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Tectono-metamorphic evolution of the Wadi Hafafit Culmination
(central Eastern Desert, Egypt). Implication for Neoproterozoic
core complex exhumation in NE Africa
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| ABSTRACT |

The Neoproterozoic rock assemblages in the Wadi Hafafit Culmination (WHC) can be subdivided into two main
units which are separated by the Nugrus Thrust. The structurally higher Nugrus unit is mainly composed of low
grade micaschists, metavolcanic, serpentinites, and metagabbros. The overthrusted Hafafit unit forms the
Hafafit domes and is composed of ortho- and para-gneisses associated with amphibolite and ultramafic rocks.
Mineral chemistry and thermobarometry indicate that the WHC was affected by two main metamorphic phases.
The first metamorphic phase (M1), observed in the micaschists of the Nugrus unit, is characterized by green-
schist-facies conditions. Garnet-biotite and garnet-muscovite geothermometry, as well as temperatures calculated
by means of the TWEEQU program yield temperatures of 400°-550°C, whereas the white mica geobarometer
reveals pressure of 3.7-4.9 kbar for this metamorphic phase (M1). The second metamorphic phase (M2),
observed in gneisses and amphibolites of the Hafafit unit, is characterized by amphibolite-facies conditions.
Garnet-biotite, garnet-amphibole and amphibole-plagioclase geothermometry yield temperatures of
600°-750°C, whereas the garnet-hornblende-plagioclase-quartz geobarometer indicates pressures of 6-8 kbar
for the second metamorphic phase (M2). Sm-Nd and Rb-Sr whole rock-mineral isochron ages around 590 Ma
for gneisses and amphibolites probably represent cooling from the metamorphic thermal peak which was
attained around 600 Ma or slightly earlier. A 3-stage geologic evolution model is proposed for the tectonic evo-
lution of the WHC. The first stage started earlier than 680 Ma ago with rifting and ocean floor spreading at a
time which is as yet unspecified. It was followed by a second stage of subduction and emplacement of subduc-
tion-related granitoids around 620-640 Ma. At this time, the Hafafit region has become an active margin with
the production of large amounts of calc-alkaline subduction-related volcanic and plutonic sequences. Subduc-
tion was terminated by collision and NW-ward Nugrus Nappe thrusting under greenschist-facies conditions
(M1) around 620-640 Ma. At this stage, rocks of Hafafit unit were subjected to intense deformation and meta-
morphism in amphibolite facies (M2). Next came the third stage of late-orogenic extension and crustal thinning
that was controlled by the Najd transform faults (620-580 my) and that resulted in exhumation of the Hafafit
domes through a combination of transpression and lateral extrusion.
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INTRODUCTION

The Egyptian Eastern Desert, Sudan, western Saudi
Arabia, Ethiopia, Eritrea, Jordan and Yemen belong to the
so-called Arabian Nubian Shield (Fig. 1), which is char-
acterized by four main rock sequences: (i) an island arc
assemblage; (ii) an ophiolite assemblage; (iii) a gneiss
assemblage that comprises the core complexes; and (iv)
granitoid intrusions (Abdel Naby et al., 2000; Abd El-Naby
and Frisch, 2002). The core complexes and the major tec-
tonic trend on both sides of the Red Sea strike north-
west—southeast (Fig. 1) and are related to a crustal-scale
sinistral shear zone called the Najd Fault System (Stern,
1985).

A series of medium- to high-grade core complexes
have been recognized in the central and southern Eastern
Desert of Egypt. They are surrounded by low-grade vol-
cano-sedimentary nappes of Neoproterozoic age (Fritz et
al., 1996, 2002). The most widely recognized basement
domes are the Meatiq, the Sibai and the Hafafit domes
(Fig. 2A). These core complexes and the adjacent vol-
cano-sedimentary rocks are related to northwestward
propagating thrusts (Berhe, 1990). They have been linked
to possible subduction and collision phases during the
Neoproterozoic Pan-African orogeny (Stoeser and Camp,
1985; Abdelsalam and Stern, 1993). Similar core com-
plexes have also been reported from the Wadi Kid area in
Sinai (Blasband et al., 1997, 2000).

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

The Wadi Hafafit Culmination (WHC) consists of two
main units which are separated by the Nugrus Thrust. The
structurally higher Nugrus unit is mainly composed of
low-grade ophiolitic melange and volcanic arc rocks
(Bennett and Mosley, 1987). The underlying Hafafit unit
consists of five granite-cored domes (domes A to E, Fig.
2C; Greiling et al., 1988). El Ramly et al. (1984) inter-
preted the Hafafit gneisses, the associated granitic cores
and the Wadi Ghadir melange at the north-eastern part of
the mapped area (Fig. 2B), as a result of Pan-African con-
vergence and subduction of a marginal ocean basin. Rb-
Sr and K-Ar cooling ages of 620 Ma on mica separated
from migmatitic segregations of the psammitic gneisses
of the WHC have been reported by Hashad et al. (1981).
The granitic gneisses in the core of the WHC were earlier
regarded as pre-Pan-African basement because of their
complex metamorphic and structural history (e.g. El Gaby
et al., 1984, 1988). However, Stern and Hedge (1985)
obtained U-Pb dates on zircon of 682 Ma for the granitic
core that intrudes the Hafafit gneisses, which they inter-
preted as being of crystallization age. On the other hand,
Fritz et al. (2002) reported “°Ar/3°Ar ages of 586 Ma for
hornblende separated from the granitic core of the Hafafit
domes. They interpreted these ages as cooling ages below
500°C associated with exhumation of WHC along
localised NE-trending extensional faults.

In general, there is a number of mechanisms and mod-
els or combinations of two or more of them that have
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been proposed for the origin of gneiss domes: (1)
diapirism (Gans et al., 1989; Lister and Baldwin, 1993),
(2) gravity collapse (Burchfiel and Royden, 1985; Blas-
band et al., 2000), (3) channel flow and ductile extrusion
(Mancktelow, 1995; Beaumont et al., 2001), (4) compres-
sion and extension (Edwards et al., 1996; Davidson et al.,
1997, Fritz et al., 2002), and (5) fold interference and
large-scale sheath-folding (Fowler and El Kalioubi,
2002).

No quantitative data have been retrieved to character-
ize the metamorphism in the study area. Our data give a
first quantification in this respect and show up clear dif-
ferences in metamorphic grade, which is interpreted in
terms of two metamorphic phases. We discuss field rela-
tions, petrography, mineral chemistry and thermobaro-

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

metric data as well as Rb/Sr and Sm/Nd ages for rocks of
WHC. These results are important for understanding the
tectonometamorphic evolution of the WHC and add to the
body of information about metamorphic core complexes
in the Eastern Desert, their mode of formation and are
critical to future modeling of the overall tectonic evolu-
tion of the Arabian-Nubian Shield.

GEOLOGICAL SETTING

Lithologically, the rock types in the Hafafit area con-
sist of two main units that occur at spatially distinct sub-
areas and are separated by the Nugrus Thrust (Fig. 2C).
The overlying unit (Nugrus unit) is mainly made up of
low grade micaschists and metavolcanics that outcrop in
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the eastern and northern part of the WHC. These rocks
are associated with serpentinites and metagabbros. The
metavolcanic rocks are exposed mainly at the northern
and eastern border of the WHC. They are fine to medium
grained meta-andesites which are porphyritic in some
places. In the northern part of the mapped area (Fig. 2C),
serpentinites form a conspicuous ridge of Gabal Ras
Shait. Several other small serpentinite masses crop out to
the east of Nugrus Thrust.

The underlying unit (Hafafit unit) is represented
mainly by the Hafafit domes and consists of (from core
to rim, Fig. 2B): granitic gneiss of tonalitic and trond-
hjemitic composition, banded amphibolite, altered ultra-
mafic rocks, alternating bands of biotite- and horn-
blende-gneiss and psammitic gneiss at the rim of the
domal structure. In some parts, the amphibolite is asso-
ciated with metagabbro. Both units have been intruded
by undeformed leucogranites, especially along thrust
zones.

The granitic gneisses in the cores are coarse-grained
and moderately foliated. The foliation is defined by flat-
tened biotite-rich streaks and indistinct, elongated litho-
somes of quartz and feldspar in the intervening felsic
parts. The granitic gneisses show well-developed gra-
noblastic-polygonal texture, and locally, mylonitic texture
is observed in strongly deformed varieties. Two main
types of granitic gneiss occur: predominant tonalitic
gneiss and subordinate trondhjemitic gneiss. These rocks
show a well-developed millimetre-spaced gneissic banding.
In some places, the tonalites are invaded by numerous thin
pegmatitic veinlets.

The amphibolites form irregular, lens-shaped bodies
overthrusted by altered ultramafic rocks. At the southern
part of dome A, the amphibolites are overlain by the
psammitic gneiss of Gabal Hafafit. The contact between
them is thought to be an initial preserved sedimentary
one (Abd EI-Naby and Frisch, 2006). The strong folia-
tion of the amphibolites may be related to the first defor-
mational event (El Ramly et al., 1993), which led to a
metamorphic banding and may be synchronous with the
formation of alternating bands of biotite- and hornblende-
gneisses formed under amphibolite facies conditions. At
the eastern side of the Nugrus Thrust, minor amphibolites
occur in association with metagabbros, which probably
belong to the group of calc-alkaline metagabbros associated
with the Hafafit gneisses (El Ramly et al., 1993). Altered
ultramafic rocks, mainly serpentinized dunite and pyroxen-
ite, are found as small masses in the core of the northern
Hafafit dome (dome A, Fig. 2B) overlying the amphibolites.

The alternating bands of biotite-gneiss and horn-
blende-gneiss are intercalated between the amphibolites
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and the psammitic gneiss. In Wadi Abu Rusheid, the
psammitic gneiss is mylonitized and dissected by several
shear zones. It exhibits extensive alteration, including sili-
cification, sericitization, carbonatization and ferrugina-
tion. A secondary uranium mineralization is found in the
altered zone of the mylonitic psammitic gneiss, where it
occurs as stains along crevices and fracture surfaces and
as acicular crystals filling cavities. Uranium and thorium
contents vary from normal values to 55 and 225 ppm,
respectively. Uranophane is the most abundant uranium
mineral (Abd El-Naby and Frisch, 2006).

The latest Pan-African activity in the mapped area is
represented by a suite of leucogranites and minor intru-
sions of felsite and aplite which intruded the Hafafit
gneisses and the ophiolitic assemblage (EI Ramly et al.,
1993). Elongated narrow intrusive leucogranite is found
parallel to the Nugrus Thrust (Fig. 2C). To the other side
of the Nugrus Thrust, there is another elongated granitic
belt forming Gabal Nugrus. Generally, these leucogran-
ites are garnet-bearing, e.g. garnetiferous granites. Several
small lens-like plutonic masses of leucogranites are found
also in Wadi Abu Rusheid.

A structural evolutionary scheme involving eleven
deformation phases (D1 to D11) in the WHC was present-
ed by El Ramly et al. (1984) and Greiling et al. (1984). It
was later grouped into four deformation stages (D1-D4;
D5-D7; D8-D10; D11) by El Ramly et al. (1993), and
subsequently modified to nine deformation phases (Greil-
ing et al., 1994). These deformation phases led to a com-
plex pattern of a series of anticlines and synclines, strike-
slip and normal faults. Fowler and El Kalioubi (2002)
stated that the Hafafit domes are a result of the interfer-
ence of four macroscopic fold phases, the first three of
which may represent a single deformational event. Table
1 (see p. 308) summarizes the sequence of structural
events for the WHC, as proposed by Greiling et al.
(1984), El Ramly et al. (1993), Greiling et al. (1994) and
Fowler and EI Kalioubi (2002).

PETROGRAPHY
Nugrus unit

The micaschist of the Nugrus unit is mostly composed
of garnet, muscovite, biotite, quartz, plagioclase, chlorite,
and ilmenite (Fig. 3A). Garnet is present as idiomorphic
to subidiomorphic porphyroblasts with inclusions of
quartz, muscovite, biotite, chlorite and ilmenite. In the
matrix, biotite and muscovite occur as flakes, approxi-
mately 0.5 and 1.5 mm in length, respectively, which are
partly oriented parallel to the main foliation coexisting
with quartz, chlorite and garnet. Plagioclase is untwinned
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and some show compositional zoning. Alteration to epi-
dote and inclusions of ilmenite, biotite and quartz were
observed. A small amount of retrogressive chlorite has
been found in some samples. Ilmenite occurs as inclusion
in garnet and along the foliation planes. Metavolcanic
rocks include meta-basalt and meta-andesite. They are
composed of hornblende or actinolite-tremolite and pla-
gioclase (Anss.s0). Retrograde partial replacement of
hornblende by actinolite or tremolite and plagioclase by
epidote and calcite is observed. Metagabbros are general-
ly medium to coarse grained and consist of highly saus-
suritized plagioclase and hornblende which is partly
altered to pale green actinolite and/or chlorite.

Hafafit unit

Less altered ultramafic rocks, found in the core of
dome A (Fig. 2B), are composed mainly of olivine, which
is widely replaced by serpentine forming the typical mesh
texture (Fig. 3B), whereas highly altered samples consist
of serpentine, talc, chlorite, tremolite and carbonate. The
fine-grained amphibolites can be divided into three com-
positional groups based on their preserved mineral assem-
blages. Group 1 are clinopyroxene amphibolites, which
consist of amphibole, clinopyroxene, plagioclase with lit-
tle quartz and ilmenite. A few millimeters to one centime-
tre alternating bands are either dark grey, mainly of
amphibole and plagioclase or dark green, mainly of
clinopyroxene, respectively (Fig. 3C). In thin section,
clinopyroxene is colourless to pale green (in Z direction)
and varies in size from 0.2 to 2 mm. Some crystals are
altered to bluish green hornblende. Group 2 are garnet
amphibolites which consist of amphibole, plagioclase,
garnet, quartz, ilmenite, but locally contains clinopyrox-
ene (sample H17, Table 2, see p. 308). The garnet is
coarse grained (up to 5 mm in diameter) and occurs
throughout the rock as anhedral porphyroblasts that con-
tain inclusions of quartz, amphibole and ilmenite. Group
3 are massive amphibolites, which lack both clinopyrox-
ene and garnet, and occur as lenses within the gneisses.
They are composed mainly of amphibole, plagioclase,
quartz and ilmenite.

The tonalitic/trondhjemitic gneiss consists of plagio-
clase, quartz, biotite and, locally, garnet. Plagioclase
forms subidiomorphic laths which show albite twinning
in most cases. Biotite forms flakes up to 2 mm long
which are partially aligned parallel to the foliation.
Pleochroism is moderate, from light brown to greenish
brown. Partial alteration of biotite to chlorite is common.
Garnet is found as small xenomorphic to idiomorphic
crystals with inclusions of quartz and plagioclase.

The biotite-gneiss is composed essentially of quartz,
biotite and plagioclase. Garnet, observed in some sam-
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ples, occurs as inclusion-rich xenomorphic crystal and
generally shows embayed grain boundaries. The common

FIGURE3 | A) Garnet porphyroblast in micaschist from the Nugrus
area. Note the external foliation of muscovite and biotite wrapping
around garnet. B) Less altered ultramafic rock showing relic olivine
grains in a mesh texture of serpentine. C) Back scattered image
showing alternation of amphibole-, plagioclase- and clinopyroxe-
ne-rich bands in clinopyroxene amphibolites. Mineral abbreviations
are after Kretz (1983).
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occurrence of biotite inclusions suggests that garnet was
formed by a biotite-consuming reaction. Chlorite and epi-
dote are present as alteration phases in some samples. The
hornblende-gneiss consists mainly of hornblende, plagio-
clase and quartz with some ilmenite. Hornblende occurs
as aggregates of xenomorphic to subidiomorphic grains.
Subordinate biotite is recorded in some thin sections. The
psammitic gneiss forms the summits of the major moun-
tains in the area (e.g. Gabal Hafafit and Gabal Migif). It is
essentially composed of quartz, K-feldspar, plagioclase,
and minor amphibole, biotite and epidote. The sedimenta-
ry origin of these gneisses in a back-arc basin is indicated
from their geochemical characteristics (Abd El-Naby and
Frisch, 2006). Leucogranites are medium to coarse-
grained; they predominantly consist of quartz, plagioclase
and K-feldspar and contain small amounts of biotite,
muscovite and garnet. Garnet is ubiquitous and occurs as
equigranular euhedral grains containing few mineral
inclusions. Muscovite commonly shows poikilitic texture
indicating late-stage crystallization.

MINERAL CHEMISTRY

From the 50 samples of the different rock types stud-
ied, 15 were selected for mineral analyses using a JEOL
JXA-8900RL instrument at the Institute of Geosciences,
University of Tiibingen, Germany. Analytical conditions
were 15 kV accelerating voltage, 10-20 nA beam current,
1-2 pum beam diameter and 10-20 seconds counting time.
Electron microprobe analyses were carried out on amphi-
bole, plagioclase, garnet, clinopyroxene, biotite, chlorite
and muscovite from the amphibolites, biotite-hornblende
gneisses and micaschists. The mineral compositions are
used to constrain the metamorphic conditions which
occurred during mineral formation using suitable thermo-

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

barometric calculation. Table 2 (see p. 308) shows a sum-
mary of the mineral assemblages, whereas representative
analyses of these minerals and their chemical formula are
listed in Tables 3 to 8, (see p. 309-311).

Amphibole in hornblende-gneiss and amphibolite is
mainly magnesiohornblende (Table 3, Fig. 4), with the
exception of the clinopyroxene amphibolite sample
H21 which contains a magnesio-hastingsite and eden-
ite, following the nomenclature of Leake et al. (1997).

Plagioclase (Table 4, see p. 309) shows a general
increase in anorthite content from the micaschists (Anj4.
17) over the biotite- and hornblende gneisses (Anje-42) to
the amphibolites (Anzs.76) (Fig. SA). However, in individ-
ual samples, the range is much smaller and does not
exceed 5 mol% in micaschists and 10 mol% in biotite
and hornblende gneisses and amphibolites. The plagio-
clase grains are either unzoned or show weak oscillatory
zoning. An increase in An-content of grains in contact
with garnet appears to be related to the depletion of X
[=Ca/(Fe+Mg+Mn+Ca)] in micaschists, whereas in
amphibolites, such an increase is related to the plagio-
clase rims in contact with amphibole.

Garnet of the amphibolites, biotite-gneisses and
micaschists is almandine-rich and Xay [Fe/(Fe+Mg
+Mn+Ca)] varies from 53.3 to 93.6 mole % (Table 5, see
p- 310; Fig. 5B). Microprobe profiles across garnet from a
micaschist sample shows a virtually slight compositional
zoning with a core richer in almandine and pyrope, and
poorer in grossularite and spessartite (Fig. 6) than in
amphibolite and gneisses. Most garnet from the studied
rocks contains inclusions of quartz and ilmenite. Howev-
er, evidence of rotation during growth is shown only in
some of the micaschist samples (Fig. 3A).
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Clinopyroxene (Table 6, see p. 310), found mainly in
the clinopyroxene amphibolites, is associated with garnet
in some places. It is diopside with Fe/(Fe+Mg) ranging
from 0.195 to 0.220, the maximum Na,O content being
0.24 wt.%. Xmg =Mg/(Mg+Fe) of biotite (Table 7, see p.
310) ranges from 0.18 to 0.44 and 0.47 to 0.51 in micas-
chists of the Nugrus unit and the granitic gneisses of the
Hafafit unit, respectively. The biotite in the micaschist is
more titaniferous (1.5-2.9 wt.-% TiO,) than in the biotite
gneiss (0.01-0.62 wt.-% TiO;). Based on the classification
of Hey (1954), the chlorite (Table 8, see p. 311) from the
micaschist has the composition of rhipidolite and pyc-
nochlorite. The Si contents of muscovite (Table 8) in the
micaschist vary from 6.51 to 6.61 per formula unit.

GEOTHERMOBAROMETRY

The diagnostic phases of most micaschists (garnet,
biotite, muscovite, plagioclase, quartz and + chlorite) sug-
gest that the rocks have been metamorphosed up to the upper
greenschist/lower amphibolite facies transition. The biotite
and muscovite could be formed from the following reaction

A

s i
& i

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

3Chl+8 Kfs=5Ann+3 Ms+9 Qtz +4 H,0, (1)

this reaction replaces the sedimentary assemblage K-
feldspar + chlorite by biotite and muscovite (Fig. 7). The
reaction affects rocks with low X, that do not contain
pyrophyllite, where the first prograde biotite appears at
about 420°C (Bucher and Fry, 1994). The garnet could be
formed by the following reaction

I Ms+3Chl+3Qtz=4Alm+1Anmn+12H,0 (2)

according to Bucher and Fry (1994), the equilibrium tem-
perature for this reaction is approximately 540°C, where
the mineral assemblage muscovite + chlorite + quartz are
replaced by garnet and biotite (Fig. 7).

A basic assumption for geothermobarometry is that a
mineral assemblage formed in equilibrium, but it is
impossible to prove that minerals in an individual meta-
morphic rock ever achieved equilibrium. Therefore, care
has to be taken in selecting the appropriate phases for
electron microprobe analysis by choosing sharp grain
boundaries and direct contacts. The garnet-biotite geo-
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thermometer after Ferry and Spear (1978), Hodges and
Spear (1982), Bhattacharya et al. (1992) and Kleemann
and Reinhardt (1994) was used for the biotite-gneiss sam-
ple H18 and the micaschist samples N10 and N23. The
biotite-gneiss shows consistently higher temperatures
(598°-686°C) than the micaschist (405°-550°C; Table 9,
see p. 311). Temperatures for the micaschists (samples
N10, N23, N22) were also calculated using the garnet-
muscovite geothermometer of Hynes and Forest (1988).
They yield temperatures between 400° and 527°C. These
temperatures are close to those obtained from the garnet-
biotite pairs. Grt—Ms-An-Bt phase equilibria were calcu-
lated with TWEEQU-program of Berman (1991) for the
micaschist samples N10 and N23, yielding temperatures
between 465° and 550°C (Table 9).

The phengite component of white mica is used as a
pressure indicator (Velde, 1967; Guidotti and Sassi, 1976;
Ernst, 1988), which was calibrated by Massonne and
Schreyer (1987) as a barometer for quartz + biotite +
white mica + K-feldspar assemblages. White mica from
the micaschist samples N10, N23, and N22 yielded Si
contents of 6.32 — 6.46 apfu corresponding to a pressure
range of 3.5 to 5.7 kbar (at T = 450°C) and 4.3 to 6.4 kbar
(at T = 500°C). Due to the absence of K-feldspar in the
micaschist samples, the calculated pressures represent the
minimum values.

Temperatures were calculated from coexisting amphi-
bole and plagioclase pairs in the amphibolites and horn-
blende-gneisses following the formulation of Holland and
Blundy (1994). The calculated temperatures are similar in
the hornblende-gneisses and amphibolites (660-730°C,
635-750°C, respectively; accuracy = 75°C; Table 9).
Temperatures calculated from coexisting garnet and
amphibole pairs for the garnet amphibolites using the
calibration of Graham and Powell (1984) are 600-
750°C (+ 60°C; Table 9).

For the garnet amphibolites, pressures were calculated
using the garnet-hornblende-plagioclase-quartz geo-
barometer (Kohn and Spear, 1990). Pressures estimated
for sample H19, in conjunction with the temperatures given
above (600-750°C), vary from 6.0 to 6.5 kbar (Table 9),
with an accuracy of 1 kbar, whereas sample H17 yields
a pressure of 7.6-8.0 kbar and sample H4 of 6.5-7.6 kbar.
P-T diagram showing the range of the estimated P-T con-
dition of metamorphism of the metamorphic rocks of the
WHC is shown in Fig. 7.

SM-ND AND Rb-Sr ISOTOPIC DATA

In order to constrain the timing of the metamorphic
event, three samples from the Hafafit unit (biotite-gneiss
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H18, hornblende-gneiss H23 and amphibolite H19) were
selected for age determinations. For Sm-Nd isotope
analyses, samples were spiked with a mixed 14Sm-1"Nd
tracer solution. Plagioclase was dissolved in 52% HF for
four days at 120°C on a hot plate. Whole-rock and garnet
were digested in 52% HF for seven days at 180°C in a
Teflon bomb surrounded by a steel jacket. Before diges-
tion, garnets were leached in 9 N HCI for one hour at
80°C. For Rb-Sr isotope analyses samples were spiked
with a mixed 34Sr-87Rb tracer solution and dissolved in
52% HF for four days at 120°C on a hot plate. All sam
ples were dried and re-dissolved in 6N HCI, dried again
and re-dissolved in 2.5N HCI. Rb, Sr, Sm and Nd were
separated using conventional chromatographic proce-
dures. All isotopic measurements were made by Thermal
Ionization Mass Spectrometry, on a Finnigan MAT 262
mass spectrometer at the Institute of Geosciences, Univer-
sity of Tiibingen, Germany. The La Jolla Nd-Standard
yielded a value of 0.511815 + 0.000009 (reference value
0.511850) whereas the NBS 987 Sr standard gave a
87Sr/86Sr ratio of 0.710254 + 0.000009 (reference value
0.710248). Blanks for Sm and Nd were less than 40 pg
and those for Rb and Sr less than 60 pg. The two-error
regression method of Wendt (1986) was used for isochron
calculation.

Sm-Nd isotopic data from garnet, plagioclase, and
whole rock were used to date the metamorphism of the
hornblende-gneiss sample H23 and the amphibolite H19
(Fig. 8, Table 10, see p. 312). The ages of 593 + 4 and
585 + 8 Ma, respectively, are identical within error. More-
over, a similar temperature (600°-750°C) for these rocks
is indicated from the thermobarometric data.

Considering the closure temperature for the Sm-Nd
system which may be around 600°C (Mezger et al.,
1992) and the peak temperature estimate for sample H19
(600°-690°C), we conclude that the ages reflect the
onset of cooling from the thermal peak. This conclusion
agrees with the age data of Moghazi et al. (2004), who
obtained Rb-Sr whole rock ages around 600 Ma for
lens-shaped leucogranite bodies along thrust faults in
the Sikait-Nugrus area, east of the WHC. They interpre-
ted this age as the time of intrusion of the leucogranite
or as the time of the high-temperature metamorphic
overprint.

The biotite gneiss sample H18 yields a Rb-Sr biotite-
whole rock-plagioclase isochron age of 573 + 6 Ma. This age
is slightly younger than the Sm-Nd ages (593 =4 and 585 + 8
Ma) and may reflect a later stage in the cooling history than
the Sm-Nd ages, as the closure temperature of the Rb-Sr sys-
tem is at about 350°C for biotite. The present data agree with
the “0Ar-3Ar ages obtained by Fritz et al. (2002) for horn-
blende separates from the Hafafit gneisses (~585 Ma).
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FIGURE 7 | Pressure-temperature diagram showing the estimated P-T
conditions of metamorphism for the rocks of the Wadi Hafafit Culmi-
nation. Curves 1 and 2 are reaction curves for pelitic rocks in the
FASH system that defines hiotite-in and garnet-in reactions, respec-
tively (after Bucher and Frey, 1994).

DISCUSSION

Three main mechanisms have been proposed to
explain exhumation of core complexes within Egyptian
Eastern Desert and Sinai. These include processes related
to: 1) Diapiric intrusion as suggested by El Ramly et al.
(1984) and Greiling et al. (1984) for the Hafafit gneiss
domes, (2) gravity collapse as suggested by Blasband et
al. (2000) for the Wadi Kid gneiss domes, and (3) com-
pression and extension as suggested by Loizenbauer et al.
(1999) and Fritz et al. (2002) for the Meatiq gneiss dome,
Eastern Desert of Egypt.

Based on the obtained thermobarometric and
geochronological data, we will try to test the applicability
of each of these mechanisms to the formation of WHC. El
Ramly et al. (1984) and Greilling et al. (1984) suggested
gravitative uplift of the Hafafit domes, where the central
part of the domes is occupied by later intruded, less
deformed granitoid material. Fowler and El Kalioubi
(2002) disputed the gravitative uplift model as a compo-
nent of the deformation history of the Hafafit domes.
Alternatively, they concluded that the fold interference
pattern shown by the gneiss-cored domes of the WHC is a
result of refolding of early macroscopic sheath folds. The
absence of undeformed granitic rocks in the core of the
Hafafit domes argues against the gravitative uplift model
as suggested by El Ramly et al. (1984) and Greilling et al.
(1984). Moreover, diapiric intrusion should produce a
more radial pattern of deformation, a situation which is
not recognized in the WHC.

Metamorphic core complexes in an extensional set-
ting are characterized by low-pressure/high-temperature
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metamorphism in their lower crustal sequence due to the
intrusion of granitoids into thinned crust (Gans et al.,
1989; Lister and Baldwin, 1993). The present pressure
estimates for the lowest structural level of the WHC
(i.e., the amphibolites) are 6-8 kb which reflects a depth
of 20-25 km. These data contradict the model of an
extensional setting during a gravitational collapse.
Moreover, extensional collapse required magmatic heat-
ing to weaken the lower and middle crust. In fact, field
occurrences of several leucogranites in the Hafafit
region point to the relation between granite intrusion
and thrusting (Fig. 2C), i.e., the role of magmatic activi-
ty could be restricted in facilitating the displacement
along thrust zones, but not to the extent as to promote
extensional collapse.
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A combination of transpression and lateral extru-
sion model for the exhumation of the Hafafit domes is
proposed by Fritz et al. (2002) where the bulk conver-
gence is balanced by both vertical thickening and hori-
zontal NW-SE directed extension. This model seems
to be more applicable for three reasons: 1) The present
Sm/Nd and Rb/Sr cooling ages (~590 Ma) are in accor-
dance with the 4°Ar-3°Ar ages obtained by Fritz et al.
(2002) for hornblende separates from the Hafafit
gneisses (~585 Ma); 2) presence of both compressional
and extensional structural styles in the WHC; and 3)
emplacement of syn-extensional granitoids into the
WHC as reported by Moghazi et al. (2004). Moreover,
most previous works interpret the shear zones in the
Hafafit area, which represent late-stage structures cut-
ting across all earlier structures, as the result of an
extensional event following continental collision, pos-
sibly related to the Najd Fault System.

Loizenbauer et al. (2001) and Fritz et al. (2002) divid-
ed the deformation events in the central Eastern Desert
into three main phases. They suggested that the oldest
observed deformation phase (D1) is related to the pre-
Pan-African deformation and is only recognized in

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

amphibolite enclaves within the core complexes. The D2
deformation is related to the Pan-African deformation
associated with oblique convergence of the arc and back
arc assemblage onto the Nile craton around 620-640 Ma
(Fritz et al., 1996). The D3 deformation in the central
Eastern Desert is characterized by the formation of
crustal-scale NW-SE sinistral shear zones of the Najd
Fault System (Stern, 1985; Loizenbauer et al., 2001) fol-
lowed by exhumation of core complexes within orogen
parallel extension around 620-580 Ma. The D4 deforma-
tion occurred much later and may be related to brittle
deformation associated with the Red Sea rifting in Ter-
tiary times.

P-T calculations using the various geothermo-
barometers on rocks from the WHC show two distinct-
ly different sets of metamorphic conditions on either
side of the Nugrus Thrust. The first is observed in the
micaschists of the Nugrus unit to the northeast of the
Nugrus Thrust, with a low-temperature-low-pressure
assemblage, equilibrated between 400 and 550°C and
between 3.7 and 4.9 kbar. The second, medium-tem-
perature-medium-pressure assemblage equilibrated in
the range 600-750°C at 6-8 kbar. This is observed in

Tectonic Events in
Central Eastern Desert

Wadi Hafafit Culmination (WHC)

(Loizenbauer et al., 2001;
Fritz et al., 2002)

Magmatism
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FIGURE 9 | Relative timing of metamorphic events of the Wadi Hafafit Culmination (WHC) and their correlation with the tectonic events in the central
Eastern Desert. See Figures 1 and 10 for location and further explanation of tectonic events and evolutionary stages.
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FIGURE 10| Sketch diagrams illustrating the possible geotectonic evolution of the Wadi Hafafit Culmination (modified from Abd EI-Nahy and Frisch,
2006). A) 620-640 Ma (D2 tectonic events): subduction of the oceanic crust, ophiolite detachment and thrusting in the Wadi Ghadir, with arc volcan-
ism, arc-related plutonism and back-arc basin development in the Hafafit region. B) ~600 Ma (D3 tectonic events): NW vergent thrusting of Nugrus
unit over Hafafit unit. C) 580-600 Ma (D3 tectonic events): exhumation of Hafafit domes by orogen parallel extension. (D) Close up view of one of
Hafafit domes showing the extensional and transcurrent ductile shears associated with D3. See Figure 9 for further explanation of tectonic events.

the Hafafit unit and represented by gneisses and associ-
ated amphibolites. The low-grade metamorphic phase,
which is characterized by greenschist-facies conditions
(Nugrus unit), is related to NW-ward Nugrus Nappe
thrusting between 620-640 Ma (D2, Fig. 9). This event
was responsible for metamorphic imprint on the sedi-
mentary series of the Nugrus unit and could be
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assigned as “M1” (Fig. 9). This is consistent with the
general conclusion of Neumayr et al. (1996, 1998) that
the D2 deformation in the central Eastern Desert took
place at greenschist facies conditions. At ~600 Ma or
slightly earlier, rocks of the Hafafit unit were subjected
to intense deformation and metamorphism in amphibo-
lite facies (M2, Fig. 9). Moreover, the coincidence of
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the emplacement age of the leucogranite (594 + 12 and
610 + 20 Ma; Moghazi et al., 2004) and the metamor-
phic ages (~600 Ma as deduced from the present study)
of the Hafafit assemblages indicate that leucogranite
generation and metamorphism of the Hafafit units are
related to the same deformational event (late stage of
D2, Fig. 9).

A 3-stage geologic evolution model is proposed for
the tectonic evolution of the WHC. In this model, we
adopted the idea of major extensional structures within
overall compressive systems in mountain building
processes. The rock assemblages of the Hafafit area
correspond to accretion-collision units of island-arc
and back-arc basin composition correlated to the sub-
duction during Pan-African time (Fig. 10). The first
stage started earlier than 680 Ma ago with rifting and
ocean floor spreading at a time which is as yet unspeci-
fied. It corresponds to the D1 deformational event in
the scheme of Loizenbauer et al. (2001) and Fritz et al.
(2002). This stage was followed by a second stage of
subduction and emplacement of subduction-related
granitoids at ca. 682 Ma (Stern and Hedge, 1985). At
this time, the Hafafit region has become an active mar-
gin with the production of large amounts of calc-alka-
line subduction-related volcanic and plutonic
sequences (Fig. 10A). This is in agreement with the
chemistry of the granitic gneisses in the core of the
Hafafit domes that correlated with arc-related grani-
toids (Abd El-Naby and Frisch, 2006). Remnants of the
oceanic crust of the back-arc basin are represented by
the amphibolites and ultramafic rocks found in the
cores of Hafafit domes. The back-arc basin received
sediments from the volcanic arc and the continent in
the hinterland to the west (Nile Craton?).

Subduction and related calc-alkaline magmatism con-
tinued in the area for at least 80 Ma and was terminated
by collision around 600 Ma. Collision was associated
with NW-ward Nugrus Nappe thrusting under green-
schist-facies conditions (M1). The back-arc basin
sequence became buried to depth greater than 20 km (Fig.
10B). At this stage, rocks of Hafafit unit were subjected
to intense deformation and metamorphism in amphibolite
facies (M2). Subduction and collision stage corresponds
to the D2 deformational event (Fig. 9). Next it came the
third stage of late-orogenic extension and crustal thin-
ning, which was controlled by the Najd transform faults.
It gave exhumation of the Hafafit domes (Fig. 10C-D)
through a combination of transpression and lateral extru-
sion (D3, Fig. 9) as proposed by Fritz et al. (2002). Pres-
ence of extensional and transcurrent ductile shears with-
in WHC gives support for this conclusion. These shears
cut across all of the above structures, hence, are late-stage
structures (Fowler and El Kalioubi, 2002).

Geologica Acta, 6(4), 293-312 (2008)
DOI: 10.1344/105.000000258

Neoproterozoic exhumation of a core complex (Egypt, NE Africa)

CONCLUSION

1. Documentation of ages and quantitative con-
straints on the pressure/temperature histories across
the Wadi Hafafit Culmination (WHC) provides new
insight into the tectono-metamorphic evolution of one
of the key localities to understand the Neoproterozoic
tectonometamorphic evolution in the Eastern Desert
of Egypt.

2. Two distinct metamorphic phases have been rec-
ognized within WHC which are in agreement with
petrogenetic grids for the observed assemblages. The
first metamorphic phase (M1), equilibrated between
400 and 550°C and between 3.7 and 4.9 kbar, is
observed in the micaschists of the Nugrus unit and is
related to its thrusting over Hafafit unit (D2). The
second metamorphic phase (M2), equilibrated in the
range 600-750°C at 6-8 kbar, is observed in gneisses
and amphibolites of the Hafafit unit and is related to
the late D2 stage.

3. Sm/Nd dating of whole rock-garnet-plagioclase
yields similar ages of ca. 590 Ma for Hafafit gneisses
and amphibolite, which is interpreted as cooling from
the thermal peak which was attained around 600 Ma or
slightly earlier. A younger Rb-Sr of whole rock-biotite-
plagioclase for biotite gneiss (573 + 6 Ma) is interpret-
ed as reflecting a later stage in the cooling history than
the Sm-Nd ages.

4. The tectonic evolution of the WHC could be
explained in three main stages: a) rifting and ocean
floor spreading at a time earlier than 680 Ma; b) Sub-
duction around 620-640 Ma. It was terminated by col-
lision and nortwestward thrusting of the Nugrus unit
over the Hafafit unit; and c) late-orogenic extension
and crustal thinning that was controlled by the Najd
transform faults that resulted in exhumation of the
Hafafit domes through a combination of transpression
and lateral extrusion.
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TABLE 1 | Sequence of structural events for the WHC, as proposed by Greiling et al. (1984), EI Ramly et al. (1993), Greiling et al. (1994) and Fowler

and EI Kalioubi (2002).

Greiling et al. (1984)

El-Ramly et al. (1993)

Greiling et al. (1994)

Fowler and El Kalioubi (2002)

“Early deformation> D1  planar fabric D1 planar fabric progressively more silicic calc-alkaline
syn-kinematic intrusions gneissosity and
lineations isoclinal folds, macroscopic
sheath folds mylonites

D2 metamorphic banding, D2 metamorphic banding,
migmatization migmatization
D3 foliation, isoclinal D3 foliation, isoclinal
folds folds
D4 foliation, isoclinal D4 foliation, isoclinal
folds folds
““Early thrusting D5 mylonites D5 mylonites
and folding”’
D6 NE-SW trending faultbend D6 NE-SW trending open NE-SW trending upright open folds
folds folds
macroscopic monoclinal folds
D7 drag folds D7 drag folds thrusting
“‘Regional D8  thrusting D8 thrusting
thrusting mylonites
and folding’’ fault bend folds
D9 chevron folds
D10 NW-SE trending NW-SE trending upright folds
open folds
““Gravitative uplift’’ DI1 open folds, flat-lying D9  open folds, flat-lying not present
axial surfaces axial surfaces
Data from Fowler and El Kalioubi (2002)
TABLE 2 | Mineral assemblages of the studied samples.

Sample HoI' P Grt Qtz Cpx Bt Chl Ms Zrn Ilm
H17 (Garnet amphibolite) X X X X X X
H19, H4 (Garnet amphibolites) X X X X X
H11, H21, H14 (Cpx-amphibolites) X X X X X
HS8, H24, H23 (Bt-Hbl-gneisses) X X X X X
H18, H2, H16 (Bt-Hbl-gneisses) X X X X X X X

N10 (Micaschist) X X X X X X X
N21, N22, N23 (Micaschists) X X X X X X

*Mineral Abbreviation after Kretz (1983).
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TABLE 3 | Representative electron microprobe analyses of amphibole.

Garnet amphibolites

Cpx-amphibolites

Bt- and Hbl-gneisses

Sample HI17 HI19 H4 HI11 H14 H21 H8 H24
(N=6) (N=6) (N=6) (N=5) (N=6) (N=6) (N=6) (N=T7)
Si0, 45.18 47.08 43.92 48,00 48,00 47.12 459 43.74
TiO, 0.84 0.75 0.97 0.48 0.62 0.38 1.04 1.00
AlO; 10.79 9.8 13.17 8.23 6.98 11.22 10.54 11.63
FeO* 14.17 14.12 17.98 11.68 16.95 8.04 13.31 14.69
MnO 0.11 0.11 0.17 0.19 0.3 0.14 0.24 0.41
MgO 11.97 12.59 9.21 14.45 11.07 15.94 12.53 11.73
Ca0 11.28 11.06 10.93 12.32 12.06 12.73 11.61 11.42
Na,O 1.41 0.98 1.25 0.99 0.64 1.72 1.23 1.27
K.,O 0.68 0.25 0.51 0.28 045 0.43 0.4 0.42
Total 96.43 96.74 98.11 96.62 97.07 97.72 96.8 96.31
Cations per 23 oxygen
Si 6.73 6.93 6.53 7.01 7.21 6.76 6.77 6.63
Ti 0.09 0.08 0.11 0.05 0.07 0.04 0.12 0.11
Al 1.89 1.7 2.31 1.43 1.24 1.9 1.83 2.08
Fe* 1.77 1.74 2.24 1.44 2.13 0.96 1.64 1.86
Mn 0.01 0.01 0.02 0.02 0.04 0.02 0.03 0.05
Mg 2.66 2.76 2.04 3.18 248 3.41 2.76 2.65
Ca 1.8 1.74 1.74 1.95 1.94 1.96 1.84 1.85
Na 0.41 0.28 0.36 0.28 0.19 0.48 0.35 0.37
K 0.13 0.05 0.1 0.05 0.09 0.08 0.08 0.08
Total 15.49 15.29 15.45 15.41 15.39 15.61 15.42 15.68
N: number of analyses. * Total Fe as FeO.
TABLE 4 | Representative electron microprobe analyses of plagioclase.
Garnet amphibolites Cpx amphibolites Bt- and Hbl-gneisses Micaschists
Sample H17 H19 H4 H11 H21 H14 HS8 H24 HI18 H2 Hle N21 N10
(N=6) (N=9) (N=8) (N=8) (N=10) (N=5) (N=5) (N=8) (N=7) (N=10) (N=28) (N=6) (N=9)
Si0, 5834  50.35  60.59  51.2 53.06 60.23 5847 60.01 62,00 6146 6563 64.08 65,00
ALO, 2397 31.89 2517 3035 2895 2517 2636 2571 2374 2406 2187 2258 21.67
FeO* 031 0.14 0.17 0.58 0.6 0.46 0.16 0.07 0.08 0.07 0,00 0.07 0.02
CaO 933 15.55 7.48 1323 11.66 7.7 8.68 8.09 6.18 6.56 3.53 3.56 3.04
Na,0 7.1 2.67 7.28 2.82 4.88 7.06 6.55 6.92 8.1 7.49 9.3 9.43 9.79
K.0 0.21 0.03 0.03 1.04 0.05 0.09 0.07 0.12 0.17 0.33 0.28 0.1 0.15
Total 9926 1006 100.7 9922 992 100.71 100.2 1009 100.6 9998 1006 99.81 100,0
Cations per 8 oxygen
Si 2.65 2.28 2.68 2.35 2.43 2.67 2.61 2.65 2.75 2.73 2.87 2.83 2.87
Al 1.28 1.7 1.31 1.64 1.56 1.31 1.38 1.34 1.24 1.26 1.13 1.17 1.12
Fe? 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0,00 0,00 0,00 0,00 0,00 0,00
Ca 0.45 0.76 0.35 0.65 0.57 0.37 0.42 0.38 0.29 0.31 0.17 0.17 0.14
Na 0.63 0.24 0.62 0.25 0.43 0.61 0.57 0.59 0.7 0.65 0.79 0.81 0.84
K 0.01 0,00 0,00 0.06 0,00 0.01 0,00 0.01 0.01 0.02 0.02 0.01 0.01
Total 5.03 4.99 4.97 4.97 5.01 4.99 4.99 4.97 4.99 4,97 4.98 4.99 4.98
Molar proportion
Or 1.1 0.2 0.2 6.3 0.3 0.5 04 0.6 0.9 1.9 1.6 0.6 0.8
Ab 57.3 23.7 63.7 26.1 429 62.1 57.5 60.4 69.7 66.1 81.3 82.3 84.7
An 41.6 76.1 36.1 67.6 56.8 37.4 42.1 39,00 294 32,00 17,00 17.1 14.5

N: number of analyses. * Total Fe as FeO. Or. orthoclase; Ab. albite; An. anorthite.
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TABLE5 | Representative electron microprobe analyses of garnet.

Garnet amphibolites Bt-gneisses Micaschists
Sample H17 H19 H4 H16 HI8 NI10 N22 N23
(N=7) (N=12) (N=13) (N=5) (N=10) (N=9) (N=10) (N=13)
$i10, 38.66 37.24 37.61 37.17 36.41 36.96 36.12 37.87
TiO, 0.08 0.04 0,00 0.047 0,00 0.08 0.09 0.06
ALO; 20.93 20.99 20.96 20.46 21.32 20.93 21.12 20.79
Cr,0, 0.48 0.02 0,00 0.368 0.15 0.05 0.03 0,00
FeO* 24.86 27.39 31.31 34.61 31.33 39.81 28.12 273
MnO 1.08 1.2 0.9 1.42 5.94 0.13 6.43 5.6
MgO 4.44 3.79 3.04 2.04 3.21 1.16 0.13 0.98
CaO 9.94 8.69 5.9 3.26 1.87 0.4 7.55 7.94
Na,0 0.04 0.04 0,00 0.065 0.02 0.09 0.13 0,00
Total 100.5 99.39 99.73 99.44 100.25 99.6 99.72 100.53
Cations per 12 oxygen
Si 3.01 3,00 3.01 3.02 292 3.03 2.93 3.03
Ti 0.01 0,00 0,00 0,00 0,00 0.01 0.01 0,00
Al 1.92 1.99 1.97 1.96 2.02 2.02 2.02 1.96
Cr 0.03 0,00 0,00 0.02 0.01 0,00 0,00 0,00
Fe* 1.62 1.91 2.09 2.35 2.1 2.73 1.91 1.83
Mn 0.07 0.08 0.06 0.1 0.4 0.01 0.44 0.38
Mg 0.52 0.46 0.36 0.25 0.38 0.14 0.02 0.12
Ca 0.83 0.75 0.51 0.28 0.16 0.04 0.66 0.68
Na 0.01 0.01 0,00 0.01 0,00 0.01 0.02 0,00
Total 8.02 82 8,00 7.99 7.99 7.99 8.01 8,00
Molar proportion**
Alm 53.26 56.93 69.27 78.9 68.85 93.6 63.1 60.8
Prp 16.96 15.16 12,00 83 12.59 4.9 0.5 39
Grs 25.76 15.89 16.72 9.5 4.77 1.2 21.7 227
Sps 2.33 2.73 2.01 3.3 13.22 0.3 14.7 12.64

N: number of analyses. * Total Fe as FeO. ** Alm: almandine; Prp: pyrope; Grs: grossular; Sps: spessartine.

TABLE®6 | Representative electron microprobe analyses TABLE 7 | Representative electron microprobe analyses of biotite.
of clinopyroxene.
— Bt-gneisses Micaschists
Cpx-amphibolites
Sample Hil H14 H21 Sample Hl16 HI8 N10 N22 N23
(N=11) (N=9) (N=13) (N=7) (N=13) (N=11) (N=8) (N=6)
SiO, 53.49 53.63 53.20 Si0, 34.79 35.37 33.89 33.31 34.94
TiO, 0.04 0.02 0.04 TiO, 0.019 0.62 1.53 2.96 2.79
ALO; 0.55 0.32 0.63 AlLO; 19.08 18.91 19.32 18.75 18.35
Cr.O, 0.03 0.00 0.00 FeO* 21.88 20.53 27.38 26.3 22.65
FeO* 6.74 6.29 6.83 MnO 0.41 0.24 0.05 0.11 0.29
MnO 0.3 0.3 0.29 MgO 9.97 10.28 4.04 3.36 6.94
MgO 14.32 14.58 14.34 Ca0 0.33 0.04 0.13 0.14 0.11
Ca0 24.54 24.83 24.62 Na,0 0.19 0.06 0.13 0.09 0.07
Na.0 0.24 0.14 0.22 K0 9.67 9.21 8.95 9.2 9.36
Total 100.25 100,11 100.26 a 0.03 0.01 0.02 0,00 0.01
Cations per 6 oxygen Total 96.37 95.27 95.43 94.22 95.52
Si 1.98 1.98 1.98 Cations per 22 oxygen
Ti 0.00 0.00 0.00 Si 5.57 5.66 5.6 5.58 5.65
Al 0.02 0.01 0.03 Ti 0.002 0.07 0.19 0.37 0.34
Cr 0.00 0.00 0.00 Al 3.6 3.56 3.76 3.7 3.5
Fe' 021 0.2 021 Fe'' 2.93 2.75 3.78 3.68 3.06
Mn 0.01 0.01 0.01 Mn 0.06 0.03 0.01 0.02 0.04
Mg 0.79 0.8 0.79 Mg 2.38 2.45 1,00 0.84 1.67
Ca 0.97 0.98 0.96 Ca 0.06 0.01 0.02 0.02 0.02
Na 0.02 0.01 0.02 Na 0.06 0.02 0.04 0.03 0.02
Total 4.00 3.99 4.00 K 1.98 1.88 1.89 1.96 1.93
N: number of analyses. * Total Fe as FeO. Total 16.64 16.43 16.29 16.2 16.23
(Mg/(Mg+Fe)0.45 0.47 0.21 0.19 0.35

N: number of analyses. * Total Fe as FeO.
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TABLE 8 | Representative analyses of muscovite and chlorite in micaschists.

Muscovite chlorite

Sample N10 N22 N23 N22

(N=10) (N=10) (N=13) (N=7)
Si0, 48.99 492 48.14 24.37
TiO, 0.45 0.52 0.34 0.16
AlLO; 36.33 35.56 35.95 19.72
FeO* 1.48 1.46 1.41 39.89
MnO 0.02 0.03 0.04 0.45
MgO 0.68 0.54 0.74 2.29
CaO 0.02 0.04 0.01 0.1
Na,O 0.33 0.28 0.34 0.00
K.,O 10.57 10.62 10.97 0.35
Total 98.87 98.25 97.94 87.53

Cations per 22 oxygen for muscovite
Cations per 28 oxygen for chlorite

Si 6.54 6.61 6.51 5.62
Ti 0.05 0.05 0.04 0.03
Al 5.71 5.62 5.73 535
Fe*' 0.17 0.16 0.16 7.69
Mn 0.00 0.00 0.01 0.09
Mg 0.14 0.11 0.15 0.79
Ca 0.00 0.01 0.00 0.03
Na 0.09 0.07 0.09 0.00
K 1.8 1.82 1.89 0.16
Total 14.5 14.45 14.58 19.76

N: number of analyses. * Total Fe as FeO.

TABLE 9 [ Calculated temperatures and pressures for the Hafafit rocks.

<«— Nugrus unit —p« Hafafit unit >
Micaschists Garnet-amphibolites Cpx-amphibolites Bt- and Hbl-gneisses
N10 N22 N23 H19 H17 H4 HI11 H21 H14 H8 H24 H18
Gri-Bt geothermo-meter T (°C)
Bhattacharva et al. (1992) 465-515 405-454 598-622
Ferry and Spear (1978) 470-535 435-500 628-665
Hodges and Spear (1982) 477-540 515-550 650-686
Kleemann and Reinhardt (1994) 517-535 519-521 617-622
Grt-Am geothermometer T (°C)
Graham &Powell (1984) 600-607  665- 713 650-750
HbI-Pl geothermometer T (°C)
Holland and Blundy (1994) 689-690 635-651 657-682 700-712 720-750 662-682 660-730 720-730
Grt -Ms geothermometer T (°C)
Hynes and Forest (1988) 424-508 400-447 466-527
Grt - Hbl-PIl -Qtz geobarometer P ( kb)
Kohn and Spear (1990) 6.0-65 7.6-80 65-76
White mica geobarometer P ( kb)
Massonne and Schreyer (1987) 43-49 3.7-43 4.0-48
TWEEQU T(eC)
Berman (1991) 480-550 465-527
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TABLE 10 | Rb-Sr and Sm-Nd isotopic composition (in ppm).

Rb-Sr isotopic composition

Sample  Age (Ma) Type Sr Rb “Rb/Sr YSrSr YSr/Sr (i) _Sr(T)
H18 573 WR 1135 26.67 0.6802 0.710201 0.70464 12
HI8 573 biotite ~ 13.63  213.6 47.039 1.088207 0.70391 1
H18 573 Plg 2337 1425 0.1764 0.705727 0.70429 7

Sm-Nd isotopic composition*
Sample Age (Ma) Type Sm Nd YSm/Nd  "*Nd/YNd - "“Nd/UNd(G)  eNd(T)  eNd(0)  TDM*
H23 593 WR 0443 1413 0.1894 0.512916 0.512180 6.0 5.4 0.78
H23 593 Granat  0.692  0.292 1.4352 0.517749 0.512172 5.8 99.7 0.80
H23 593 Plg 0.087  0.656 0.0798 0.512485 0.512175 59 3.0 0.79
H19 585 WR 1.090  3.402 0.1938 0.512877 0.512134 4.9 47 0.87
H19 585  Granat 0,62 0.173 0.5686 0.514298 0512118 4.6 324 0.89
H19 585 Plg 0.197  1.296 0.0917 0.512466 0.512114 4.5 -3.4 0.90

* model age after Liew and Hofmann (1988).
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