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Calc-silicates have proved to be important rock types to place constraints on the fluid behaviour in high
grade metamorphic rocks. Here we describe amphibolite facies calc-silicate rocks of Wadi Solaf, Egypt
which is one of the highest grade basement complexes of Egypt and was exhumed in close connection
with the Najd fault system - one of the largest pre-Mesozoic fault systems on the Earth. Calc-silicates
formed around 7-8 kbar in temperature range of 600-720 °C and can be classified into three groups
(CS1, CS, and CSs). €Sy and CS; are characterized by the presence of garnet porphyroblasts which contain
concentrically arranged wollastonite inclusions. CS; has a similar paragenesis but is characterized by the
presence of clinozoisite/epidote and the absence of wollastonite as well as a pervasive late overgrowth of
prehnite. Garnet in CS; lies along a grossular-andradite solid solution, while the garnet composition of
CS; and CSs is hydrogrossular and hydroandradite. There is a positive correlation between Al,03 and
Na,O as well as between Al,03 and Fe,O3 from CS, through CS; to CS3 possibly indicating a successive
increase in fluid flow between the different calc-silicate types. During the peak metamorphism, the
XCO, is 0.02-0.08 and 0.2-0.44 for the CS; and CSs, respectively. The mineral assemblage of CS; and
CS, buffered the composition of the fluids along the reaction: q + cc = wo + CO,. During post-peak meta-
morphism the rocks were intruded by syn-tectonic granites. CS, records the contact metamorphic con-
ditions. The rocks reached a peak contact metamorphism conditions at temperature 790-828 °C and
XCO, =0.22-0.41. Finally, the rocks reached a temperature range 296-311 °C during the cooling path.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluid flow in ductile shear zones may have important conse-
quences for the thermal and chemical structure of the crust (e.g.
Bickle and McKenzie, 1987; Brady, 1988; Cartwright and Buick,
1995). In order to study this, calc-silicates have proved useful rock
types because their parageneses bear information on the ratio of
CO, and H,O0 in the infiltrating fluids and often dependent on the
total fluid volume that has infiltrated a given unit (Greenwood,
1967, 1975; Harley and Buick, 1992; Harley et al., 1994; Shaw
and Arima, 1996; Hartmann et al., 2008). Many of these studies
suggest that fluids are very effective transport media for elements
and heat and that the fluid flow can occur as highly channelized
flow along more permeable lithologies or structural weaknesses
such as shear zones.

The Arabian-Nubian Shield (northern part of the East African
Orogen) is cut by a complex system of ductile shear zones known
as Najd faults system (NFS) (Moore, 1979) that may be a candidate
for such fluid flow. This system is one of the largest pre-Mesozoic
zone of transcurrent faulting on the Earth (Stern, 1985) and was
developed during the Pan-African Orogeny. It played an important
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role for the exhumation of high grade metamorphic rocks of the re-
gion (Fritz et al., 1996, 2002; Loizenbauer et al., 2001; Abd EI-Naby
et al., 2008). However, few studies have evaluated its potential for
fluid infiltration and its role for transporting heat and matter into
the Pan-African sequences.

In this article, we describe calc-silicates from Wadi Solaf in
southern Sinai, Egypt which is one of the major basement com-
plexes exhumed in association with the Najd fault system (Abu-
Alam and Stiiwe, 2009). We will first discuss field and petrological
relationships, mineral chemistry and whole rock chemical varia-
tions as well as thermodynamic behaviour of the amphibolite fa-
cies calc-silicates and then use this information to place some
constraints on the fluid evolution through the Najd fault system.

2. Geological setting and regional overview

The Wadi Feiran-Solaf metamorphic complex constitutes an
elongated folded belt in southern Sinai that is about 40 km long
and 5-11 km wide, trending NW-SE parallel to the orientation of
the Najd fault system. It has evolved and was exhumed in close
connection with the activity of this shear zone system (Abu-Alam
and Stiiwe, 2009). The complex can be divided into two zones:
the Feiran zone in the northwest and the Solaf zone (Fig. 1) in
the southeast. The Solaf zone is constituted mostly of quartzofelds-
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Fig. 1. Location and simplified geological map of the Solaf metamorphic complex after Abu-Alam and Stiiwe (2009). Calc-silicate locations after Hashad et al. (2001). The
white squares are the sample locations (F87, F88, F89, F51b, F33 and F33a). Lithological changes are often gradational and the mapped contacts are therefore approximate.

pathic gneisses and hornblende gneisses with mapable portions of
calc-silicate rocks that do not occur in the Feiran zone. The rock
units in the entire complex are systematically arranged around
two doubly plunging antiformal structures: the NW plunging Fei-
ran antiform and the SE plunging Solaf antiform. Both formed dur-
ing an exhuming wrench phase of the orogen scale shear zone
system. The calc-silicates generally appear to be located in the
structurally highest levels (Fig. 2a).

Several authors have observed that metamorphic grade in the
Feiran-Solaf metamorphic complex appears to increase towards
the core of the structure, i.e. towards deeper structural levels in
the center of the belt (Fig. 2a). In the center metamorphic grade
is reported to have reached upper amphibolite facies and locally
granulite facies conditions from 700 °C to 750 °C at pressure from
6 kbar to 8 kbar during the Pan-African Orogeny around 600 Ma
(Akaad et al., 1967a,b; El-Gaby and Ahmed, 1980; Hashad et al.,
2001; Eliwa et al., 2008; Abu-Alam and Stiiwe, 2009). In contrast,
the metamorphic grade of the rocks at higher structural level is re-
ported to be around 600-650 °C at the same pressure condition
(Abu-Alam and Stiiwe, 2009).

The calc-silicates are exposed in the form of discontinuous
lenses up to several hundreds of metres in size and thin bands
up to metres in width, running parallel to and in contact with
the granitoid rock at the outer most rim of the Solaf antiform
(Figs. 1 and 2b). They are characterized by well developed reddish
brown garnet crystals up to several centimetres in size (Fig. 2c).
The calc-silicate rocks are fine grained, massive, light- to dark-
green in colour and display spectacular folding on a centimetre
and decimetre scale (Fig. 2c and d). They consist of calcite, garnet,
wollastonite, clinopyroxene, anorthite, albite, clinozoisite, epidote,

prehnite, vesuvianite, quartz and magnetite. Calc-silicates also
contain minor marble bands.

The plutonic rocks in the study area are represented by syn- and
post-tectonic granites and diorite. The syn-tectonic granitoid rocks
intruded along the southern and eastern borders of the Solaf zone
(in contact with the calc-silicate) in close temporal connection
with the peak metamorphic events of the region around
632 £3 Ma (Stern and Manton, 1987). These granites were in-
truded at depth 9-20 km with wide range of temperature (588-
795 °C) (Farahat et al., 2004, 2007; Helmy et al., 2004). The post-
tectonic granites form large mountainous outcrops bordering the
complex along the eastern and the southern parts of the Feiran
zone but intruded postdate to the structural and metamorphic evo-
lution of the region around 610-550 Ma (Stern and Hedge, 1985;
Beyth et al., 1994) and are therefore of no relevance here. Granitic
dykes, pegmatitic, quartz and k-feldspar-rich veins also cut the re-
gion. The paragneisses around these dykes are enriched in k-feld-
spar. Most of these dykes are parallel to the metamorphic
foliation and to the Najd fault system trend (NW-SE).

The history of the Pan-African deformation in Sinai can be de-
scribed in terms of four Proterozoic deformation phases D;-D4
(e.g. Eliwa et al., 2008; Abu-Alam and Stiiwe, 2009), where D,
formed the penetrative metamorphic foliation S; and stretching lin-
eation L;. The main metamorphic foliation (S;) is parallel to the Najd
fault system trend. Most high grade minerals grow in the lineation
(Ly) suggesting that peak metamorphism was associated with this
deformation event during an early Pan-African extensional environ-
ment. Abu-Alam and Stiiwe (2009) show that there is also a pre-S;
foliation preserved as an inclusion patterns in the high grade meta-
morphic minerals. The subsequent D, and D; phases formed folds
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Fig. 2. Field photographs. (a) Interfingering and repetition between hornblende gneisses (hb gneisses) and quartz-feldspathic gneisses (qz-feld gneisses), the calc-silicate at
the top of the succession. The arrow shows the increasing of the regional metamorphic grade. (b) Two calc-silicate discontinuous lenses running parallel to and in contact
with the granitoid rocks (Wadi Dehest Abu-Talb). (c) Close up view showing folded pyroxene-wollastonite rich bands within the calc-silicate rocks. (d) Close up view showing
highly folded garnet bands. There are alternative between calcite-rich softer bands and garnet bearing weathering resistant bands.

and occurred due to shortening in NE-SW direction. The D3, phase is
correlated with the sinistral NW-SE Najd fault system (El-Shafei
and Kusky, 2003; Abu-Alam and Stiiwe, 2009). Fowler and Hassan
(2008) suggested that the major doubly plunging antiforms build-
ing the map scale geometry of the belt were formed during D5 dur-
ing the exhumation of the belt in the oblique transpressive regime
of the Najd fault system (Abu-Alam and Stiiwe, 2009). D, is a gentle
warping event that domed up the entire belt.

Table 1

3. Petrography

Calc-silicate rocks are divided into three groups. Groups CS; and
CS; are mineralogically similar and differ only with respect to their
state of deformation: CS; calc-silicates are highly deformed and
CS, is largely un-deformed. Both CS; and CS, contain calcite, gar-
net, plagioclase, albite, wollastonite, clinopyroxene, quartz and k-
feldspar as well as accessory apatite and sphene. Prehnite, vesuvi-

Summary of the mineralogical composition and the textures of the studied calc-silicate samples.

Sample Stable mineral Metastable mineral
Calcite Plag. Alb Py Garnet Epidote wo q Preh. Vesuv. Sphene Ksp Magnetite

F88 in+m in+m in+m in+m p+m in in preh. in+m in+m

F87 m in+m m m m m m m m p

F80 m m m m m ? m m m m

F81 in+m in+m in+m in+m p+m m in+m

F89 in+m m in+m in+m p+m in+m in+m in in in+m

F33a in+m m m in+m p+m in+m in in in+m

F33 in+m m in+m in+m p+m in+m in+m p+m

F51b in+m in+m in in+m p in+m m in in

F51c in+m in+m m in+m p in+m m in

F51a in+m m in+m in+m p in+m in+m m in+m

F51 in+m in+m ? in+m p in+m in+m m in

F33b in+m m in+m in+m p+m m in+m m in m

n - inclusion.
m - matrix.
p - porphyroblast.
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Fig. 3. Photomicrographs of the main rock types. (a) Sketch shows the main mineral relationships in the CS;. (b) Sketch showing the idiomorphic garnet crystal grows over
un-foliated matrix. The outer rim of the garnet crystal has concentric wollastonite inclusions. (c) Backscattered-electron image showing the spectacular concentric zoning
growth of the wollastonite mineral in the garnet porphyroblasts as inclusions and around the porphyroblasts. (d) Andradite rims around euhedral grossular crystals. Note the
garnet crystals contain clinopyroxene inclusions (bottom right backscattered image). (e) Fine-grained metamorphic foliation without porphyroblasts of CSs3 calc-silicate. (f)
The prehnite grows statically and pervasively across the CSs calc-silicate and contains clinozoisite, epidote and garnet remnants. (g) Corona texture of different mineral zones
around iron rich injected fluid (CS; calc-silicate). (h) Backscattered-electron image showing highly zoned magnetite crystal of CS; calc-silicate.
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anite and magnetite are rare (Table 1). The main discerning feature
of group CSs is the presence of clinozoisite/epidote.

In CS4, garnet occurs as small euhedral crystals (0.2 x 0.3 mm)
in the S; foliation but also as large idiomorphic porphyroblasts
(4.5 x 5 mm) (Fig. 3a). Deformed garnet porphyroblasts are also
present. The long axes of the deformed garnet crystals are parallel
to the metamorphic foliation. These porphyroblasts contain min-
eral inclusions which are wollastonite, clinopyroxene, calcite,
anorthite and albite. Minor quartz is also present. The metamor-
phic foliation (S;) wrapping around the garnets is defined by a con-
tinuous foliation of calcite, plagioclase, albite, wollastonite, and
clinopyroxene which define greenish weathering resistant bands
up to 1-3 cm wide and which alternate with softer calcite rich lay-
ers (Fig. 2c and d). Calcites are colourless, euhedral to subhedral
crystals with a perfect cleavage parallel to (101 1). The size of
the calcite crystals ranges between 0.2 mm and 0.9 mm. Wollas-
tonite and clinopyroxene are small crystals (0.1 x 0.2 mm). Two
types of k-feldspar are present: small crystals in the metamorphic
foliation and as large post-tectonic porphyroblasts.

In CS,, garnet grows as large brown porphyroblasts in an un-de-
formed matrix (Fig. 3b and c). The size of these idiomorphic crys-
tals is more or less the same as in CS; but the small garnet
crystals are not present here. The garnet crystals contain mineral
inclusion. These mineral inclusions are mainly wollastonite ar-
ranged in spectacular concentric growth zoning (Fig. 3c) but also
clinopyroxene, calcite, anorthite, albite, quartz and k-feldspar.
Minor prehnite and vesuvianite are also present as small inclusions
(0.05 x 0.1 mm) usually concentrated in the center of garnet por-
phyroblasts. In particular vesuvianite generally occurs as well de-
fined idiomorphic small inclusions possibly indicating that it was
incorporated during the early stages of garnet growth. The matrix
around these porphyroblasts consists mainly of wollastonite and
calcite but clinopyroxene, plagioclase, albite, k-feldspar and quartz
are also present. In both types of the calc-silicate (CS; and CS5),
garnet porphyroblasts are characterized by presence of concentric
zonation. This zonation is defined by alternative light (andradite)
and dark (grossular) bands. In addition the small grossular crystals
are surrounded by andradite rims (Fig. 3d).

CS5 calc-silicates are characterized by the presence of clinozoi-
site/epidote (Fig. 3e) and the absence of wollastonite as well as a
pervasive late overgrowth of prehnite. Two types of garnet are
present: small garnet crystals (0.2 x 0.4 mm) and large deformed
garnet porphyroblasts (2.5 x 6 mm). Calcite, plagioclase, albite,
pyroxene, clinozoisite, epidote and quartz are the main inclusion
minerals within the deformed porphyroblasts. The metamorphic
foliation (S;) around the garnets is defined mainly by continuous
foliation of clinozoisite, epidote, quartz and calcite. Clinopyroxene,
plagioclase, albite and k-feldspar are also present in the metamor-
phic matrix (Fig. 3e). The prehnite grows statically and pervasively
across the thin sections. Clinozoisite, epidote and garnet remnants
are present within the prehnite (Fig. 3f). Characteristic corona tex-
tures are developed in the metamorphic foliation. This texture is
defined by different mineral zones growing around an iron-rich
phase (Fig. 3g). These mineral zones are garnet, clinopyroxene, pla-
gioclase, albite and k-feldspar (from the inner to the outer zone).
Few, euhedral magnetite porphyroblasts grow over the S; foliation.
The magnetite porphyroblasts have a strong zonation (Fig. 3h).

4. Mineral chemistry

The minerals were analyzed at the Institute of Earth Science,
Karl-Franzens-Universitit Graz, Austria, with a JEOL JSM-6310
scanning electron microscope following standard procedures,
operating in EDS/WDS mode at 5 nA beam current, accelerating
voltage 15 kV and duration time is 100 s. The chemical formula
of Tables 2-4 were calculated using the software AX (http://rock.-

esc.cam.ac.uk/astaff/holland/) and Norm (Ulmer, 1986) and are
based on six oxygen atoms for pyroxene and wollastonite, 50 cat-
ions for vesuvianite, eight oxygen atoms for feldspars, 11 oxygen
atoms and ignoring H,O for prehnite, 12.5 oxygen atoms for clino-
zoisite/epidote, 12 oxygen atoms for garnet and 12 oxygen atoms
and ignoring H,0 for hydrogarnet. AX (and the activity models
implemented therein) was also use to calculate the end-member
activities cited below. For vesuvianite and prehnite activity was as-
sumed to be ideal. The site distribution of vesuvianite is after
Hoisch (1985 and references therein). The mineral abbreviations
which will be used in the following sections are from Holland
and Powell (1998).

+2
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60

diopside hedenbergite
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Fig. 4. Mineral chemistry. (a) Ca*?>-Mg*>-Fe*? ternary diagram showing the
variation in pyroxene chemistry and the pure composition of the wollastonite. (b)
an-ab-or ternary diagram showing the feldspar composition of different calc-
silicate samples. AB curve is the limit of ternary solid solution after Deer et al.
(1992). (c) Al,05-Fe,03-H,0 ternary diagram showing the two solid solution series
of garnet mineral: andradite-grossular solid solution and hydroandradite-hydro-
grossular solid solution. Black rhomb is CSy, circle is CS, and white rhomb is CSs.
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Pyroxenes include Fe-Mg clinopyroxenes and wollastonite and
have similar chemical characteristics in all three groups of calc-sil-
icates. Clinopyroxenes are zoned: cores are Mg-rich diopside with
Xug = Mg/(Mg + Fe) = 0.68-0.98 and the Fe content increases to-
wards the rims. The outer rims occasionally reach a chemical com-
position of hedenbergite (Fig. 4a) with Xy, = 0.68-0.98. The activity
of diopside (as calculated with AX) ranges between 0.49 and 0.88
while it is 0.12-0.54 for hedenbergite (Tables 2-4). The wollaston-
ite is a pure Ca-Si bearing phase with negligible substitution of Ca*?
by Fe*?, Mn*? and Mg*? and Si** by Ti** and Al** (Fig. 4a).

Feldspar includes both plagioclase and k-feldspar, also in all
three types of calc-silicate. Plagioclase has a compositional range
between pure albite and labradorite (Fig. 4b) with X, = Ca/(Ca + -
Na +K) =0.01-0.62. Activity of the end members in the albite-
anorthite series is for albite: 0.13-0.99 and for anorthite: 0.02-
0.73. The activities of albite and sanidine in potassium feldspars
are 0.09-0.58 and 0.71-0.99, respectively.

Garnet chemistry shows that there are two solid solution series:
andradite-grossular solid solution and hydroandradite-hydrogros-
sular solid solution (Fig. 4c). Element distribution maps (Fig. 5a and
b) reveal compositional variation across the zoned garnet crystals
in Al,03 and FeOy, (Fe;03) which indicates that there is ionic sub-
stitution between Al*® and Fe*? in both series (Fig. 4c). Garnet com-
position of the CS, and the CS; is hydroandradite and
hydrogrossular while the composition of CS; garnet is andradite-
grossular (Tables 2-4). For both series, the garnet has Xc, = Ca/
(Ca+ Mg +Fe) =0.93-1. The activity of vesuvianite was calculated
to be ideal and it ranges between 0.24 and 0.37.

Epidote is essentially a clinozoisite—epidote solid solution with
clinozoisite activity in the range of 0.21-0.61 and epidote activity
between 0.42 and 0.73 (Table 4). The activity of prehnite is in range
0.97 and 0.99. Scanning electron microscope images (Fig. 3h) re-
veal compositional variation across the zoned magnetite crystals;
the lightest gray colour represents a pure magnetite composition

AlLQO; EEETTT -
~22 12 8 %

FeQ EEENTT - ——
~19 14 7 %

Fig. 5. Element distribution maps show the Al,05 (a) and FeO (b) zonation in garnet porphyroblast. Note the garnet core and rim have andradite composition while the

middle zone has a grossular composition.

Table 5
Representative XRF analyses of different calc-silicate groups; major elements in wt.%, trace elements (ppm).

Sample CS;y CS, CS3

F33 F81 F33a F80 F51a F33b F51b F89 F51c F51 F87 F88
Sio, 50.49 49.66 47.23 49.42 44.51 53.83 40.80 46.62 40.59 49.35 57.59 50.25
Aly05 11.00 9.37 8.97 9.72 9.32 9.91 4.21 4.10 4.20 13.00 13.60 14.12
Fe,03 4.82 4.46 4.00 3.61 4.59 4.09 0.93 0.90 0.93 5.74 6.08 8.01
MnO 0.27 0.26 0.34 0.30 0.34 0.27 0.21 0.26 0.21 039 0.23 0.36
MgO 1.93 1.97 1.51 1.39 1.85 2.07 1.24 1.06 1.36 2.84 2.00 2.07
Ca0o 24.51 27.25 32.61 29.57 32.08 23.87 37.55 39.66 37.23 19.99 11.04 19.52
Na,O 1.95 0.84 0.50 1.28 0.56 2.63 1.06 0.19 1.26 1.38 2.34 2.02
K0 1.63 3.34 1.97 1.80 1.78 1.92 0.70 1.55 0.64 4.05 4.54 0.63
TiO, 0.41 0.29 0.33 0.33 0.33 0.40 0.17 0.16 0.17 0.51 0.41 0.61
P,0s5 0.14 0.11 0.12 0.14 0.13 0.16 0.04 0.04 0.07 0.14 0.13 0.19
LOI 1.91 1.28 1.41 1.33 3.00 1.33 12.21 4.24 13.18 1.17 0.61 1.16
Sum 99.26 99.11 99.22 99.07 98.74 100.58 99.28 98.98 99.90 99 98.85 99.11
Ba 314 709 464 660 617 350 101 532 116 600 802 125
Ce 33 32 40 59 21 44 27 40 <30 31 21 34
Cr 30 25 28 21 38 31 25 25 21 37 <20 21
Ni 35 42 37 24 35 32 <20 <20 <20 63 38 36
Rb 36 77 41 51 44 42 <20 43 <20 86 104 26
Sr 83 174 131 297 256 133 378 403 371 494 187 243
\% 72 28 36 37 61 67 40 34 50 80 40 89
Y 27 26 23 27 22 27 <20 <20 <20 37 37 31
Zn 202 131 107 91 99 206 26 24 27 136 77 115
Zr 102 119 90 143 114 109 59 54 49 198 177 191
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while the darkest gray zones represent magnetite with silica com-
ponent (Table 4). Calcite and quartz are virtually pure phases.

5. Whole rock geochemistry
The bulk rock chemistry of the calc-silicates was analyzed at the

Institute of Earth Science, Karl-Franzens-Universitdt Graz, Austria,
using a Bruker Pioneer S4 X-ray fluorescence spectrometer. Sam-

ples were prepared as fused pellets using Li;B407 flux. Results of
the whole rock analysis are shown in Table 5. It may be seen that
the three groups of calc-silicates are also reflected in the whole
rock chemistry (Fig. 6). For example, CS, samples have the lowest
values for all the major oxides except CaO, probably simply reflect-
ing a somewhat higher proportion of calcite in this group.

In order to test the rocks for fluid infiltration, several character-
istic mobile and immobile elements were plotted against Al,0s,

% [Na:0 o PPMIRY o
55l CSI"'.. .,__ 03 100k <>‘.“‘
i o
2 | ¢ /| © 80 F CS g
- / - 60 - ;
- CSie, C el o cs: e
1t P00 : ; a0t o R L - ;
o & e N
0.5- Lo R A 20
0 el ‘ ALO; | 0 2 ‘ ALO; |
0 5 10 % 0 5 10 %
% |Fe20s ppm Sr
CS;
CSs s 500+ KRN
8 ; . o
c% cs: Y
400} oy Y
°r CS“/ - .8 cs: :
! R 2 r K ZNS :
al oy O N
2r - -7 r'S .
S5 100 ’
Cay S
. sy ‘ AlO:s | 0 ‘ ‘ AlOs |
0 5 10 % 0 5 10 %
% |CaO s, PP 7y CSs
40+ »%q csi 200}~ © o
O T e RV
\"~.='.L,.:Q , 150+ Gt -7
L ’ ~ : CS3 /,»” "
201 T TR O 1001 e
<> 50F
0 ‘ ‘ AlOs | 0 ‘ ‘ AlOs |
0 5 10 % 0 5 10 %
%[Ti ppm %
7| TiO> CSs Y Css 05
0.61 SO 35-
SO e TN 00
0.5 Lo : 301 CSi e
0.41 ’/‘ RO ’.
e ; 20+ o
02 CS_z___ ”’,-’" 15+ 4./,.’
[ tor
0.1F sk
CS2..-.”
0 ‘ ‘ ALO;s | 0 m:,‘ ‘ ALOs |
0 5 10 % 0 5 10 %

Fig. 6. Discrimination diagrams showing the chemical difference between the three calc-silicate groups. Black rhomb is CS;, circle is CS, and white rhomb is CSs.
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which is generally considered to be immobile (e.g. Grant, 2005).
Amongst the major elements Na,O, CaO and - to some extent -
Fe,03 are considered mobile elements. Fig. 6 shows that there is
a positive correlation between Al,0; and Na,O as well as between
Al,03 and Fe,03 from CS, through CS; to CS; possibly suggesting
that CS3 was most influenced by fluid flow. However a positive cor-
relation is also reflected in the correlation of the immobile TiO,
with Al,0s. Only CaO has a negative correlation with Al,03 which
is interpreted in terms of the calcite content of the rocks (see
above). Among the trace element there is also a positive correlation
with Al,O3 regardless of the fact whether the chosen element is
considered immobile (i.e. Zr) or mobile (e.g. Rb, Sr, Y).

6. Discussion

Mineral textures, equilibrium-disequilibrium phases and the
fluid composition during peak metamorphism will be discussed
in the following sections based upon the petrography, the mineral
chemistry and the whole rock geochemistry. In the absence of any
appropriate thermobarometer applicable to the calc-silicate rocks,
the PT path of Abu-Alam and Stiiwe (2009) will be used as a basis
for this discussion. Their PT path was mainly constrained on the
basis of metagraywackes on the same structural level as the calc-
silicates. This PT path indicates a single-clockwise metamorphic
cycle with peak conditions around 7-8 kbar and 650-700 °C. Fol-
lowing peak metamorphism the rocks were subjected to exhuma-
tion from the peak pressure to 4.8-5.3 kbar with only limited
cooling to 645-685 °C. Finally, the Feiran-Solaf area cooled isobar-
ically at this pressure to 475-525 °C.

In order to interpret the metamorphic reactions of the calc-sili-
cates in T-XCO, space, a petrogenetic grid was calculated at pressure
7 kbar. THERMOCALC tc330 (Powell and Holland, 1988) and inter-

MCASH-CO: at 7 kbar

nally consistent dataset of Holland and Powell (1998) were used
to construct the T-XCO, relationships. The simplified MCASH-CO,
system (MgO-Ca0-Al,05-Si0,-H,0-C0O,) was used for construct-
ing this section. These components constitute about 85% of the
whole rock analysis. The grid was calculated for the phases wollas-
tonite, grossular, anorthite, calcite, clinozoisite and quartz in pres-
ence of H,0 and CO,. The grid was also tested for the stability of
vesuvianite, but this phase is stable at high T and very low XCO, out-
side the region shown in Fig. 7. The T-XCO,, grid (Fig. 7) is character-
ized by the presence of two invariant points: a wollastonite absent
invariant point at 714 °C and XCO, = 0.124 and a clinozoisite absent
invariant point at 803 °C and XCO, = 0.269. Because of the absence
of clinozoisite from CS; and CS, calc-silicates, these rocks are likely
to have formed around the clinozoisite invariant point. Correspond-
ingly, the CSs calc-silicate formed around wollastonite invariant
point due to the absence of the wollastonite.

6.1. Interpreted equilibrium and disequilibrium parageneses

The presence of inclusion phases within the garnet porphyro-
blasts constraints the origin of these porphyroblasts. Fig. 7 shows
that garnet may be produced along five reactions: gr + q = wo + an
(1); cc+wo+an=gr+C0O, (2); cctan+q=gr+C0O;, (3); zo+-
q=an+gr+H,0 (4) and cc +zo + q = gr + CO, + H,0 (5). However,
only reactions (3), (4) and (5) are able to produce garnet porphyro-
blasts during prograde metamorphism because reaction (1) pro-
duces garnet but only during cooling, while reaction (2) is
insensitive to temperature variation. For CS; and CS, clinozoisite
bearing reactions are excluded and only reactions (3) is therefore
likely to be responsible for garnet porphyroblasts growth. For
CS3, the wollastonite bearing reactions are excluded so that reac-
tions (3), (4) and (5) may have produced garnet porphyroblasts.

T (C)

800

750

700

650 P T S S R S SR |

0.05 0.15

0.25 XCO2

Fig. 7. T-XCO, grid in the system MCASH-CO, showing clinozoisite, wollastonite invariant points and different mineral reactions which are discussed in the text.
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In CS; and CS,, the presence of wollastonite-rich matrix around
garnet porphyroblasts indicates that this matrix formed due to the
reactions (1) and (2) or reaction (6): q +cc=wo + CO,. As garnet
porphyroblasts and the wollastonite in the matrix are stable to-
gether (Fig. 3b and c), reactions (1) and (2) are excluded and only
reaction 6 is interpreted as the principal wollastonite producing
reaction. In CSs, the presence of clinozoisite-rich matrix (together
with quartz, anorthite and garnet) indicates that this matrix is
likely to have formed below reaction (4).

The presence of early vesuvianite as small inclusions within the
garnet porphyroblasts of sample F51b (CS;) may indicate that this
phase formed as a result of one of the following reactions:
vsv+wo +CO, =cc+di+gr+H,O0 (8) and/or cc+di+an+gr+-
H,0 = vsv + CO, (9). Both of these reactions occur at XCO, = 0.01-
0.06 and in a temperature range of 580-850 °C outside the region
of Fig. 7 and may indicate very low XCO, during the early stages of
the evolution.

Late stage overprint in CSs; calc-silicates is identified by the
presence of prehnite mineral grown statically and pervasively
across the thin sections. Texturally, the prehnite was formed due
to the consumption of grossular and clinozoisite. The following
reaction is suggested to explain the formation of this low-grade
mineral: pre = gr + zo + q + H,0 (10). This reaction was tested using
THERMOCALC at 5 kbar (isobaric cooling pressure). The prehnite
phase may have formed at temperature 311-296°C and
XCO, =0.05-0.4.

Two types of the k-feldspar were recognized; small crystals as
bands parallel to the metamorphic foliation in CS3 and as large

MCASH-CO:z2 at 7 kbar
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post-tectonic porphyroblasts in CS,. Abu-Alam and Stiiwe (2009)
suggested that the k-feldspar in the hornblende gneisses and in
the quartzofeldspathic gneisses (the same structural level of the
calc-silicate) is in disequilibrium with the surrounded phases and
suggested metasomatic infiltration from the migmatites and differ-
ent dikes and veins as the source of k-feldspar in these rocks. We
follow this interpretation here. The presence of zoned post-tec-
tonic magnetite porphyroblasts in CS; (Table 4) may indicate that
these porphyroblasts formed due to fluid infiltration (Westendorp
et al.,, 1991). Both, k-feldspar and magnetite are not considered to
be part of the parageneses considered here and will not be dis-
cussed further.

6.2. Fluid composition during the metamorphism

The discussion above was performed on hand of the grid shown
in Fig. 7, assuming that all phases occur as pure end members.
However, in the Solaf rocks, all calc-silicate phases occur in solid
solution with some Fe and Mg. Thus, to constrain on the composi-
tion of the fluid during the metamorphism in more detail, activity
corrected T-XCO, grids (Fig. 8) were calculated for six samples of
the three different calc-silicate groups (F33 and F33a from CSq,
F89 and F51b from CS, and F87 and F88 from CSs). These grids
were calculated for the activities cited in the figure caption. With
the temperature increasing, Fig. 8 shows that the clinozoisite ab-
sent invariant points move toward high XCO, values along reaction
(6): g+ cc=wo + CO,. This means that the mineral assemblage of
CS; and CS; buffered the composition of the fluids along reaction

o.
T(C)| @
L [z0] CS2-F89
80 ~
| Temerature range of syn-tectonic granites
20] CS2-F51b \as™ .o crystallization (Farahat et al., 2004, 2007;
L [zo] S @ Helmy etal., 2004)
B & &;“‘&“‘\
g
L e
o
TB0 | e
Maximum peak temperature recorded in the gneisses
I (e.g. Eliwa et al., 2008; Abu-Alam and Stiiwe, 2009)
[zo] CS1-F33
700
(7
3)
650 [wo] CS3-F88
) (M
().
[wo] CS3-F87
“4)
600
550 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

0.1 0.2

0.3 0.4 XCO:

Fig. 8. Activity-corrected isobaric T-XCO, diagram at 7 kbar for the different calc-silicate groups. Mineral activities which were used are (an:0.031; di:0.76; gr:0.2) for F33a,

(an:0.07; di:0.603; gr:0.15) for F33, (an:0.464; di:0.742; gr:0.52) for F51b, (di:0.747;

20:0.61) for F88. Reaction numbers are as in Fig. 7.

gr:0.79) for F89, (an:0.55; di:0.66; gr:0.036; z0:0.4) for F87 and (an:0.7; di:0.61; gr:0.19;
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(6). In addition, Fig. 8 shows that the CS; calc-silicates reached
their peak conditions at temperature 610-720°C and
XCO, =0.02-0.08. The CS, samples had XCO, equal to 0.22-0.41
at temperature 790-828 °C while CSs attained the peak metamor-
phism at temperature 600-660 and XCO, = 0.2-0.44.

Interestingly, the different groups record different peak condi-
tions. CS; and CS; have the same peak temperature (610-720 °C),
this temperature range is corresponding to the peak metamor-
phism of the surrounded gneisses (Eliwa et al., 2008; Abu-Alam
and Stiiwe, 2009). In addition these groups show deformation tex-
tures (e.g. deformed porphyroblasts which are embedded in de-
formed matrix). These textures indicate that CS; and CS3; were
affected by the deformation accompanied the regional metamor-
phism. On the other hand, the presence of large idiomorphic garnet
porphyroblasts which are grown in un-deformed matrix of the CS,
may indicates that this rock type was affected by contact meta-
morphism during intrusion of the syn-tectonic granites. As well
as the temperature which is recorded in the CS, (790-828 °C) is
in the crystallization range of the syn-tectonic granites (~795 °C
(Farahat et al., 2004, 2007; Helmy et al., 2004)).

7. Conclusions

In conclusion, Wadi Solaf calc-silicate can be divided into three
groups (CS;, CS, and CS3) according to mineral composition, min-
eral textures and whole rock chemistry. The rocks were affected
by single (Abu-Alam and Stiiwe, 2009) regional metamorphic cycle
(632 £ 3 Ma) (Stern and Manton, 1987) followed by the intrusion of
syn-tectonic granites at mid-crustal level (7-8 kbar). The regional
metamorphism is recorded in CS; and CS; while CS; records the
contact metamorphism. The peak conditions during the regional
metamorphism cycle are 600-720°C and XCO, equal to 0.02-
0.08 and 0.2-0.44 for the CS; and CSs, respectively. The mineral
assemblage of CS; and CS, buffered the composition of the fluids
along the reaction: q+ cc=wo + CO,. The rocks reached a peak
contact metamorphism conditions at temperature 790-828 °C
and XCO, = 0.22-0.41. During the contact metamorphism and the
intrusion of syn-tectonic granites, the study area was intruded by
several dikes and veins. This intrusion was associated by fluid infil-
tration process which formed post-tectonic disequilibrium phases
such as k-feldspar porphyroblasts and zoned magnetite crystals.
Presence of the prehnite in CSs, suggests that Wadi Solaf calc-sili-
cates re-equilibrated at temperature 296-311 °C during the cool-
ing path.
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