclusions with a high filling ratio (large vapour bubble).
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Fig. 4. Type 2 solid-rich fluid inclusions in the 85ZA68-b sample. (a) Plane polarized microphotograph of a solid-rich fluid inclusion
showing the shrunk vapour bubble and the multiple solids. (b) S.E.M. microphotograph showing an open solid-rich fluid inclusion

containing daughter minerals.

1981; Roedder, 1984). In the Zabargad gneisses the
following cross-cutting relationships have been ob-
served. (1) Where a plane of regular or large de-
crepitated type la CO,-fluid inclusions and a plane
of small type 2 solid-rich aqueous fluid inclusions
intersect, the type la CO,-fluid is replaced by the
solid-rich aqueous fluid in the cavities localized at
the intersection. Here the solid-rich aqueous fluid is
younger than the CO;-fluid. (2) Where a plane of
large irregular vapour-rich type 1b CO;-fluid inclu-

sions and a plane of small type 2 solid-rich aqueous
fluid inclusions intersect, it can be seen that small
crystals are incorporated within the large CO,-fluid
inclusions. In this case, the vapour-rich CO,-fluid in-
clusion plane is younger than the solid-rich aqueous
fluid inclusion plane.

The fact that only irregular vapour-rich CO,-fluid
inclusions are present in scapolites suggests that type
1b vapour-rich CO;-fluid inclusions occur later than
scapolite crystallization in metagabbros.
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Fig. 5. Type la CO;-fluid inclusion planes distorted together with the quartz crystallographic lattice in the 85ZA68-a sample. Drawing

from a microphotograph.

Concerning the relationship between the fluid in-
clusions and the deformation textures in the rock, it
has been quoted in the previous sections that type
la CO,-fluid inclusions are observed in quartz grain
boundaries. Consequently, CO, was introduced in
the rocks prior to the last plastic deformation and
dynamic recrystallization of quartz. This s particu-
larly clear for the CO;-fluid inclusions displaying a
regular shape or decrepitation halos. The planes of
this type la CO,-fluid inclusions are rotated within
the quartz crystals following the same pattern as the
quartz crystallographic lattice (Fig. 5). The planes
of solid-rich aqueous and vapour-rich CO;-fluid in-
clusions are not deformed, suggesting therefore that
they occur later than the last plastic deformation.

In the 86ZA34-b gabbro, the CO;-fluid inclusion
planes are not rotated and scapolites are undeformed.
The last plastic deformation which is observed in the
85ZA68 granulites s.str. in the quartz ribbons either
did not occur at that place or, more probably, was too
weak or of a too low temperature to be registered by
plagioclase-rich rocks such as 86ZA34-b.

4.4. Orientation of the fluid inclusion planes

As mentioned above, the fluid inclusion planes
are healed microcracks. Moreover, several authors
(Tuttle, 1949; Wise, 1964; Tapponnier and Brace,
1976; Boullier, 1982; Lespinasse and Pécher, 1986)

have demonstrated that they are mode I microcracks
which occur in the o;—0, plane (orthogonal to o3)
and therefore, their orientation may be correlated to
that of the stresses at the time of their creation. Thus,
the orientation of fluid inclusion planes has been
measured in the Zabargad gneisses in order to bring
some information on the stress orientation or stress
changes during the fluid percolation.

The host mineral of the microcracks, the type
(type la or 1b CO,-fluid or type 2 solid-rich aqueous
fluid), texture (decrepitated or not) and size of fluid
inclusions within the microcracks (less than 1 pum, 1
um and 2-5 pum average diameter) have been noted
in order to present distinct stereograms for poles of
different types of microcracks. It has to be noted that,
because of the uncertainty of measurement of the
orientation of largest fluid inclusions in plagioclase,
most of the planes measured in this mineral concern
< 2 pum fluid inclusions. Stereograms have been
contoured using Stereoplot software (version 3, N.
Mancktelow, 1995, ETH Ziirich).

In the granulites s.str. (Figs. 6 and 7). Type la
CO,-fluid inclusion planes are not randomly ori-
ented respective to the strain axes (lineation X, fo-
liation XY) defined by the granulite-facies minerals
and show a lack of poles in the centre Y of the
stereograms in both samples (85ZA68-b and 85ZA-
68-a), that is a lack of planes normal to the foliation
and containing the stretching lineation. The general
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tendencies of these stereograms are the following:
type la fluid inclusion planes tend to be at a high
angle to the foliation plane and at a high (in plagio-
clase) or intermediate (in garnet and quartz) angle
to the lineation. In quartz, some gradation may be
seen in the orientations with decreasing size of fluid
inclusions: planes of large fluid inclusions are at an
intermediate angle to the lineation and the smallest
fluid inclusions are at a high angle to that direction.
This is particularly clear in the 85ZA68-a sample
(Fig. 7), where the poles of <1 um fluid inclusion
planes are close to the lineation and similarly ori-
ented as fluid inclusion planes in plagioclase (< 2
pum in diameter). It should be noted also that the
distribution maxima are generally slightly oblique to
foliation and lineation, thus suggesting a rotational
component for the deformation.

Type 2 solid-rich aqueous fluid inclusion planes
have a remarkably different orientation at least in the
85ZA68-a sample where they are parallel to the lin-
eation and perpendicular to the foliation (poles near

the centre of the stereogram). In the 85ZA68-b sam-
ple, the poles define an outer girdle on the stereogram,
i.e. the planes are ‘en zone’ with the Y axis.

Taking into account the number of measurements
possible in both samples (only 12 measurements
in 85ZA68-a), type 1lb fluid inclusion planes are
broadly oriented normal to the foliation but randomly
oriented relative to the lineation (poles in a girdle
parallel to the foliation plane).

In the 86ZA34-b gabbro (Fig. 8). Only one ordi-
nary XZ thin-section of the 86ZA34-b gabbro was
available which was used previously for geochemi-
cal analysis. Therefore, only 2D measurements have
been performed. Only qualitative estimations of dips
of fluid inclusion planes were possible. However, it
may be seen that type la CO,-fluid inclusion planes
are oriented at high angle to the foliation (Fig. 8)
and to the stretching lineation in this facies. As for
stereograms of type la CO,-fluid inclusion planes
in granulites s.str., rose diagrams show an oblique
distribution of fluid inclusion planes relative to the
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Fig. 7. Contour diagrams (1, 3, 5, 7 ... multiples of uniform distribution) of the poles of fluid inclusion planes in sample 85ZA68-a.

Lower-hemisphere projection. Foliation is E-W vertical and lineation E-W horizontal. Number of measurements and maximum
concentrations are indicated.

lineation and foliation, suggesting also a rotational are lying approximately within the XZ finite strain
component of the deformation. On the other hand, plane (subparallel to the thin-section). This type of
the type 2 solid-rich aqueous fluid inclusion planes orientation was found also in amphibolites.

Orientation of CO2-fluid inclusion planes
in the 86ZA34-b sample

Trace of the
foliation plane
and lineation

Pyroxenes Plagioclase

N =4 =
0 Class Interval = 10 degrees N =148

Fig. 8. Rose diagrams showing the orientation of poles of type 1a CO,-fluid inclusion planes at high angle to trace of the foliation plane
and to the lineation (horizontal) in sample 86ZA34-b.
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4.5. Microthermometric data

As fluid inclusions were similar in 85ZA68-a and
85ZA68-b, only one thick doubly polished section
of the 85ZA68-b sample was used for detailed mi-
crothermometric measurements in order to deduce
the P-V-T-X properties of the trapped fluids. Re-
sults are reported in Figs. 9 and 10.

Type 1 CO,-fluid inclusions (Fig. 9). Several fluid
inclusion planes were studied in detail in order to
verify the consistency of phase-change temperature
measurements within a single microcrack and within
the whole sample. The microthermometry of fluid
inclusions appears to be constant: all the melting
temperatures (7,CO;) measured in a single type la
or lb microcrack or within different microcracks
were —56.6°C. One clathrate melting temperature
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Fig. 9. Microthermometric data for type ! CO,-fluid inclusions
within the healed microcracks in plagioclases, the recrystallized
quartz grain boundaries and the healed microcracks in quartz
grains. Homogenizations to the liquid, critical or vapour are
indicated.

(T,,Cl) was measured in the large irregular type
Ib vapour-rich H,O-bearing fluid inclusion (9.8°C).
These results considered together indicate that type
la and 1b fluid inclusions are filled with pure CO,.
This chemistry has been confirmed by M.C. Boiron
using a Raman microprobe (CREGU, Nancy).

T,CO;, are comprised between 23.6°C to the lig-
uid, 30.3°C to the critical and 3.1°C to the vapour
phase (Fig. 9). No T,CO; to the liquid lower than
23.6°C has been measured. The scatter of T,,CO, is
generally less than 1°C in a single type la microc-
rack, except for large decrepitated and large irregular
vapour-rich CO,-fluid inclusion planes which may
display up to 5°C scattering of 7,CO; to the liquid
and 17°C to the vapour, respectively.

Some type la fluid inclusions located within
quartz grain boundaries were large enough to be
investigated. As all the other CO,-fluid inclusions,
their 7,,CO; is that of pure CO, (—56.6°C) and
their homogenization temperature is close to 25°C
(Fig. 9).

Solid-rich aqueous fluid inclusions (Fig. 10).
These fluid inclusions did not react during cooling
(down to —180°C). No ice could be seen, perhaps due
to the large number of solids within the inclusions.
The determination of the nature of the large vapour
phase in these fluid inclusions with the Raman mi-
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Fig. 10. Microthermometric data for type 2 solid-rich fluid inclu-
sions. Ty is the temperature of disappearance of the soiid and
TH is the temperature of disappearance of the vapour bubble.
The different symbols correspond to measurements performed in
different microcracks.
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croprobe (M.C. Boiron, CREGU) indicates that they
are highly saline aqueous fluid inclusions with no
other volatile component than water in the vapour
phase. During heating, dissolution of the solids was
observed in a large interval of temperature (7,; from
124° t0 401°C, Fig. 10). Total homogenization by dis-
appearance of the vapour into the liquid phase (7;)
generally occurs above 400°C (from 396° to 423.7°C,
23 measurements). In some fluid inclusions, a solid
remained above the homogenization temperature and
did not disappear after heating to 450°C. Therefore, it
is suggested that this particular solid is not a daughter
crystal precipitated from the highly saline fluid but
was trapped together with that fluid.

4.6. P-V-T-X properties of the fluids

Thermometric data were interpreted in terms of
composition and density of the trapped fluids. Cal-
culation of the isochoric (isodensity) lines were
performed with MacFlinCor software (Brown and
Hagemann, 1994) using the state equation of Ja-
cobs and Kerrick (1981) for COs-inclusions and
of Bowers and Helgeson (1983) for the one ob-
served type 1b H,O-bearing CO;-inclusion. Because
of their complexity (high content and variability of
solids), the solid-rich aqueous fluid inclusions were
assimilated to H,O-NaCl fluid for simplification and
their microthermometric data (250°C < T, <350°C;
T, =~ 400°C) are interpreted, by default of more
precise knowledge of the system, using the P-V—
T-X representation of the H;O-NaCl system with
40 wt.% NaCl studied by Bodnar and Vityk (1994)
and Bodnar (1994). The disappearance of the vapour
phase (7, = 400°C) in these inclusions gives us an
indication of the minimum trapping temperature of
these highly saline fluids.

The calculated isochores for type 1 and 2 fluid in-
clusions are shown in Fig. 11 as well as other infor-
mation available on the crustal rocks from Zabargad,
which will be discussed in the next sections.

5. Interpretation
5.1. Petrography and fluid inclusion chronology

Petrographic examination of the above samples
and comparison with those described by Bonatti

and Seyler (1987), Seyler and Bonatti (1988) and
Boudier et al. {(1988) allow to reconstruct the P-T
history of the Zabargad gneisses. The garnet—pyrox-
ene—plagioclase geobarometer (Perkins and Newton,
1981) applied to the first granulite-facies assemblage
of the 85ZA68-b sample indicates pressure condi-
tions of 1.08 GPa for a given temperature of 850°C
(Boudier et al., 1988). In the 86ZA34-b gabbro, the
Wells (1977) geothermometer indicates a tempera-
ture around 850°C corresponding to the last equili-
bration of the two-pyroxene porphyrociasts (Boudier
et al., 1988; stage I, Fig. 11).

The second assemblage in the 85ZA68-b quartz-
bearing mafic granulite results from the reaction:

garnet + quartz = orthopyroxene II + plagioclase

which is typical of an isothermal decompression
path (Harley, 1989). In the 86ZA34-b gabbro, the
Wells (1977) geothermometer indicates a tempera-
ture of 895°C for recrystallized pyroxenes and the
mylonitic deformation textures in this sample are
significative of a high temperature (750-950°C; Ji
et al., 1988). During this deformation, high alu-
minium-content pyroxenes recrystallized into low
aluminium-content pyroxenes, suggesting also a de-
crease in pressure between the first and second stages
at a more or less constant temperature (ca. 850°C). It
was not possible to determine the pressure from the
mineral assemblages of the samples studied in this
paper. However, Seyler and Bonatti (1988) have esti-
mated the pressure conditions for this second stage at
ca. 500 MPa in the mafic granulites and a maximum
of 650 MPa pressure in the felsic granulites (stage II,
Fig. 11).

After the second stage, the Zabargad gneisses
have been plastically deformed (stage IV) and then
hydrated at a lower temperature (stage V). As sug-
gested by the small size of the recrystallized quartz
grains and by the width of the quartz subgrains, this
deformation should have occurred under high stress
or low temperature (Nicolas and Poirier, 1976). No
superimposed structures were observed on the gran-
ulite-facies lineation and foliation. Therefore, it is
suggested that both the deformation during isother-
mal decompression (stage I to stage II) and the
last plastic deformation of quartz (stage IV) were
at least coaxial if not belonging to a deformation
continuum. Temperature of the subsequent hydra-
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Fig. 11. P—T path of the Zabargad gneisses based on fluid inclusion data (isochoric lines) and textures from the 85ZA68-b sample. Stages
I to VI are described and discussed in the text. Boxes A’ and B’ are those proposed by Seyler and Bonatti (1988) for the two granulitic
assemblages in the sialic gneisses. The other box is from the P-T determination by Boudier et al. (1988) for the 85ZA68-b granulite.

tion process was estimated to be at least 500-700°C
in tectonized amphibolites near the contact between
the gneisses and the peridotites by Boudier et al.
(1988), and between 600° and 740°C and P < 200
MPa in the sialic gneisses by Seyler and Bonatti
(1988). Additional P-T constraints will be imposed
later using fluid inclusions. The products of hydra-
tion of granulites (green or colourless amphiboles,
kelyphyte around garnet) have no preferred orienta-
tion; consequently, it is concluded that they postdate
the last deformation and dynamic recrystallization of
quartz. As temperature of hydration is relatively high
(> 500°C), this implies that the last plastic defor-
mation of quartz has occurred under high strain rate
rather than under low temperature.

From the observation of fluid inclusions in re-
lation to textures, it was concluded that all fluid

inclusions are secondary, i.e. they postdate the crys-
tallization of minerals. Type la CO,-fluid inclusions
were trapped first. The minimum pressure conditions
for trapping of these fluids may be determined by the
large decrepitated fluid inclusions which have under-
gone at least 85 MPa of internal overpressure as ex-
perimentally calibrated by Leroy (1979) and Sterner
and Bodnar (1989). This minimal overpressure has
to be added, therefore, to the highest isochoric line
corresponding to the lowest value of 7,CO; to the
liquid measured in decrepitated CO,-fluid inclusions
(4+23.6°C). From the crack length/inclusion diame-
ter, the strong spatial relationships between large and
small type la CO,-fluid inclusions and the constant
composition of these fluid inclusions (pure CO3),
it may be deduced that most of the CO,-fluid in-
clusion planes result from the decrepitation of the



A.-M. Boullier et al. / Tectonophysics 279 (1997) 281-302 295

firstly trapped CO;-inclusions rather than from an
income of carbonic fluid over a long period of time.
Such relationship has been previously observed in
metamorphic rocks from the Himalayas which have
followed a nearly isothermal decompression path
(Boullier et al., 1991).

Preferred orientations of the type la fluid inclu-
sion planes show that these microcracks are in some
way related to the strain axes defined by the gran-
ulite-facies minerals and by the quartz ribbons. This
is clear for type la fluid inclusion planes in plagio-
clase (85ZA68-a and -b) and in plagioclase and py-
roxene (86ZA34-b) where they are consistent with an
extension in the X direction as defined by the stretch-
ing lineation. Petrographic observations (bending of
fluid inclusion planes and type la CO;-fluid inclu-
sions within grain boundaries) clearly demonstrate
that type la CO,-fluid inclusion planes were af-
fected by the last plastic deformation of quartz (stage
IV). T,CO, of CO,-fluid inclusions within quartz
grain boundaries (23.6 to 28.3°C) have intermediate
values between that of decrepitated CO,-fluid inclu-
sions (23.6°C) and that of the lowest density type la
CO,-fluid inclusions (30.3°C to the critical). There-
fore, it is suggested that the largest type la CO,-fluid
inclusions were trapped at the end of or after the
high-temperature deformation and have decrepitated
during and slightly after the last plastic deformation
of quartz. The P-T path of the Zabargad gneisses is
thus constrained by the low slope isochoric lines of
the CO,-fluid inclusions contemporaneous with the
late plastic deformation of quartz (stage IV, Fig. 11).
The oblique orientation of the type la CO,-fluid in-
clusion planes relative to the lineation suggests also
a shear component for the last plastic deformation.
It has to be noticed that the shear sense deduced
from the high-temperature deformation (Ji et al.,
1988; Boudier et al., 1988) is identical to that de-
duced from the obliquity of fluid inclusion planes on
lineation (86ZA34-b), that is fluid inclusion planes
are subparallel to the shortening direction. That rein-
forces the idea of a deformation continuum including
the high-temperature deformation and the last plastic
deformation of quartz.

A change in the stress orientation and in the na-
ture of the percolating fluid occurred after the last
plastic deformation of quartz. This is shown by the
trapping of type 2 solid-rich aqueous fluid inclusions

in microcracks with different orientation relative to
the foliation and lineation of the gneisses compared
to that of type la. These type 2 fluid inclusions are
very similar in aspect to the hypersaline fluid inclu-
sions described by Clocchiatti et al. (1981) and Kurat
et al. (1993) in the peridot gemstones located below
the large dolerite sill intruding the southern peri-
dotite body. But the major difference is in the nature
of the volatile component which is aqueous in the
gneisses and CO, and/or N, without H;O in the peri-
dot gemstones where these hypersaline fluids were
probably derived from peridotite reservoirs (Kurat et
al., 1993). In the gneisses, the hypersaline fluid may
have derived from percolating seawater modified by
the extensive hydration of the gneisses and amphi-
bolites, but they may also result from leaching of
the Middle Miocene evaporites. Whatever the origin
of these fluids, the P-T path should fit the mini-
mum trapping temperature for the solid-rich aqueous
fluid inclusions (around 400°C) and their isochoric
lines drawn after the experimental data of Bodnar
(1994). They were trapped at stage V (Fig. 11) after
the dense carbonic fluid inclusions (homogenization
to the liquid) but prior to the low-density vapour-
rich carbonic fluid inclusions (homogenization to the
vapour).

Another change occurred in stress orientation dur-
ing trapping of type b vapour-rich CO,-fluid inclu-
sion planes (stage VI) which orientation suggests a
pure shear regime (coaxial flattening) in which o,
and o3 were almost equal in the horizontal plane
(nearly subhorizontal foliation). However, and be-
cause type la- and 1b-fluid inclusions are pure CO,
a decrepitation process of large and dense type la
into vapour-rich type 1b CO,-fluid inclusions may be
proposed rather than an influx of a new fluid through
the gneisses.

A similar fluid chronology was observed in a eu-
hedral quartz crystal kindly provided by H. Brueck-
ner and coming from a hydrothermalized zone within
the gneiss unit. In this crystal, the oldest fluid inclu-
sions are pseudosecondary CO;-rich fluid inclusions
trapped within cracks formed during crystal growth
(Roedder, 1984) and showing a thin meniscus of
water against the fluid inclusion walls. These fluid
inclusions show ca. 0.8 filling ratios (large CO,
vapour bubble). The latest fluid inclusions are sec-
ondary H,O—NaCl-saturated fluid inclusions. In this
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sample, some mixing has occurred between the two
types of fluids giving intermediate CO,~H,0-NaCl
fluid inclusions.

5.2. Time constraints on the P-T—t path

Some geochronological data are available on
rocks from Zabargad Island and surrounding areas.
They are summarized in the following section. Un-
fortunately, it is not yet possible to date directly fluid
inclusions in rocks and, therefore, timing of fluid
inclusion trapping will be only constrained by corre-
lations with structures which are in turn interpreted
in terms of geological events. These correlations
based on interpretations are, therefore, destined to be
discussed.

The Zabargad gneisses clearly represent the deep
Pan-African continental crust since minerals of the
first granulitic assemblage (stage I, Fig. 11) in the
85ZA68-b granulite give a Pan-African age on a
Sm—Nd isochron diagram (whole rock, clinopyrox-
ene and garnet; 548 + 10 Ma, Lancelot and Bosch,
1991). This age is slightly younger than that of a fel-
sic granulite studied by the same authors (669 + 34
Ma, whole rock, orthopyroxene and garnet Sm—Nd
isochron; 665 4+ 8 Ma, whole rock, orthopyroxene
and garnet Rb-Sr isochron). Brueckner et al. (1995)
have obtained a Sm—Nd isochron of 552 + 4 Ma
and an age of 695 + 2 Ma by evaporation of zir-
con grains on similar felsic gneisses, thus confirming
the Pan-African age of the continental crust equi-
librated under pressure and temperature conditions
around 1.0 to 1.1 GPa and more than 850°C (Bon-
atti and Seyler, 1987; Boudier et al., 1988; Seyler
and Bonatti, 1988). According to the average thick-
ness of the stable continental crust (35 to 40 km;
32.5 km as determined by Le Pichon and Gaulier,
1988, for the Nubian continental crust prior to rift-
ing), these P—T conditions as well as the presence
of rooted peridotites in the immediate vicinity of the
gneisses strongly suggest that Zabargad gneisses rep-
resent the base of the Pan-African continental crust
close to the Moho as already proposed by Bonatti
and Seyler (1987). The granulites have tonalitic—
trondhjemitic affinities and, therefore, may be com-
pared with the southern Kapuskasing uplift (Canada)
which is known to be the base of an Archaean
continental crust originated in magmatic arc envi-

ronments (Percival, 1989). The Pan-African orogen
of the Nubian and Arabian shields was formed in
such an environment of accretion of island arcs and
interleaving oceanic basins (Kroner et al., 1987).
The gabbroic intrusions were emplaced at the
base of the continental crust (Bonatti and Seyler,
1987; Seyler and Bonatti, 1988) during stage I.
Brueckner et al. (1995) obtained a whole-rock Sm—
Nd model age of 638 Ma for a gabbro interpreted
as the emplacement age. The base of the continental
crust was submitted to a more or less isothermal
decompression during a high-temperature deforma-
tion as suggested by the flattened assemblages of
garnet, plagioclase and pyroxenes in the interme-
diate granulites (Fig. 2 and stage II in Fig. 11).
The gabbros have also suffered this high-temperature
deformation (Boudier et al., 1988; Ji et al., 1988)
together with the sialic granulites during an isother-
mal decompression which may be explained either
by an intense thinning of the crust (from 30-35 km
to 15-20 km, Fig. 11) or by a tectonic emplace-
ment of the granulites in the middle crust (Harley,
1989). Brueckner et al. (1995) obtained a cpx—plag—
wr Sm—Nd isochron on a gabbro indicating an age
around 70 Ma. Is this latter age significative of the
recrystallization during the high-temperature defor-
mation (stage II)? The question is still debatable. It
has to be noted that in the 85ZA68-b mafic granulite
where two generations of plagioclase coexist (stages
I and II), at least the Rb~Sr system of plagioclase
appears disturbed relative to the other minerals un-
less the age of the perturbation cannot be precised
(Lancelot and Bosch, 1991). Moreover, plagioclase
peridotites from the southern body display also per-
turbations of the Rb—Sr and Nd—Sm systems (Bosch,
1991; Brueckner et al., 1995) indicating that some
event occurred in recent time (<90 Ma) which the
authors relate to downward percolation of seawater
into the peridotites. Therefore, no clear age con-
straint may be imposed for the second metamorphic
stage (stage Il on Fig. 11) and two different interpre-
tations have been proposed. Following Brueckner et
al. (1995), the high-temperature deformation of the
gneisses and stage II are Pan-African in age, based
on Sm-Nd isochrons on minerals from granulites
and on alignment of peridotite Sm—Nd whole rocks
on a SLAP line at 675 Ma. Following Boudier et al.
(1988) this high-temperature deformation and stage
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II are related to intense crustal thinning during the
initiation of the Red Sea rift.

Diabase dykes are then intruded, transformed
into amphibolites and deformed together with the
gneisses near the contact with peridotites. This defor-
mation occurred at temperatures around 500-740°C
as determined by Boudier et al. (1988) and Seyler
and Bonatti (1988) and corresponds to stage IV in
Fig. 11. Nicolas et al. (1987) provided a 23 Ma K—Ar
age on amphibole of a deformed and metamorphic
dolerite dyke within the gneisses. Tholeiitic magma-
tism accompanying the early opening of the Red Sea
occurred between 24 to 21 Ma (*°Ar/*°Ar, Féraud
et al., 1991) and began once the Arabian crust had
thinned to 20-25 km (Bohannon, 1989). Brueckner
et al. (1995) obtained a younger, 17.5 Ma age on
one diabase dyke by Re—Os method. Therefore, em-
placement of diabase dykes and deformation of stage
IV may be Early Miocene in age.

According to all the authors who have worked on
Zabargad Island, the last metasomatism recognized
in the gneisses (stage V) and in peridotites is clearly
related to the Red Sea rift (Seyler and Bonatti, 1988;
Boudier et al., 1988). Geochemical (Dupuy et al.,
1991) and stable isotope data (Agrinier et al., 1993)
on peridotites are interpreted by the authors as the
result of penetration of seawater through hydrother-
mal systems. Trapping of type 2 solid-rich aqueous
fluid inclusions is attributed to that stage. Depend-
ing on the origin of the hypersaline aqueous fluid,
two different timings may be proposed for stage V.
Following the first hypothesis correlating these fluid
inclusions to the hypersaline CO,/N; fluid inclusions
observed in the peridot gemstones and attributed to
thermal effect of the diabase dykes (Clocchiatti et
al., 1981; Boudier et al., 1988; Boudier and Nicolas,
1991), the age of stage V is the age of the diabase
dykes, i.e. 24 to 21 Ma (see above). But it may
be slightly younger, since zircons with probable hy-
drothermal origin and which were collected near the
central peridotite body, have provided subconcordant
Pb—Pb ages of 19 to 21 Ma and upper- and lower-
intercept U-Pb discordia ages of 143 and 18.4 Ma,
respectively (Oberli et al., 1987). Thus, following the
first hypothesis, stage V may be Early Miocene in
age (24 to 18 Ma). Following the second hypothe-
sis deriving these fluid inclusions from leaching of
evaporites by seawater, as suggested by Clocchiatti

et al. (1981) in order to explain the origin of salts
in the inclusions of peridot gemstones, the brines
may be younger than the discordant and undeformed
evaporite unit of Zabargad Island which is Middle
Miocene in age (Bonatti et al., 1983), i.e. between
16 and 11 Ma. A comparison could be made with
salt-enriched aqueous fluid inclusions observed by
Ramboz et al. (1988) in epigenetic anhydrite from
the Atlantis IT Deep (southern Red Sea) and which
display a salinity up to 33 wt.% equiv. NaCl and a T,
around 400°C. Trace element geochemistry and espe-
cially Br/Cl and I/Br ratios could provide also some
informations on the origin of the highly saline fluids
in the Zabargad gneisses as it has been performed in
other geological contexts (Munz et al., 1995).

6. Discussion

The time constraints on the P—T path of the Zabar-
gad gneisses may be explained by two geodynamic
models which mainly differ by the age of stages
II (low-pressure granulite facies metamorphism) and
III (trapping of the first CO; fluid inclusions), and
which are described below.

6.1. Model 1

Brueckner et al. (1988, 1995) proposed that
gneisses have been extracted from a depleted man-
tle during the Pan-African orogeny at ca. 695 Ma.
Then, the gneisses and peridotites shared a com-
mon history, were juxtaposed (stage I) and brought
to near the surface during the Pan-African orogeny
(stage II). They subsequently suffered a hydrother-
mal event, leading to the formation of the plagio-
clase-rich assemblages in the southern peridotite
body (troctolites of Brueckner et al., 1988) and of the
peridot gemstones, which may have occurred during
the Miocene or post-Miocene, or as long ago as the
Early Cretaceous. In this model, stages I, 1I and III
(and may be IV) are Pan-African, and only stages
V and VI are related to rifting. Following this point
of view, the CO; fluid (stage III) was trapped dur-
ing the granulite facies metamorphism as commonly
observed in granulites of various ages (Touret, 1987)
and especially in Pan-African granulites from east-
ern Africa (Coolen, 1980) or Sri Lanka and southern
India (Santosh, 1986; Santosh et al., 1991). The CO;,
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fluid trapped in the euhedral quartz from a hydrother-
mal zone in the gneisses could be originated from
the thermal metamorphism and metasomatism of the
Zabargad Formation and, therefore, have a different
origin than the CO, fluid inclusions in the gran-
ulites (H.K. Brueckner, pers. commun., 1996). These
two different CO, metasomatisms were separated by
about 550 Ma.

6.2. Model 2

Boudier et al. (1988) have proposed a model in
which stage I alone is Pan-African, and the other
stages are related to Red Sea rifting. Following these
authors, the gneisses, gabbros and peridotites rep-
resent the base of the Pan-African 30-35 km thick
continental crust (stage I). All these rocks were sub-
sequently co-structured during the ascent of the peri-
dotites which belonged to an asthenospheric diapir
and induced thinning and shearing of the crust during
the early stage of the Red Sea rift formation (850°C
and 600 MPa, i.e. 20-25 km thick crust). During
a continuing ascent, the temperature decreased pro-
ducing amphibolites from numerous basaltic dykes
originated by melting of the diapir. The shear zone
located at the contact between the peridotites and
the gneisses favoured seawater penetration and in-
duced hydration of the gneisses and hydrothermal
formation of the peridot gemstones. Following this
model, the interface between the gneisses and the
peridotites is young and represents the tectonized
intrusive contact of the diapir into the deep Pan-
African continental crust.

Our preference is for the second model, but with
some variations on the theme in order to take into
account the isotopic results from Brueckner et al.
(1995) and geothermobarometry on peridotites by
Kurat et al. (1993) who show that the various fa-
cies of peridotites from Zabargad plot on a high
geothermal gradient ranging from 1280°C and 2700
MPa to 870°C and 300-500 MPa. The evidences
that led Nicolas et al. (1987) to infer an astheno-
spheric diapir in Zabargad Island, are the continuity
of the peridotites between the three massifs and
with the mantle beneath the Red Sea as shown
by geophysical data (Styles and Gerdes, 1983), the
high-temperature deformation in the southern and
central peridotites and the evidences of partial melt-

ing in these massifs. Structural studies (Nicolas et
al., 1987) suggested that the Zabargad peridotites
represent the western limb of a diapir wall parallel to
the Red Sea rift and that the asthenospheric flow was
moving upward toward the southeast. Actually, these
structures may be interpreted in a slightly different
way as already proposed by Dupuy et al. (1991):
in spite of representing the diapir itself, the north-
ern and central peridotite bodies may represent the
continental lithosphere attached to the crust and in-
truded by an asthenospheric diapir (southern body)
centred on the southeast of Zabargad Island (Styles
and Gerdes, 1983). The high-temperature deforma-
tion of the northern and central spinel peridotites
could reflect rather a mechanical and thermal effect
of a hot neighbouring ascending diapir than defor-
mation within the asthenospheric diapir itself. This
could reconcile the isotopic data of Brueckner et al.
(1995), dating the interface between the peridotites
and gneisses as Pan-African, with petrographical and
structural observations (Boudier et al., 1988; this
work). In that case, this interface would represent the
Pan-African Moho somewhat subsequently modified
by deformation. It would explain also the different
trace element and isotopic signatures of plagioclase
peridotites from the southern body (Dupuy et al.,
1991; Brueckner et al., 1995).

The first deformation registered by the gneisses
and gabbros is the high-temperature deformation
separating high-pressure (stage I) from medium-
pressure (stage II) granulite facies metamorphism.
Besides the structural evidences, assignment of that
deformation to a rift-related uplift due to crustal
thinning is supported by the perturbation of the Sm—
Nd system in plagioclase peridotites of the south-
ern body at 90 Ma or less, and by the 70 Ma age
obtained by Brueckner et al. (1995) on a Sm-Nd
tsochron plot of minerals from a gabbro; as quoted in
a previous section, this could be the age of dynamic
recrystallization. The high temperature (750-950°C;
Ji et al., 1988) may have been higher than the clos-
ing temperature of the Sm—Nd isotopic system al-
lowing resetting of minerals during recrystallization
(Mezger et al., 1992). Moreover, it does not seem
realistic that deformation textures in gneisses and
gabbros could have survived at such high tempera-
tures (around 800°C) since Pan-African time without
annealing and recrystallization as expected in the
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model of Brueckner et al. (1995), and the preserva-
tion of the deformation textures suggests that they
were ‘quenched’ by a subsequent rapid uplift.

Two origins may be invoked for the CO, fluid
trapped during stage III. First, CO, may have been
ancient and already trapped in granulites as very
dense metamorphic fluid inclusions which decrepi-
tated all along the isothermal decompression path
followed by the gneisses (from stages I to IV). Sec-
ond, CO, may have been derived from the mantle
through partial melting and degassing of the as-
cending diapir below the thinned continental litho-
sphere, and may have been trapped during the early
stages of rifting (III), but before the emplacement
of diabases as no CO, fluid inclusions have been
observed in the amphibolitized diabases. Unfortu-
nately, there is no unambiguous way to distinguish
between these two possible origins. Whatever the
origin of this CO, fluid, the orientation of type la
CO;, microcracks is consistent with the flattening and
the stretching directions indicated by the granulitic
assemblage (nearly vertical N—S-striking, normal to
the E~W-striking stretching lineation). This direc-
tion is slightly oblique to the opening direction of the
Red Sea but is more or less parallel to the coast line
near Zabargad Island (Sultan et al., 1993). Therefore,
the formation of type la CO, microcracks may be
integrated in the Red Sea rifting history.

If a continuum of deformation is envisaged be-
tween stages I and IV, model 2 proposed in this
paper implies an important stretching of the conti-
nental crust because pre-rift (Zabargad Formation),
syn-rift (evaporites) and post-rift sediments (coral
reefs) are preserved at the same topographic level
as the Moho, and constraints imposed to the P-T
path by microthermometry on fluid inclusions im-
plies an isothermal decompression (800 MPa) of the
gneisses. This is in agreement with models of Le
Pichon and Gaulier (1988) and Bohannon (1989)
which proposed an important pre-rift extension of
the continental crust during a 30 to 13 Ma period.
Thinning of the crust occurred during high-temper-
ature deformation (stage I to II) but also during
medium-temperature deformation expressed by the
amphibolitized diabases. K—Ar results on amphibole
from one of these rocks indicate a 23 Ma age (Nico-
las et al., 1987), thus dating stage I'V.

The present study allows to estimate the mini-

mum temperature and depth at which the type 2
hypersaline aqueous fluids were trapped (450°C and
100 MPa, i.e. ca. 3.7 km). These conditions indicate
a very high geothermal gradient (around 100°C/km)
if correlated to lithostatic fluid pressures, but slightly
lower if fluid pressure is nearly hydrostatic as it is
highly probable in an active extensional context (Sib-
son, 1990). Anyway, such high geothermal gradient
is confirmed by the very low density of vapour-rich
carbonic fluid inclusions postdating the solid-rich
FI and is consistent with an oceanic accretion in
the vicinity of Zabargad Island (see Le Pichon and
Gaulier, 1988) which is located near the limit of the
Red Sea oceanic crust (Bonatti and Seyler, 1987).

7. Conclusions

Samples of acidic, intermediate, and mafic gran-
ulitic gneisses from Zabargad Island (Red Sea rift)
have been studied for their fluid inclusions in re-
lation to their textures. The gneiss samples were
collected at a maximum distance of 60 m above the
contact with mantle peridotites with which they are
co-structured by a high-T plastic deformation during
an isothermal decompression starting from condi-
tions estimated at 35 km depth and 850°C (stage
I, base of the Pan-African crust). A first metaso-
matism of the crustal section during decompression
is represented by CO,-fluid inclusions trapped in
all recrystallized phases at minimum conditions of
15 km depth and 800°C. Their origin is controver-
sial: either a mantle source found in partial melting
and degassing of asthenospheric mantle below the
thinned lithosphere, or Pan-African CO,, contempo-
raneous with the granulite facies metamorphism and
already present in the gneisses before the isothermal
decompression. The CO,-fluid inclusion planes are
controlled in orientation by the high-T plastic flow
structures, but have been subsequently deformed dur-
ing medium-T7 plastic deformation in quartz.

The second metasomatism is represented by solid-
rich aqueous fluid inclusions which were trapped at
minimum P-7 conditions of 3.7 km depth and 450°C
corresponding to a very high thermal gradient. They
trace the introduction either of seawater or of flu-
ids resulting from leaching of the Middle Miocene
evaporites, within the gneisses during their residence
at a shallow depth below the seafloor. They are
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tentatively correlated with the formation of olivine
gemstones (Clocchiatti et al.,, 1981) and type III
amphibole in the peridotites (Dupuy et al., 1991;
Agrinier et al., 1993; Kurat et al., 1993).

Two models are proposed in the literature. The
first (Brueckner et al. (1995) suggests that most of
the decompression P-T path is Pan-African in age
and only the aqueous metasomatism is related to the
rifting history of the Red Sea. The second (Nicolas
et al., 1987; Boudier et al., 1988) supposes the ex-
istence of an asthenospheric diapir intrusive through
the deep Pan-African crust leading to a continuous
deformation event. In the latter, both metasomatisms
are related to the Red Sea rifting history. Although it
is impossible to date the trapping of fluid inclusions
and to know with certainty the origin of the fluids,
our preference is for the second model but slightly
modified. The high-T decompression path traced by
CO,-fluid inclusions, relayed by solid-rich aqueous
inclusions, and their respective minimum depths of
equilibrium, trace a continuous process of crustal
thinning of which fluid inclusions record the last
stages. Such a continuous path would assign to a
single event the thinning and uplift of the deep crust
and uppermost lithosphere to shallow basin bottom
during the Red Sea early rifting. In such an inter-
pretative model, the northern and central peridotite
bodies are representative of the uppermost continen-
tal lithosphere and only the southern body could
belong to an ascending asthenospheric diapir centred
to the southeast of Zabargad Island as suggested by
geophysical data (Styles and Gerdes, 1983).
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