Sci.. J. Fac.. Sci., Minufiya Univ., Vol. XVII (2003 : 261 — 308 )

GENESIS OF BISMUTH AND BERYLLIUM
MINERALIZATION AT WADI GHAZALA AREA
( SE SINAIL EGYPT ) : CRITERIA FROM THE
MINERAL CHEMISTRY AND FLUID INCLUSIONS

Adel A. Surour

Department of Geology, Faculty of Science, Cairo University, Giza, Egypt

Received 1/2 /2003

Abstract

The present study uses the tools of mineral chemistry and fluid
inclusions in order to characterize the beryl of Wadi Ghazala
occurrence. Recently, some workers (Abdalla et al., 2001) believed
that the beryl crystallized in pegmatitic leucosomes resulting from
migmatization. Field observations of the present author suggest the
presence of a small-scale shear zone along which beryl-bearing
pegmatites and quartz veins invade an amphibolite country rock. At
the outcrop, the amphibolite shows gradual transformation into a dark
mica rock ihdicating K-metasomatism which is also documented
petrographically. This observation, combined with the presence of
some mica inclusions in the beryl, is not in favour of crystallization by
metamorphic segregation. In addition to beryl, the pegmatites of Wadi

Ghazala -also contain other typical hydrothermal minerals such as
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fluorite, columbite and bismuth minerals. The latter are represented by
bismuthinite, bismite and beyerite. Mineral chemistry of beryl and the
dark micas shows characteristics of hydrothermal systems. Such
conclusion is also supported by the homogenization temperatures of
primary and secondary fluid inclusions in the beryl that suggest
trapping of hydrothermal fluids at 174-265 °C. Salinity of the fluid
inclusions is peculiar (as low as 1.37 wt% NaCl, ) in comparison with
the other world examples indicating high degrees of mixing with
meteoric walters within the shear zone which also resulted in the

disappearance of any daughter crystals in the investigated inclusions.
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Introduction

Very little have been published on the occurrence of beryl in
the Sinai Peninsula, which is in fact known as a province of another
gemstone “turquoise” since the time of the Ancient Egyptians.
Discovery of beryl mineralization in Sinai is only dated back to the last
decade. El-Aassy et al. (1993) presented the first description of beryl
from Sinai at Wadi Ghazala, and distinguished two mineral varieties;
white to grey beryl and green emerald. El-Aassy et al. (1993) and
Hamad (1995) came to the conclusion that the beryl associates mica

and actinolite schists that might represent allochtonous serpentinite
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pockets. It seems that these authors are inclined to consider the beryl
mineralization at the occurrence of Wadi Ghazala as an analogue to
the “schist-type” beryl deposits in the Eastern Desert of Egypt. In
general, the beryl deposits in the Eastern Desert are classified into: a)
disseminated ore in some specialized granites, and b) “schist-type”
deposits along the contact between the ophiolitic ultramafic rocks and
within-plate intrusive granites (Hassan and El-Shatoury 1976; El-
Dougdoug et al. 1997; Omar 2001, Takla et al., 2002).

Recently, Abdalla et al. (2001) published the third and time
wise the last paper on the beryl mineralization at the occurrence of
Wadi Ghazala in Sinai. Confinement of the beryl-bearing veins to
some gneissose rocks led Abdalla et al. (2001) to establish a genetic
model based on migmatization at amphibolite facies conditions. The
authors believed that beryl is encountered in quartz and K-feldspar
leucosomes that are commonly interlayered with phlogopite
melanosomes. They also discarded any model in favour of
metasomatism along igneous pegmatites and stated clearly that the
beryl-bearing leucosomes represent abyssal metamorphic pegmatites
that were formed at 650-700 °C and 5-7 kbar. Nevertheless, Abdalla et
al. (2001) did not present any geothermometric calculations of the
metamorphic assemblages in equilibrium or fluid inclusions
microthermometric measurements to support the suggested

temperature and pressure.
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The purpose of the present study is the characterization of the
beryl mineralization at Wadi Ghazala occurrence on the basis of
combined criteria from the field observations, microscopic-scale
textures, mineral chemistry and fluid inclusions data. In this respect,
the first information about the conditions of beryl formation are
obtained from the microthermometric measurements of the trapbed
fluid inclusions, which has its direct implication on the genesis of the
beryl in consideration. In other words, the paper aims directly to
justify and fit a reasonable genetic model in the context of the origin of
the pegrhatité host (igneous or metamorphic?). The paper also presents
the first electron microprobe analyses of Wadi Ghazala beryl and the
associated nﬁnerals that can be used for the accurate determination of
mineral composition and the evolutionary history of the host rocks. Of
course, mineral chemistry of the assemblages in the host rocks can
demonstrate whether these rocks have suffered high-grade anatexis or
not. The paper presents the first mineralogical account for bismuth
mineralization in Sinai. Such account concerns with the identification
of the re__corded bismuth minerals, their chemical composition and its

implications on the genesis of beryl.
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Field Observations , _
At the studied occurrence of Wadi Ghazala, the beryliferous

zones are very few in number and their extension at the outcrops is
limited, never exceeding 250 m in length and 10-15 m in width. The
principal beryliferous zone is recorded in porphyritic syenogranite
(Fig. 1). The seynogranite shows local gneissosity at the borders of the
beryliferous zone. It appears that the outcrops represent uplified
fragments along a series of NNE-SSW faults. Uplifiing of the
beryliferous zones is documented by the presence of consolidated wadi
deposits that unconformably overlie the beryliferous zone. These wadi
deposits are composed of 'multi-component gneisses and granitic

pebbles and coubles set in a fine carbonate clayey matrix.

Generally, it appears that faulting was responsible for the
development of a local shear zone along which the beryl-bearing
bodies are confined. At the same time, the country rocks (syenogranite
with unmappable amphibolite bodies) were also deformed. Existence
of such a shear zone is supported by the absence of shearing or any
gneissose texture in the country rocks on getting away from the
beryliferous zones. Qutside this zone, the syenogranite as well as
another type of within-plate granites (monzogranite), display distinct

porphyritic texture and interlocking fabrics.
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Field anatomy of the beryliferous zone revealed that it is
composed of the following members: a) beryl-bearing quartz veins, b)
beryl-bearing pegmatites, and c) amphibolite. The amphibolite is
massive but it shows local schistose-like appearance due to shearing
especially along the contact with the pegmatites. Field observations
show that both the quartz and pegmatite veins invade the amphibolite
and in some instances small-scattered quartz and pegmatite boudins
are seen infiltrating the amphibolite. It is evident that the amphibolite
is partly transformed into a contorted dark mica rock along the contact
with the feisic veins and boudins. Such observation, which is also
documented microscopically, suggests that the felsic bodies were
introduced to the amphibolite as injections. Occurrence of sub-parallel
beryl-bearing quartz veins traversing the pegmatites is also another
evidence of the injection hypothesis. Accordingly, the contorted dark
mica rock can not represent melanosomes produced by anatexis as
suggested by Abdalla et al. (2001). Formation of the mica rock at the
expense of the amphibolite is based not only on field aspects but also

on some criteria from the mineral chemistry and fluid inclusions as

well.
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In contrast to the previous studies that describe beryl at Wadi
Ghazala as small-scattered crystals in the felsic veins, the present
author was able to record large boudins (15 cm x 25 cm) composed of
aggregated beryl crystals that are nearly free of quartz. These boudins
are lensoidal in shape and selvaged by dense mica sheaths. Beryl in
these boudins is coarse, undeformed and exhibits bluish green colour.
Sometimes, the crystals are rough and dull which is attributed to
natural chemical etching processes (Bowersox et al. 1991). The beryl
of Wadi Ghazala also associates bismuth mineralization, commonly in
the form of canary-yellow bismuth gossans. A detailed mineralogical
study on the bismuth mineralization in the vicinity of the beryliferous

zones at Wadi Ghazala is given in the present paper in a later section .

Mineral Assemblages and Textures

As previously shown in the section on field observations, there
are different beryl-bearing rock varieties within the beryliferous zone
of Wadi Ghazala. In this section, the petrographic characteristics of all
varieties are given in order to specify their mineral assemblages and
textures. Also, short accounts on the paragenesis of the country rocks
(amphibolites and granites) are given. In agreement with the
preliminary identification at the outcrops, the rock varieties in the
beryliferoﬁs ~zone are classified into beryl-bearing quartz and
pegmatite veins and dark. mica rocks. In the following, the results of

the microscopic investigation are presented in which both types of
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veins are lumped together because of their similar ore paragenesis that
is represented by beryl (I & II) and fluorite. The sole difference is that

some of the pegmatites bear bismuth minerals and columbite

Beryl-bearing quartz and pegmatite veins: o
In both varieties, beryl occurs as subhedral to euhedral six-
sided prismatic crystals. Beryl in the quartz veins is more euhedral
and contains rare mica or quartz inclusions. On the other hand, beryl in
the pegmatites is mostly subhedral and encloses several inclusions. It
is evident that two generations of beryl are recorded; in which a coarse
subhedral generation captures another smaller generation in the form
of vug filling. The second generation occurs as euhedral fine crystals
with parting and associates interstitial bismuth minerals in the vugs
(Fig. 2a). In terms of abundance, the earlier generation represents
around 95 % of the beryl minerals. It is preferentially corroded by
quartz and K-feldspars, but the beryl itself corrodes the mica flakes
and takes some of them as inclusions, particularly at the peripheral
zones (Fig. 2b). The presence of the micas inclusions (mostly
phlbgopite) in Wadi Ghazala beryl excludes their formation by

metamorphic segregation as melanosomes.
The paragenetic sequence shows that fluorite is clearly younger

than beryl and the latter is often invaded or encrusted by the former.

Along cracks in the beryl, fluorite is more or less mosaiced in a comb-
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strucured pattern and associates microcrystalline quartz. In the
groundmass, fluorite is massive and incorporates inclusions of oriented
mica flakes. Some of the beryl-bearing pegmatite veins also contain
discrete crystals of accessory columbite. Identification of columbite

was verified by the EDS spectra during the work on the electron

microprobe.

Me?asomatized amphiboiite and dark mica rock: |

The investigated amphibolite is either massive or sheared
depending on the position of sampling with respéct to the shear zone.
In all cases, the amphibolite is melanocratic owing to its high content
of dark amphiboles whereas plagioclase amounts to 3-5 % oniy.
Compositionally, the ampiboles range from actinolitic hornblende to
hornblende. The hornblende is green and occurs as prismatic and
rhombic cross-sectional crystals. Careful microscopic investigation
allows the detection of hornblende replacement by dark brown micas
(Fig. 2¢). The degree of replacement becomes more extensive near the
contact with the pegmatites indicatingv a pervasive’ ‘event of
K-metasomatism. Abdalla et al. (2001) did not record such type of
replacement and hence they were inclined to an anatectic origin of
both the micas and the beryl. Plagioclase in the studied amphibolites is
anhedral due to growth of amphibole, and the Iformer contains frequent

needle-like inclusions of apatite. Some samples of the amphibolite also
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contain rutile, which in turn represents an alteration of frequent
ilmenite (5-7 %). The ilmenite also shows rim replacement by titanite

in the form of atoll structure.

Mineralogically, the dark mica rocks are composed mainly of
micas (>95 %) that range in composition from phlogopite to biotite.
The mica rocks also contain some amphibole relics, in addition to
quartz, magnetite, zircon and apatite. The mica flakes are almost fresh
and exhibit interlocked fabrics. They are characterized by the presence
of numerous inclusions of metamict zircon (Fig. 2d). Magnetite in the
mica rocks is always euhedral and shows cross-cutting relations with
fhe silicates indicating its introduction to the rock during the event of
metasomatism. This assumption is also supported by the fact that some
fine magnetite octahedra are preferentially arranged along the

boundaries between the amphibole relics and the growing amphiboles.

Monzo- and syenogranites:
Both varieties of the granites contain porphyritic crystals of

microcline perthite and much lesser homogeneous orthoclase or
orthoclase perthite. As a result of shearing, biotite in many granitic
samples is highly squeezed and shows partial alteration to chlorite

(pennine). Plagioclase is mostly fresh and shows infiltration by quartz
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and apatite. The main accessories in the granites are homogeneous
magnetite and zoned zircon. In addition to its presence in the
pegmatites, columbite with some features of metamictization is also

recorded in the granitic country rock (Fig. 3a).

Analytical Methods

The electron microprobe analyses of Wadi Ghazala beryl and
other associated minerals were carried out in Denmark at the
University of Copenhagen using a JEOL superprobe 733 equipped
with four wavelength-dispersive spectrometers. Operating conditions
were 15 kV acceleration voltage, 15 nA beam current and a beam
diameter of 1-3 um. A set of natural and synthetic standards (silicates
and oxides) was used for calibration and the measuring time of all
elements was constant (20 seconds). The obtained analytical data were
then reduced and corrected using a ZAF routine program. Under the
described conditions, the analytical error was =+1 relative to nine of the

major elements and 5% relative to both Ni and Cr.

The study of fluid inclusions was achieved at the Department
of Geology, Cairo University using a USGS freezing-heating stage.
Measurements were based on a 2 mm thick doubly-polished wafers of
beryl. The accuracy of phase transation temperature measurements

was in the range of £0.5 °C to £2 °C. Because the temperature of final
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ice melting (T,) is an expression of brine concentration (Bodnar and
Vityk, 1994), the equivalent NaCl wi% was calculated using the

equations cited in Potter and Brown (1977).

Mineral Chemistry
Beryl:

ATable 1 gives the first electron microprobe analyses of beryl
from Wadi Ghazala. Abdalla et al. (2001) presented some analyses of
this beryl but they were based on solutions of digested crystals.
Actually, the advantage of the beryl spot analyses by the microprobe is
the complete elimination of chemical interference that is often caused
by inclusions in the mineral. Data of Table 1 show analyses of spots at
the cores as well as at the rims of independent beryl crystals. The table
also contains analyses along two profiles in two representative crystals
(beryl 1 & II) in order to follow if there is some chemical zoning since
all crystals do not display optical zoning. It is evident that neither of
the analysed generations of beryl display cryptic chemical zoning. The
only valuable observation that can be obtained from the provided

chemical profiles is the relative enrichment of Mg and alkalies at some

rims.

The electron microprobe analyses of Wadi Ghazala beryl show
that the ranges of Cr;0s, FeO, Mg and Na,O are remarkably higher
than the values previously reported by Abdalla et al. (2001) who
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presented them as follows: 0.02-0.03 wt%, 0.16-0.41 wt%, 0.48-1.10
wt% and 0.51-0.78 wit%, respectively. According to the data of the
present work, Na;O lies in the range of 0.59-1.32 wt% which still
classifies the beryl as sodic beryl (Hawthorne and Cerny, 1977) similar
to the beryl from the “schist-type” deposits of the Egyptian Eastern
Desert (Takla et al., 2002). It is also worthy to mention that Cr,0;
content reaches up to 0.13 wt%, which is the same value of the oxide
in the emerald of the Eastern Desert (El-Dougdoug et al. 1997). This
amount of Cr traces is most probably the main cause of bluish green
colouration of Wadi Ghazala beryl. In fact this statements dbes not
necessarily mean the classification of some beryl crystals collected at
the outcrops of Wadi Ghazala as emeralds. Of course, this needs more

detailed investigations in terms of their gemmological characteristics.

In order to investigate the possible ionic substitutions in the
structure of Wadi Ghazal beryl, some binary diagrams are constructed
(Fig. 4). It is evident that the analysed beryl shows the same positive
and negative substitutional trends that are displayed by the emeralds
from the Eastern Desert, particularly those from the “schist-type”
deposits along the contact between the ultramafic rocks and the
granites. The only difference is the magnitude of ionic substiiutions,
which can be elucidated from either the oxide concentrations or the
structural formulae. In this respect, the beryl of Wadi Ghazala contains

relatively higher Al,O3; & FeO, and lower MgO & Na,O than those in

273



Surour Adel A .

the beryls from different occurrences in the Eastern Desert (Surour
1993; El-Dougdoug et al. 1997; Abdalla and Mohamed 1999; Omar
2001). On the basis of structural classification defined by Aurisicchio
et al. (1988), the beryl of Wadi Ghazala has the affinity of the
octahedral end-member because of substitutions in the octahedral sites.
Figure 3 shows the different octahedral substitutions of Mg and Fe for
Al in analogy to similar substitutions in the beryls from the Eastern
Desert. Aluminium in the octahedral sites is also partly substituted by
Cr and Fe, either ferrous or ferric that is widely demonstrated by beryl
from different world localities (Eidt and Schwarz, 1988; Moroz and
Eliezri 1998). Partial substitution of Na” in the channel sites in Wadi
Ghazala beryl is documented by the positive correlation between
ALO; and Na,O indicating the substitution AI"Y = Mg'’ + Na®.
Abdalla et al. (2001) stated that the octahedral substitutions of divalent
and trivalent cations for octahedral Al in Wadi Ghazala beryl are
negligible which is the cause that led them to classify the mineral as
“pormal” beryl and not as “octahedral” beryl as documented by the

present study.

Bismuth minerals:

Tables 2&3 give the chemical composition of both primary and
secondary Bi-minerals inside the beryl itself as determined by the
electron microprobe. Bismuthinite (Bi»S3) is the sole primary bismuth

phase in association with Ghazala beryl. The analyzed bismuthinite is
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represented by some relics in the secondary bismuth minerals, namely

bismutite and beyerite as indicated petrographically (Fig. 3b).

The composition of bismuthinite indicates that the range of Bi
is narrow (78.97-81.31 wt%) which is typical for the mineral Pmc2,
orthorhombic lattice. Cu in the structure of the analyzed bismuthinite
lies in the range of 0.49-0.62 wt% which is similar to some
bismuthinite from the Romanian hydrothermal vein deposits (Cook,
1998). On the other hand, the bismuthinite of Wadi Ghazala contains
appreciable Ag (0.01-0.47 wt%) where as the content of the precious
metal in the Romanian examples is often close to nil. It is evident that
Ag in the bismuthinite of Wadi Ghazala replaces Pb which is indicated
by analyses No. 9&10 (Table 2). With respect to other precious metals,
the studied bismuthinite also contain considerable gold up to 0.11

wt%.

On the basis of their chemical compoSition, two species of
secondary Bi-minerals from the beryliferous zone at Wadi Ghazala are
distinguished. The two species are carbonate gossans, namely
bismutite [light canary in colour, Bi;(CO3);0,] and beyerite [dark
brownish yellow, (Ca,Pb)Biy(CO3),0] that often occur in the form of
colloform interlayered lamellae. The chemical composition of the
analyzed bismutite-beyerite along a chemical profile in a mineral

aggregate showing colloform texture, as well other aggregates that
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lack colloform texture is given (Fig. 3c, Table 3). Bismutite is more
enriched in Bi than beyerite containing up to 74.86 wt% and 57.98
wt%, respectively. Beyerite contains CaO in the range of 1.23-2.87
wit%.

Micas:

The electron microprobe analyses of these micas (Table 4)
show the mineral trioctahedral character that classifies most of them as
a transitional phase between phlogopite and biotite according to the
nomenclature of Rieder et al. (1998). Piotting the analytical data of the
dark brown micas at the beryl occurrence of Wadi Ghazala also
supports such nomenclature (Fig. Sa). The figure also indicates
considerable ionic substitution between Fe** and Mg that is slightly
higher than the case of phlogopite in association with the beryls of the
Eastern Desert. A wide range of ionic substitution indicated by data
plots parallel to the phlogopite-eastonite solid solution line (Fig. 4a).
Some analyses show that the relative enrichment in MgO and SiO; is
accompanied by a relative depletion in TiO, and Al,O5 that suggests
another type of ionic substitution, namely Mg"’ + 28i" = Ti"* + 2A1"

(Robert, 1976).
There is a distinct positive correlation between Fe/Fe+Mg and

Ti cations (Fig. 5b) in a similar way to phlogopites from the mafic-
ultramafic rocks worldwide (Brod et al, 2001). TiO; in the beryl of -
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Wadi Ghazala never exceeds 2.07 wt%, which is lower than that in the
phlogopite of high-grade metamorphic terrains (2.80-4.00 wt%,
Mohan et al. 1996) and also the phlogopite in highly evolved igneous
rocks (up to 3.69 wt%, Brod et al. 2001). The wider TiO; range in the
phlogopite-biotite of Wadi Ghazala (0.33-2.07 wt%) indicates
fluctuations in the oxygen fugacity and the influx of Ti in the
mineralizing fluid along the contact between the amphibolite host and
the pegniatites. Also, the amphibolite contributes to the trace element
compositions of the investigated micas that contain up to 0.43 wt%
Cr»03 and up to 0.15 wt% NiO.

Amphiboles:

Some repres;ntative electron microprobe analyses of the
amphiboles from the amphibolite host at the occurrence of Wadi
Ghazala (Table 5) support their petrographic nomenclature as
actinolitic homnblende to hornblende (Fig. 6a). The analyzed
amphiboles contain lower Al"Y in comparison to the tschermakite and
tschermakitic hornblende in the amphibolites of the Eastern Desert
(Surour, 1995). |

In order to elucidate the metamorphic P-T conditions during
the crystallization of the amphibole, some diagrams were constructed.
Figure 6b shows that the studied horblende was formed under the

conditions of medium-pressure on the basis of its relative Al'¥ and K
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abundances suggested by Hynes (1982). As to temperature,
metamorphic conditions corresponding to the biotite zone in the
Barrovian sequences are obtained tentatively (Fig. 6¢). Using the
single hornblende geothermometer of Ernst and Liu (1998), a
temperature range of 353-416 °C is calculated for the majority .of the
vailable analyses. Two rim analyses show remarkable depletion in A"
(0.35-046 auf) and the cations of Fe (1.02-1.08) indicating
temperature lowering (184-242 °C) that suggests an event of
retrograde metamorphism. Such event was most probably
contemporaneous to the injection of volatile-rich fluids from which

beryl crystallized inside the shear zone.

Plagiocaise: “
Table 5 shows that plagioclase in the amphibolite is oligoclase

(Anys.a0 Abss.go). A relatively high orthoclase component, displayed by
one analysis (5.53 mole%), is attributed to occasional sericitization.
Due to the alteration of plagioclase and the absence of crystals in
equilibrium with the amphiboles, the application of the plagioclase-
hornblende geothermometer of Blundy and Holland (1990) was not
possible. Plagioclase in the syenogranite is albite with the composition

of An7.56-7.86 Ab90.48-90.05.
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Fluid Inclusions In Beryl

The investigation of some doubly-polished wafers of Wadi
Ghazala beryl revealed several populations of fluid inclusions; primary
and secondary. Because the younger generation of beryl (II) is
extremely fine, it was difficult to prepare sections for the fluid
inclusion study. In the beryl (I), inclusions are in most cases small (20-
45 pm) but some feW larger inclusions, up to 75 ﬁm, were also
observed. Primary inclusions are oriented along the crystal growth
zones especially in the intermediate cores and the outermost peripheral
zones. On the other hand, all of the secondary inclusions are confined
to healing fractures. Regardless the type of inclusions, all of them are
represented by two-phase inclusions showing high degree of liquid
filling (60-90 %). Morphologically, the primary inclusions are either
tabular in shape (Fig. 7a) or they show oval-shaped outlines and
negative crystals in very few cases. Some of the primary inclusions
show amorphous ﬁecked—down appearance similar to the fluid
inclusions reported by Vapnik and Moroz (2002) in the beryls from
Mozambique. The secondary inclusions occur as fine elliptical or

circular bodies with relative enrichment in the vapor phase.

Results of the microthermometric measurements are given in
Table 6. During the freezing-heating runs, most of the two-phase
primary inclusions show the formation of calthrate indicating

considerable CO; in the vapor phase of these inclusions. It is clear that
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the complete absence of any daughter crystals of halite or other phases
of brine nature gives the indication that the beryl of Wadi Ghazala
crystallized from low-salinity fluids. Calculation of fluid salinity using
the final temperature of ice melting shows that the salinity is extremely
low, in the range of 137-2.57 wt% NaCl,,. This indicates extensive
incorporation of meteoric water into the studied beryliferous zone (i.e.
dilution) even though the or_iginal hypogené fluids were NaCl brines.
S‘alinity of the fluid inclusidns in Wadi Ghazala beryl représents the
lowest range in natural beryls in comparison with other world
examples. The closest salinity (3.2- 4.1 wt% NaClgq,) was measured in
the morganite and aquamarine from the pegmatites of NE Brazil

| (Beurlen et al. 2001) as well as some of the Canadian emeralds
(Marshall ef al. 2001). Salinity of the fluid inclusions in the Afghani
emeralds from Panjsher is high (20-30 wt% NaCleq. ) and it measures as
high as 80-90 wi% NaCl,,, in the halite saturated inclusions as given
by Vapnik and Moroz (2001). The Egyptian beryls and emeralds from
the “séhist;type” deposits in the Eastern Desert contain fluid inclusions
characteﬁzed by much higher salinity (8-22 wt% NaCl,,, Abdalla and
Mohamed 1999) than the case of Wadi Ghazala beryl.

Homogenization temperature (T}) of the primary inclusions in
Wadi Ghazala beryl lies in the range of 226- 265 °C (Table 6). This
range is lower than that of beryls from other world deposits, for

example the emeralds from the pegmatites of NW Spain and Tanzania
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that contain primary inclusions characterized by Ty up to 381 °C and
470 °C (Fuertes-Fuente et al. 2000; Moroz et al. 2001, respectively) or
even the .beryls from the “schist-type” deposits in the Eastern Desert of
Egypt, 320-382 °C (El-Dougdoug et al. 1997; Abdalla and Mohamed
1999). On the other hand, much higher homogenization temperature
(up to 480 °C) charactérizes the primary inclusions in the beryls from
the stanniferous specialized granites in the Eastern Desert (El-Shatoury
et al. 1974; Abdalla and Mohamed 1999). The graphic presentation of
Ty, versus salinity of the investigated inclusions in Wadi Ghazala beryl
shows a relatively wider salinity range of the secondary inclusions
(Fig. 7b). This relation also shows the clustering of the primary and the
secondary inclusions in two distinctive fields suggesting formation
during two discontinuous hydrothermal stages during- which the
trapping of inclusions from the circulating équeous fluids took place.
As deduced from the homogenizaton temperature of both types of
inclusions, the growth of beryl during the two stages was in the range
of 226-265 °C and 174-187 °C, respectively. Such temperatures are
very characteristic of hydrothermal systems and can not be accepted

for metamorphic terrains that might have suffered migmatization .
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Is Bismuth Related To Migmatization ?

In spite of its rarity in nature, one hundred and forty-three
species of Bi-minerals are reported in ;errestrial rocks (Lueth, 1999).
The chemical properties of bismuth are very similar to those of Sb and
As that classifies that metal as chalcophile element according to
Goldschmidt’s  classification (Hale, 1981). Sulphide-bearing
meteorites contain the highest Bi abundance among all the naturally

occurring materials.

-Careful review on the occurrence of bismuth minerals in the
earth’s crust revealed that these minerals are restricted in most cases to
hydrothermal granitic pegmatites. Much lesser occurrences are known
from the Mo-Cu porphyry-type mineralization (Peng et al., 1998) and
W-skarn deposits (Carlson, 2002). No evidence for the formation of
bismuth minerals during progressive high-grade regional
metamorphism is obtained from the condensed survey of literature,

especially those concern with migmatized terrains.

Because of its relative enrichment in the hydrothermal stage,
bismuth is commonly associated with the beryl deposits of New
Mezxico and British Columbia (Spilde, 1999, Mihalynuk and Heaman,
2002). Bismuth minerals also associate some other ores in quartz veins
and pegmatites, e.g. the tantalite and Hf-rich zircon of Argentina

(Galliski et al., 2001), in addition to the uranium and REE
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mineralization of Slovakia (Rojkovic et al., 1997). Maloof et al. (2001)
stated that bismuth is a good pathfinder for gold and other precious
metals. In this respect, bismuth minerals are recorded in the world’s

largest silver deposit in Bolivia (Cunningham et al., 1996).

Implication Of Bismuth On The Genesis Of
Wadi Ghazala Beryl

Based on the characteristics of Wadi Ghazala bismuth-
beryllium mineralization, the studied mineral assemblages and the
thermometric consideration, the studied ores are typical of
hydrothermal systems. The range of homogenization temperature of
the primary fluid inclusions in Wadi Ghazala beryl (226-265 °C) is
consistent with some world examples of bismuth mineralization.- On
the basis of the sulphide isotopic analysis, Lee et al. (1998) determined
a temperature range of 1245315 °C for bismutinite-bearing
assemblages is some Korean hydrothermal ores. A similar
hydrothermal temperature range (235-245 °C) is reported by Klemm
and Krautner (2000) for the Zimbabwean gold-bismuthinite
assemblages. A relatively higher temperature range (300-350 °C) was
given by (Skirrow, 2000) for some hydrothermal Au-Cu-Bi in some
shear-hosted hydrothermal deposits.

From the genetic point of view, ‘it is here evident that the

bismuthinite of wadi Ghazala beryliferous pegmatites is later in the
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paragenitic sequence than the beryl because the bismuthinite is always
found in vugs inside the beryl. Accordingly, it is evident that the
primary Bi-mineral (bismuthinite) crystallized at temperature < 174-
265 °C. The most applicable geneﬁc model for the studied Bi-Be
mineralization can be explained in terms of ascending acidic
hydrothermal fluids (rich in carbonic and nitrogenous compounds)
along faults within the local shear zone at temperature lower than
those obtained from the fluid inclusions in beryl. The influence of the
descending meteoric water was represented by lowering the fluid
temperature and salinity dilution. Lefebure (1996)  estimated a
temperature range of 150-250 °C for ascending hydrothermal fluids
which have been derived from late-stage differentiation of acidic
magmas, that later deposited bismuthinite. As a result of weathering by
fluids containing dissolved carbonic gases, secondary Bi-carbonates
(bismutité and beyerite) displayed psedumorphic replacement for the

primary Bi-sulphide (bismuthinite).

Conclusions

The field observations at Wadi Ghazala, combined with textural
characteristics, mineral chemistry and fluid inclusions data, all are not
in favour of beryl crystallization in leucosomes during migmatization
as concluded by Abdalla et al. (2001). In the following, the criteria that

assign a hydrothermal origin for the studied beryl from Sinai are given.
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1. On the basis of field relationships, the beryl at the occurrence of
Wadi Ghazala occurs in pegmatites and quartz veins delineating a
small-scale NNW-SSW shear zone with evidence of fluid injection
and circulation in contact with the country rocks (amphibolite and
within-plate granites). |

2. The ore assemblage in the pegmatites is typical ef hydrothermal
systems being represented by beryl-,ﬂuorite-bismuth ‘minerals-
columbite arranged according to their abundances in the studied
paragenesis. Fluorite and bismuth minerals demonstrate some
hydrothermal ore textures such as comb-structure and
crystallization as vug fillings, respectively.

3. The amphibolite host rock shows partiai transformation into a dark
mica rock as a result.of K-metasomatism indnced by the
pegmatites along the contacts. Introduction of idiomorphic
magnetite to‘ the metasomatized domain of the amphibolite, in
addition to the presence of apatite and metamict zircon in the
micas, -are all evidence of a hydrothermal signature. Presence of
phlogopite-biotite inclusions in the beryl precludes any segregation
of the former as melanosomes. "

4. In analogy to the beryl from the contact between the ultramafic

rocks and w1th1n—plate granites in the Eastern Desert the electron

microprobe analyses of Wadi Ghazala beryl show dlstmct ionic
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substitutional trends due to partial replacement of octahedral Al by
divalent and trivalent cations. The dark micas associated with the
beryl at Wadi Ghazala contain TiOy <2.07 wt%, which is lower
than the case of phlogopite of high grade-metamorphic terrains.

A retrograde metamofphic event for the amphibolite host at 184-
242 °C is indicated by the geothermometry of some amphibole
rims, most probably contemporaneous to the formation of beryl in
the shear zone. Almost the same range of temperature is obtained
from the homogenization temperature of both primary and
secondary inclusions in the beryl itself (226-265 °C and 174-187
°C, respectively). Salinity of these inclusions as low as 1.37 wt%
NaCl,, is very peculiar in comparison with many of the world
examples. Such extremely low salinity is a strong evidence of
mixing of the ascendfng hypogene fluids with meteoric waters.

6. Despite of its similar hydrothermal origin with many of the beryls
from the Eastern Desert, the beryl of Wadi Ghazala can not be
affiliated to the so-called “schist-type” deposits. At the occurrence
of Wadi Ghazala, neither pelitic schists nor ultramafic schistose
rocks are present, and simply the hydrothermal fluids were
circulating along the contact between the pegmatites and the
amphibolite host rock. Injection of the hydrothermal fluid followed
sheéging that was responsible for the schistose-like appearance of
the amphibolites and the gneissose fabrics in the granite, as we get

closer to the beryliferous shear zone.
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7. The absence of native bismuth at the beryl occurrence of Wadi
Ghazala is in accord with high f S2 of the hydrothermal fluids.
Crystallization of primary Bi-sulphides in nature indicates sulphur
fugacity (-log fS2) in the range of 10-13 bar as given by Lee et al.
(1998).

8. Finally, the secondary yellow to brownish yellow secondary
bismuth carbonates (bismutite and beyerite) are products of
weathering. Spilde (1999) confirmed the occurrence of such
gossan minerals in association with beryl in the pegmatites at the

Harding Mine, New Mexico, U.S.A.
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Fig. 1: Simplified geological map of Wadi Ghazala beryl occurrence
(Modified after El-Aassy et al,, 1993; Hamad, 1995).
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Fig. 2

Fig. 2: Petrography of the beryl-bearing rocks:

a) Coarse beryl (Be I) hosting a finer generation of beryl (Be II) and
bismuth minerals (Bi) in vugs, pegmatite, PPL. b) Corrosion of
coarse beryl (dark) by phlogopite flakes (Phl). The former also
contains inclusions of the latter, pegmatite, C.N. c¢) Partial
transformation of hornblende (Hb) into phlogopite (Phl),
metasomatized amphibolite, PPL. d) Coarse and fine
inclusions of metamict zircon in phlogopite, pegmatite, C.N.
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Fig. 3: a) Columbite grain showing lighter periphery due to
metamictization ,
b) Relict bismuthinite (black at the center) in a mixture of
bismutite and beyerite _
¢) Sketch for collform bismutite- beyerite showing alternation
of both minerals :

and the numbers of the electron microprobe spot analyses

given in Table 5.
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Barrovian sequences. The fields of different zones are fit by

Laird and Albee (1981).
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Table 1: Electron microprobe analyses of Wadi Ghazala beryl

- 303

67 68 70 71 131 132 133 |54 35 56 72 73 40 a1 a2 43 4 46 54 |47 48 49 ]50 51

R c c R R c R R c c R R R R c c ic R c ‘R i c {c R
Oxides
wt% 1
sio2 6521 16446 16538 |65.66 | 6523 6534 1645 |64.56 |64.63 16512 |6506 {6564 |6536 |64.63 |6504 |6598 |64.95 |65.0¢ |6s.08 |6531 6439 16538 164.03 | 64.57
TiO2 001 | 001 4 001 | 001 | 001 { 001 § 001 | 001 | 001 | 001 | 001 | 001 |.001 | 001 | 001 | 001 | 001 | 001 | 001 | oot 02t | 001 | 001 | 001
ARO3 1634 11625 11665 | 1684 |17.18 |17.36 11625 [16.16 {1616 |1687 |1685 |1665 (1670 [1651 {1721 1272 11678 [1565 |17.06 | 1573 |is542 16.78 | 1621 [15.26
Cr203 001 | 013 1 007 | 005 | 002 | 001 | 007 | 002 | 601 | 001 | 002 | 007 [ 007 | 001 | 001 | 001 | om 001 | 001 [ 001 | 001 | 005 | 001 { 001 i
FeO* 157 1 154 | 131 | 161 | 148 | 125 | 161 [ 129 | 163 | 135 | 161 | 143 | 151 | 152 | 17 | wnd | 107 | 172 | 1es | 228 | 185 178 | 199 | 232
MgO 050 1 118 | 091 | 065 | 096 | 1.06 | 138 | 115 | 1.01 | 1.09 | 099 [ 050 | 118 | 126 | 073 | 073 | 095 | 133 | 1os | 136 138 | 093 | 1.09 | 1.56
Ca0 001 1 001 | 001 | 001 [ 001 | 001 { 000 | 001 | 001 j 001 | 008 [ 011 | 007 [ 001 [ 001 | 001 | 001 | 001 | 007 | 001 | 014 | oot 001 | 001
MnO 020 | 001 | 020 | 001 | 001 | 601 001 | 001 | 001 | 001 | 001 | 001 { 001 | 001 | 001 | 001 | 001 | 023 | 000 | 001 001 | 001 { 001 | 022
Na20 104 | 112 | 104 | 084 | 092 | 050 | 125 | 124 | 101 | 088 | 093 | 084 | 094 | 092 | 059 | 059 | 077 | 109 | 090 | tos L17 | 098 { 050 | 1.32
K20 061 1 001 | 013 1 001 | 001 } 014 | 007 | 001 [ 001 | 001 | 017 | 007 | 001 | 014 | 010 |00t | 017 | 018 | 014 | 027 | 027 015 | 024 | 026
NiO. 001 | 005 | 004 | 001 | 001 | 001 | 005 | 006 | 001 | 005 | 00t | 004 |.007 | 001 | 005 {.001 | 001 | 007 | 001 | 0ovs | 001 | 001 0.01 | 00t
Toial 8575 18570 18584 8610 [85.19 |84.54 |84.5D |B541 |85.74 |8577 I8593 . 8503 (84.89 (8619 [:84.84 {8534 |86.04 3606 |84.86 |86.09 | 2451

Structural formula on the basis of 36 oxygen atoms o | A :

Si 1424 | 14.30 | 1421 114.23 11407 [14.06 11408 | [4.19 |14.07 | 1430 11424 [14.08 1497 143711415 | 1417 | 1418 11423 {1403 | 1424 | 1395
Ti 0.0017 | 0.0017 § 0.0017 | 0.0017 | 0.0017 | 0.0017 | 0.0017 | 0.8017 | 0.0017 | 0.0017 | 0.0017: | 0.0017.} 0.0017- 10,0037 4.0.0017. 0.036 [0.0017 | 0.0017
Al 431 1436 1445 1450 (421 (419 (419 [437 {336 431, [433 . |428 44 - 4.59° 14,35 " . 399 (435 {420
Cr 0.0180 | 0.0084 | 0.0034 | 0.0017 | 0.0180 | 0.0034 | 0.0017 |'0.0017 | 0.0034 | 0.0180 | 0.012 - 1.0.0017%3 0.0017 { 0.0017 | 0.0017 | 0.0084 | 0.0017
Fe 1024 1023 1027 023 029 l023 |030 625 |o29 lo2e (627 {028 - 031 1041 1034 {034 036
Mg . 029 1021 (031 [034 (045 |035 }033 {035 032 [020 o038 o041 i 034 1044 |045 {030 |0.35
Ca 0.0023 | 0.0023 | 0.0023 } 0.0023 | 0.0023 | 0.0023 | 0.0023 { 0.0023 | 0.0186 | 0.0255 | 0.0162" 0.0023 }: 0.0162 {0.0023 | 0.0325 | 0.0023 | 0.0023
Mn ' 0.040 [0.002 |0.002 {0.002 (0002 {0002 {0002 {0.002 |0.002 |0.002 |0.002 s0.002: 0002 {0002 |0.002 {0.002 |0.002
Na 044 1036 1039 1038 1049 053 043 [037 [039 [036 Jo40 {039 038 044 {050 {042 [0.38
K . 0.03% 10.003 {0003 |0.39 |0.019 |0003 |0.003 |0.003 |0.005 |0.019 |0.003 0,039 0039 [0.075 [0.075 [0.041 |0.066
Ni “ .| 00062 | 0.0016 1 0.0016 { 0,0016 | 0.0078 | 0.0093 { 0.0016 | 0.0078 | 6.0016 | 0.0062 | 0.0109 | 0.0016 .| 0.0016 | 0.0093 | 0.0016 | 0.0016 | 0.0016
Fe+Mg [os3 |060 :j0S58 {057 074 |[062 (063 [0.60 [061 {055 |0.65. 069 065|085 1079 [06¢ |07
C: core IC: inner core  R:rim
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Table 2: Electron microprobe analyses of bismuth sulphide

i (bismuthinite)

Analysis

No. 1 2 3 4 5 6 7 8 9 10
Element

(wt%e)

S 1905 |18.73 |19.20 [1933 [18.78 [1932 [19.10 |1943 [19.07 |1931
Fe 001 foor {001 |00l |001 |004 {003 {005 |00l |00
Cu 050 | 055 {058 [062 {05 |061 |05 | o054 [049 | 054
As 001 | o001 [0o01 [oo01 {001 |00 |00l [o001 |o001 |001
Bi 78.97 |79.53 |81.31 [80.58 [81.28 (81.13 |80.56 |80.61 |80.6! |80.42
Pb 197 {168 | 001 |001 {030 |028 [o001 |00t |047 | 001
Ag 001 {001 o001 |005 |014 |01l |033 |001 |00l (049
Au 001 004 [009 {001 [011 |00I |007 |002 | o001 | 0061
Total  {100.53 | 100.56 | 101.22 | 100.62 | 101.19 | 101.51 | 100.70 | 100.68 | 100.68 | 100.80

Table 3: Electron microprobe analyses of bismuth carbonates
(bismutite and beyerite)

FMineral Bismutite Beyerite
Analysis

No. 1 2 3 4 5 6 7 8 9 10
Element

(wi%)

s 024 [025 005 033 |o008 [001 ]oo1 | o043 | 043 [ o001
Fe 00t |001 [oo01 [o0601 [002 |002 |026 |001 |010 | 008
Cu 022 017 [037 007 [021 {018 | 018 [013 [013 | 022
As 001 | 001 [001 |o001 [o001 [001 {001 {001 |00t | 001
Bi 7140 |71.56 |7248 |7486 |70.10 |65.15 |6235 |57.81 [57.81 |57.98
Pb 237 |201 [ 100 (099 [043 |014 |04 | 113 | 113 {017
Ag 037 {016 |00l {029 {016 {001 [001 | 050 | 050 | 001
Au 001 o001 }o001 |007 [008 [013 {00t {001 {001 |00
Total |74.63 (74.18 [73.94 |7663 |71.09 |6565 |63.24 |60.12 [60.12 |5849
CaO (wi%) 1.23 2.87
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Table 4: Electron microprobe analyses of the dark micas (biotite-

phlogopite) _ : ]

60 61 63 64 65 6_6 129 130 134 136 138 60 63 64 67
Oxides
wt% e
Si02 4039 13926 13998 |37.70 |39.51 |39.13: |41.16 |38.10 |41.31 {4129 |41.18 | 3883 38.55 |38.55 131.72
TiO2 '1.67 2.07 1.70 1.43 1.52 1.88 1.53 0.33 1.00 0.67 0.68 1.52 1.73 1787 1.70
Al1203 12.85 | 13.26 12.68 |11.95 1295 |12.41 '} 12.12 [ 1098 |{11.60 |12.02 |11.84 |13.95 13.73 | 13.37 |{13.87
Cr203 0.02 0.04 0.01 0.05 0.01 0.02 0.10 0.28 0.26 0.43 0.43 0.20 0.37 0.14 0.10
FeO* 14.13 | 12.98 13.41 13.38 1427 (1452 |[14.84 | 14.64 9.49 11030 |1020 }|12.68 |13.17.}12.96 |14.20
MgO 16.15 | 14.77 16.58 | 15.06 | 14.98 [ 14.91 17.63 | 16.68 |18.99 | 18.64 | 18.55 17.16 [16.78 | 17.44 | 16.68
Ca0 0.08 0.71 Q.01 a.1t 0.01 0.08 0.25 0.11 0.14 0.01 0.01 0.01 0.01 | 0.0 0.01
MnQ " 0.66 0.49 0.19 0.75 0.56 0.88 0.28 0.43 0.41 0.20 0.01 0.41 0.15 0.37 0.45
Na20 0.17 0.11 0.04 0.20 0.08 0.11 0.13 0.19 0.21 0.19 | 0.2! 0.07 0.08 0.07 0.13
K20 10.07 9.65 9.87 9.40 9.98 9.70 | 10.34 9.09 9.73 9.93 110.13 9.84 | 9.48 9.84 |10.01
NiO 0.08 0.11 0.06 0.11 0.07 0.01 0.10 0.10 0.14 0.05 0.08 0.15 0.10 0.04 0.15
Total 96.27 |93.45 '[94.58 {90.14 |93.94 [93.65 19448 19093 ]93.28 j93.73 19332 |94.82 [94.15 |94.57 |95.02

Structural formula on the basis of 22 oxygen atoms (anhydrous) '

Si 5.95 5.78 5.89 5.55 5.82 5.76 16.06 5.61 6.08 6.08 6.06 5.72 5.68 5.68 5.55
Ti 0.18 .23 0.18 0.16 0.17 020 1017 0.14 1 0.11 0.07 0.07 0.17 0.19° 1019 0.19
AIIVY 2.02 2.22 211, 1204 2.18 2,12 1.94 '1.87 11.92 1.92 1.94 2.28 2.32 2.28 2.37
AKVI) 10.14 0.04 .1005 1 0 ]0.03 0 0.13 .0 0.06 0.13 0.03 0.10 0.02 0 0
Cr '10.0022 | 0.0046 | 0.0011 }.0:0057 | 0.0011 | 0.0022 | 0.0110 1:0.032 0.03 0.039 |0.049 [0.023 |0.042 | 0016 100111
Fe 1.84. 1.67 .71 {172 1.84 1.87 1.40‘ '1.89 1.22 1.33 1.31 1.63 . {1.70 1.67 }1.83
Mg 3.49-:13.19 :3.58 - 3.25 324 3.22 3.81 3.60 4.10 4.03 4,01 371 3.62 1377 3.60
Ca 0.010 |.0.085 |[-0.0012 :0‘;013_ 0.0012 | 0.010 | 0.03- 0.013 ]0.017 |0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012
Mn 0.081 [10.06: : 0.023- [0.092 | 6.069 [0.011 |0.035 10.053 |0.05 0.025 10.001 [0.05 {0.018 |0.046 |0.055
Na 10.048 |:0.031 {0040 |0.057 . 0_‘023 0.031 0.037 '0.054 {0.06, 0.054 0060 }0.020 |0.023 |0.020 |0.37
K 1.89 1.81° ['1.85 11.76 . 1 1.87 1.82 1.94 1.71 1.83 1.80 1.90 1.85 1.78 1.85 1.88
Ni - 0.009 :0.012 }0.007 ,0.012. 10.008 }0.001 }0.011 1.0.011 0.015 | 0.005 }0.009 §0.016 |0.011 |0.004 |0.016
Fe+Mg -5.33 4.86 5.30 4.97 :5.08 5.09 ‘521 {549 - '5,':32‘ 5.33 5.32 5.33 5.32 5.44 5.43
Fe/Fe+Mg: 1 0.345 . [:0.344 ['0.325 [0.346 |0.362 [0.367 |0.69 {0344 |[0229 |0.249 0.246 {0306 0319 |{0.307 [0.337
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Table 5: Electron microprobe analyses of amphibole and plagioclase

59 Tél l 65 ‘ 66 {76 ‘ 7 ‘78 l 79 { 80 68 T69 ‘ 70 72 T?;O I 31
o (ol C.. C C R LR R R R_ R. R C R R
] Amphibole Plagioclase
.Oxides
wi%
Si02 | 50.68 | 51.28 53.38 50.47 51.62 53.08 50.92 51.30 50.72 62.90 61.42 61.38 62.66 65.64 65.64
TiO2 0.28 0.30 0.10 0.41 0.45 0.13 0.45 0.30 0.77 0.21 0.19 0.01 0.01 0.10 0.01
Al203 | 4.19 4.12 2,10 4.52 4.76 2.76 4.31 4.14 4.74 23.75 24.66 23.81 23.68 19.56 21.86
Cr203 | 0.19 0.07 0.09 0.19 0.16 0.07 0,05 0.09 0.16 n.d. nd. nd. n.d. a.d. nd.
FeO* | 1130 | 1059 9.76 12.04 10.98 9.17 11.34 11.54 12,17 0.01 0.96 . 0.31 0.01 0.49 0.49
MgO ]16.13 16.71 17.33 16.07 16.45 18.01 15.95 16,12 15.48 0.26 0.16 Q.01 0.35 0.24 0.01
Ca0 12.34 12.34 12.56 12.05 11.91 12.76 11.99 11.92 11.95 4.30 3.64 5.05 3.06 1.75 1.62
MnO 0.81 0.49 0.36 0.45 0.35 0.45 0.45 0.56 0.58 -0.01 0.01 0.01 0.01 0.20 0.01
Na20 0.96 1.04 0.57 1.19 1.24 0.62 1.08 1.02 1.23 9.23 8.29 8.82 9.06 | 11.12 10.3%
K20 0.37 0.21 0.07 023 | 025 0.18 0.31 0.25 0.23 0.10 1.13 0.18 0.71 0.30 0.07
NiO 0.08 0.07 0.01 0.09 0.04 0.10 0,01 0.07 0.08 nd. | nd n.d. nd. n.d. nd.
Total |97.33 |97.22 96.33 97.711 98.21 97.33 96.86 97.31 98.11 100.77 | 10046 | 99.58 99.55 99.40 100.01
Structural formula on the basis of 23 oxygen atoms (anhydrous) Structural formula on the basis of 32 oxygen atoms

Si 717 7.25 7.55 7.14 7.30 7.51 120 1.26 717 11.13 10.87 10.86 10.09 10.62 10.62
Ti 0.028 10.03 0.01 0.041 0.045 0.013 0.045 0.030 0.077 0.021 0.019 0.001 0.001 0.010 0.001
Al(IV) } 0.70 0.67 0.35 075 1070 0.46 Q.72 0.69 0.79 4.95 514 4.96 4.93 4.08 4.55
AVD{ 0 4] 0 I LR 0.09 0 Q 0 0
Cr 0.020 {.0.008 0.010 }0:20 0 0.008 0.005 0.010 0.017 n.d. n.d. n.d. nd. n.d. n.d.
Fe 1.26 hat§ 1.08  hn34 ) 0017 1.02 1.26 1.28 1.35 -0.002 0.20 0.065 0.002 0.102 0.102
Mg 3.39 3.52. 3.65 3.38 i1.22: 3.79 3.36 3.39 3.26 0.071 0.044 0.003 0.096 0.066 0.003
Ca 1:87 187 '} 190 1.83 3.46 1.93 1.82 1.81 1.81 0.814 0.689 0.956 0.579 0.331 0.307
Mn 0.098 -10.059 [:0.044 0.055 -1.80 0.055 0.055 0.68 0.070 0.002 0.002 0.002 0.002 0.003 0.002
Na 0.26 - (029 0.16 0.33 0.043° 1017 0.30 0.28 0.34 316 3.84 3.02 3.10 3.81 3.74
K 0,066 ' }0.037 (012 0.041 0.34 0.032 0.055 0.044 0.041 0.023 0.265 0.042 0.166 0.070 0.016
Ni 0.008 |[.0.007 0.00t 0.009 0.044 0.001 0.001 0.007 0.008 n.d. n.d. nd. n.d. n.d. n.d.
T ¢C)* [.369 ‘353 184 395 369 242 379 363 Anorthite | 20.35 14.37 23.79 15.06 7.86 7.56

' Albite 79.08 80.10 75.16 80.62 90.48 92.05

Orthoclase | 0.57 5.53 1.05 4.32 1.66 0.3%

C: core

R:rim

* Temperature. is.calculated according to the amphibole geothermometery of Ernst and Liu (1998)
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Table 6: Microthermometric measurements of the fluid inclusions in

Wadi Ghazala bery
Homogenization Eutectic Temperature Final Temperature
Temperature Ty, ( °C) T, (°C) of ice melting T; (°C)
174.6 -32.8 -1.1
174.3 (6)* -31.9(6) -1.5(6)
174.8 -32.7 -0.9
174.1 -32.6 -12
173.9 -32.5 -1.0
174.7 (2) -23.9(2) -1.1(2)
174.6 -23.7 -1.1
174.5 -23.6 -1.3
183.1 -23.5 -1.4
183.2(2) 239 -1.1
183.4 -22.8 -0.9
183.6 22.7 0.8
183.5 - -1.1
186.5 - -1.1
186.9 - -1.1
186.8 - -1.1
186.3 - -1.1
226.7 - -1.3
226.8 - -1.4
226.3 , - -1.2
226.5 ' - -1.2
226.4 - -1.2
265.3 - -1.2
265.8 -22.8 -1.2
265.4 229 -1.1
265.7 227 -1.0
260.0 -22.5 -1.0
247.8 (3) -22.4 (3) -1.1(3)
249.7 (2) -22.6 (2) -1.02)
249.8 (4) -22.7(4) -1.1(4)
249.6 (3) -23.8 (3) -1.23)
249.5 (2) -23.9(2) -1.1(2)

* Numbers between brackets indicate number of readings of this temperature.
- Eutectic temperature was not determined because the size of inclusions was extremly fine.
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