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Abstract New geochemical, isotopic, and geochrono-
logical data and interpretations are presented for late
Neoproterozoic intrusive carbonates and related rocks of
southern Sinai, Egypt (northernmost Arabian—Nubian
Shield). The Tarr carbonates are coarsely crystalline and
related to explosive emplacement of hypabyssal and vol-
canic albitite at 605 = 13 Ma. The carbonates associated
with the albitites are divisible into two types: primary do-
lomitite and secondary breunneritite (Fe-rich magnesite).
The dolomitite was clearly intrusive but differs from
classic igneous carbonatites, containing much lower
abundances of incompatible elements, such as REE, U, Th,
Rb, Nb, Y, P, Sr, Zr, Ba, and total alkalies. The breun-
neritite is a secondary replacement of dolomitite, probably
marking the roots of a vigorous hydrothermal system. Al-
bitites show pristine abundances of major and trace
elements and were not subjected to a major metamorphic
overprint. They are relatively more fractionated, alkaline
and related to within-plate A-type magmas, were emplaced
in an extensional or non-compressive tectonic regime in the
cupola of high-level A-type granite. Tarr albitites may
represent residual magma remaining after near-total crys-
tallization of an A-type granite pluton at depth, forcibly
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emplaced into the roof above the cooling pluton. The
intrusive dolomitite exsolved from highly differentiated
albitite melt, in the apical regions of a still-buried alkaline
“A-type” granite pluton that was rich in CO,; these vola-
tiles migrated upwards and towards the cooler margins of
the magma body. Late NNE-SSW extension allowed a
shallow-level cupola to form, into which albitite melts and
carbonate fluids migrated, culminating in explosive
emplacement of albitite breccia and intrusive carbonate.
Isotopic compositions of Tarr dolomitite and albitite indi-
cate these are consanguineous and ultimately of mantle
origin. Magmatic volatiles fenitized the wall rock, while
submarine hydrothermal activity transformed some of the
dolomitite into breunneritite. Recognition of Tarr-type
should encourage similar hypabyssal complex intrusions to
be sought for in association with A-type granitic plutons
elsewhere.

Keywords Albitite - Magmatic cupola -
Intrusive dolomitite - Sr, Nd isotopes - Geochronology

Introduction

The basement rocks of Sinai lie at the northern end of the
Arabian—Nubian Shield (ANS). The ANS is the northern
part of the East African Orogen, which formed in Neo-
proterozoic time (~ 1,000-542 Ma ago) by amalgamation
of oceanic and continental magmatic arcs during subduc-
tion and obduction of oceanic crust and closure of the
Mozambique Ocean (Kroner 1985; Kroner et al. 1987;
Stern 1994; Loizenbauer et al. 2001). In the ANS, defor-
mation and metamorphism were accompanied by the
migration of carbonate-rich solutions (Stern and Gwinn
1990), veins and dikes of calcite and dolomite, less
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typically ankerite, magnesite, and breunnerite. The migra-
tion of these solutions also resulted in the diffuse and
pervasive carbonation of a wide range of basement rocks.
Although we are not yet able to quantify the volume of
carbonate added to the crust of this region, it is clear that
vast amounts of such fluids accompanied the greenschist-
facies metamorphism of a large portion of the ANS. The
source and age of this pervasive carbonate alteration in the
ANS and in other Neoproterozoic is controversial but is
important for understanding fundamental aspects of Earth
evolution (Santosh and Omori 2008).

The present study contributes to this problem by
studying the age, composition, and significance of an
unusual body of intrusive carbonates associated with
explosively emplaced albitite found in Wadi Tarr, southern
Sinai. In spite of the fact that these are clearly intrusive and
are carbonatites as defined by the IUGS classification
(Streckeisen 1980), they are in many ways distinct from
“classic” igneous carbonatites, especially in terms of
containing much lower abundances of incompatible trace
elements, such as REE, Nb, Sr, Zr, Ba, U and Th. In order
to avoid confusion, we call the Tarr rocks “intrusive
carbonates”.

There are relatively few studies of Neoproterozoic
intrusive carbonates in Egypt, even though these are
common in the Sinai Peninsula and the Eastern Desert.
More studies have been done on Phanerozoic intrusive
carbonates in the Eastern Desert, where El-Ramly et al.
(1971) considered the intrusive carbonates associated with
Phanerozoic ring complexes to be carbonatites, although
the geochemical data indicate significant differences from
“classic” mantle-derived carbonatites because they are
depleted in Ba, Sr, Nb and REE. Carboniferous carbonate
intrusions at Gebel Tarbti on the Red Sea coast of Egypt
are considered as carbonatite (Serencsits et al. 1979; El-
Haddad and Hashad 1984). Early Mesozoic intrusive car-
bonates associated with the Gebel Mansouri ring complex
in the Eastern Desert of Egypt are considered to be car-
bonatites with peculiar trace element abundances (Hashad
and El-Reedy 1980; El-Haddad et al. 1984; El-Nisr and
Saleh 2001). They are characterized by low contents of Ba,
Sr, Nb and REE, and isotopic data suggest a magmatic
origin (¥’Sr/*®Sr = 0.7052; Hashad 1981).

A regional study by Stern and Gwinn (1990) investi-
gated the origin of Neoproterozoic intrusive carbonates in
the Eastern Desert and NE Sudan, intruded as dikes and
veins during Neoproterozoic time, but distinguished those
from classic carbonatites because of their much lower
contents of Sr compared to true carbonatite. Based on the
isotopic data they distinguished the source of Neoprotero-
zoic intrusive carbonates of the northern ANS into: (1)
remobilized carbonate sediments, with moderately high
8781/%°Sr (0.705-0.707) and heavy C (8'°C = —2 to +4%o)
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and O (5'%0 = +15 to +25%o), (2) fluids or melts derived
from depleted mantle, with low 87Sr/368r (~0.7030) and
light C (6"°C = —8 to —2%0) and O (5'%0 = +6 to
+10%o0), and (3) carbonatite melts derived from enriched
mantle or lower crust with high 8’Sr/*®Sr (~0.71) and light
C (6"C to —6%o) and O (8'®0 to +6%.). On this basis, it
appears that intrusive carbonates of the North Eastern
Desert were derived from depleted mantle, whereas those
of Central Eastern reflect mixing between remobilized
sedimentary carbonates and mantle fluids. The low Sr
contents led Stern and Gwinn (1990) to interpret the
mantle-derived intrusive carbonates as having exsolved
from cooling silicate melts rather than being derived
directly from a carbonatitic mantle source.

An excellent example of Neoproterozoic intrusive car-
bonates is found at Wadi Tarr in southern Sinai (Fig. 1)
associated with hypabyssal and volcanic albitite, which are
together the focus of this study. Previous studies indicate
that the carbonates are different than other igneous,
metamorphic and sedimentary carbonates, stimulating
controversy about their origin (Shimron et al. 1973; Bog-
och et al. 1982, 1986; Blasy et al. 2001). Shimron (1975)
suggested that the intrusive carbonates of Wadi Tarr are
“atypical” carbonatites, resulting from an immiscible melt
fraction separated from an albitite melt. Five papers by
Bogoch in the 1980s highlighted the Tarr carbonates and
albitite. Bogoch et al. (1982) agreed that the intrusive
carbonates of Wadi Tarr were related to the albitite, and
suggested derivation from a buried ophiolite; however, the
presence of ophiolites in Sinai is doubtful (Bentor 1985;
El-Gaby et al. 1990). Nevertheless, the intrusive carbonates
show clear mantle affinities. Carbonate fluids and mantle-
derived melts clearly co-existed, as demonstrated by car-
bonate-filled magmatic ocelli in associated diabase dikes
(Bogoch and Magaritz 1983). Bogoch et al. (1984) attrib-
uted high Sc concentrations (30-150 ppm) in Tarr
carbonate minerals to a mantle source. Bogoch et al. (1986)
reported that the dolomite has H, O, C and Sr isotopic
compositions consistent with a mantle source, while the
isotopic composition of the breunnerite indicates re-equil-
ibration of primary dolomite with metamorphic water to
form breunnerite. Bogoch et al. (1987) interpreted the al-
bitite as metasomatic in origin.

In this study, we present new field and geochemical data
in order to determine the origin of the intrusive carbonates
of Wadi Tarr and their relation to the albitites and sedi-
mentary carbonates in the vicinity. We present new
geochemical, isotopic, and geochronological data that
allows a much broader perspective. We conclude that Tarr
intrusive carbonates reflect processes in a high-level mag-
matic cupola and associated hydrothermal system, perhaps
associated with a Neoproterozoic caldera complex above
an A-type granite pluton.
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Exposed Neoproterozoic basement rocks in the Tarr area
consist of metasediments, metavolcanics and pyroclastics,
albitite, and syenogranite (Fig. 2a). The Tarr intrusive
carbonate-albitite complex is found in the southernmost
part of the Wadi Kid metamorphic core complex (Blasband
et al. 1997, 2000). This core complex was active ~600 Ma
ago, in association with strong NNW-SSE-directed
extension in the northern ANS (Stern et al. 1984). The
formation of core complex was accompanied by extensive
magmatism and left-lateral strike-slip shearing on the Najd
system (Stern 1985). Regional extension and shearing may
manifests with the orogenic collapse of the northern ANS
near the end of the Ediacaran.

The Kid metasediments are described by Shimron (1980)
as having been deposited in a deep water environment. They
consist of two well bedded, fining-upward successions of
often laminated, porphyroblastic schists, mostly pelitic and
interbedded with metacalcpelites enclosing marble lenses,
quartzites, as well as with metagreywackes, polymictic
metaconglomerates, and porphyroblastic pebbly schists
(Hafez et al. 2007). There are turbidities, with diagnostic
sedimentary structures, such as fining-up sequences
(Brooijmans et al. 2003). The carbonate metasediments
including marble (Shimron 1975; Hafez et al. 2007) are
particularly important for the present study.

Metavolcanic rocks include andesite, trachyandesite,
dacite, rhyodacite, rhyolite, and associated pyroclastics,
thought to have formed in an oceanic island arc (Shimron
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Fig. 2 a Geological map of the A

Wadi Tarr area (after Blasy

et al. 2001), b Geological cross
section (I-1I) showing the
relationship between the
intrusive carbonate and albitite
of Wadi Tarr area

R l:l ‘Wadi deposit
\} Dykes and viens
| I Awicie

44| Syenogranite

Conglomerate

Rhyuolite
:352{3' Rhyodacite
Mﬁ Dacite

Pyroclastics

Andesite
EMZN Trachyandesite

Slitstone

g 2 Graywacke
_ E—] schist

AAEKS i

e D Gpr A vip

) T T
TSR]
ot

Metavolcanics

s
lele

L5
i 56t ¢
S TN

Metasediments

Disrupted outline of
Kid caldera complex,
4 including albitite-
carbonate cupola

o Sample location
4
-

e i g ke s o Resurgent dome/
£+ + cupola
Asphaltic road
Old copper mine
(N} LR N B N )
i Abitie quarry

B Location of Fig. 3

Albitite

Graywackes

1980; Furnes et al. 1985; El-Metwally et al. 1999),
geochemically similar to the calc-alkaline Younger Meta-
volcanics described by Stern (1981) in the Eastern Desert of
Egypt. Other studies (El-Gaby et al. 1991; Moghazi 1994
and others) suggest that the Kid metavolcanics sequence
may correlate with the subaerial calc-alkaline Dokhan
Volcanics of the Eastern Desert of Egypt. In the latter case,
the metavolcanic rocks may represent early stages in the
magmatic evolution of the caldera complex we infer to be
the setting of the Tarr intrusive carbonate—albitite complex.
Field and geochronology studies are needed to resolve the
significance of these metavolcanics.

The plutonic rocks in the Kid area include a gabbro-
diorite complex (outside of Fig. 2a area) and various gra-
nitic bodies (Shimron 1980; Moghazi et al. 1998; Shahien
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2002). The gabbro-diorite intrudes the volcano-sedimen-
tary succession, but it is older than late- to post-tectonic
granitoid intrusions. The granitoids are divided into three
groups: (1) quartz-monzonite, (2) granodiorite-monzogra-
nite, and (3) syenogranite (Igna granite of Bielski et al.
1979) and albitite. Most of the granitic rocks are broadly
A-type, late- to post-orogenic, typical of ~600 Ma plutons
in the region (Jarrar et al. 2008; Be’eri-Shlevin et al.
2008b, in press), and include syenogranite and albitite.
Three plutons in the immediate vicinity of the Tarr com-
plex have been recently dated with modern U-Pb zircon
techniques (Be’eri-Shlevin et al. 2008b), including the
Lathi monzogranite (607 & 4 Ma); the syenogranite in the
SE corner of Fig. 2 is part of the Lathi pluton. Due west
of the study area, the small Sama quartz monzonite—
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monzogranite pluton gives a very similar age
(608 £ 4 Ma). The Mandar pluton to the south of the Lathi
pluton was dated using modern U-Pb zircon techniques by
Be’eri-Shlevin (2008a)and yields an age of 604 + 4. It is
worth noting that the 604 + 4 Ma Mandar pluton was
previously dated as 530 Ma by Rb-Sr techniques (Bielski
1982).

Albitite is exposed along and east of the asphaltic road
in Wadi Kid, especially in Wadi Tarr (Fig. 2a). The Tarr
albitites occur as small (<1.2 kmz) intrusions associated
with widespread brecciation and alteration of the sur-
rounding country rocks, and with small bodies of intrusive
carbonates as well as olivine dolerite and lamprophyre
dykes. Albitite masses were intruded into the metavolca-
nic—metasedimentary units and about ten albitite bodies
define a zone that trends NE, approximately paralleling
extensional dike swarms and the long axis of the Kid core
complex. Albitite bodies are surrounded by breccia zones,
about 100-150 m wide (Figs. 2b, 3). The breccia is very
coarse (fragments are a few centimeters to 10 m across)
and can be subdivided into interior and exterior zones.
Interior breccia zones consist of angular fragments of
brown albitite or country rock in a groundmass of pale
yellow prismatic to fibrous actinolite. Exterior breccia
zones consist of angular fragments of country rocks,
mainly metatuffs, cemented by coarse intrusive carbonate.
The angularity of clasts and absence of foreign fragments
imply that they formed in situ. The breccia is interpreted as
related to emplacement of the albitite and indicates violent,
even explosive, emplacement perhaps due to volatile
overpressure. Locally, the silicate rocks within the breccia
zone are strongly amphibolitized; this alteration locally
extends away from the stocks into the non-brecciated
country rocks (Bentor and Eyal 1987), defining a zone of
fenitization (Shimron 1975). Original K-feldspars in the
wall rock are converted to albite, turbid with sericite.
Plagioclase is converted to fine sericite—calcite aggregates
with clear patches of albite. New crystals and nests of
albite and phologopite are observed in the metatuffs.

T
T —— Fenitization zone o ,-:_‘-F
100 m Wide TR
Al & Albitite #

5 meters

III s ‘\.
Intrusive carbonates ™

Interior voleanic
breccia zone

‘.\ .’.'
Exterior volcanic
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Fig. 3 Sketch showing the relationship between the intrusive
carbonate—albitite complex and their county rocks

The intrusive carbonates of Wadi Tarr were emplaced
around some (but not all) and locally within the albitites
(Fig. 2b). Rarely, the carbonates intrude the surrounding
metasediments. Intrusive carbonates are represented by
dolomitite, sometimes replaced by breunneritite. They
occur as veins and dyke-like bodies (several centimeters up
to 1 m wide) and as subhorizontal sheets (3—10 m thick
and up to 150 m long). They also occur as cement in the
albitite breccia. On fresh surfaces, the dolomitite is white to
light grey and the breunneritite is medium to dark brown;
both minerals weather dark beige.

The Tarr intrusive carbonate—albitite complex and pos-
sible caldera developed in association with profound
lithospheric thinning, as shown by coexistence with the
Tarr metamorphic core complex. Field evidence shows that
the intrusive carbonate—albitite complex is younger than
other Neoproterozoic rocks in the vicinity. The intrusive
carbonates were emplaced contemporaneous with or
slightly later than the albitite. The only published geo-
chronology is fission track dating of epidote in the albitite,
which gave an Early Cretaceous age [103 £ 8.3 Ma; Barr
(1973) cited in Bentor and Eyal (1987)].

Analytical techniques

Powdered samples of intrusive dolomitite, breunneritite,
and sedimentary carbonates were subjected to X-ray dif-
fraction analysis to determine their mineralogy. The
powder diffraction pattern of the samples was obtained
with Cu radiation with secondary monochrometer. The
scanning speed was 20 = 1°/min at constant voltage
40 KV and 40 mA using BRUKUR Dg advanced X-ray
diffractometer at the Central Metallurgical and Develop-
ment Institute in Cairo. Mineral identification was carried
out using the data given in the American Standard Test
Materials (ASTM) cards by measuring the d-values of the
different atomic planes and their relative intensities.

Polished thin sections of selected intrusive dolomitite
and breunneritite were examined with a Philips XL30
environmental scanning electron microscope (ESEM) at
the Nuclear Materials Authority in Egypt, operating at
25 KV and equipped with EDAX energy dispersive ana-
lytical X-ray spectrometer. The spectrometer detects
elements with atomic number >4 (B and heavier elements),
with counting rates kept close to 1,000-1,500 counts per
second. ESEM analyses (normalized to 100%) are listed in
Table 1.

Geochronology involved separating zircons and ana-
lyzing them with an ion probe. Heavy minerals were
separated from albitites at NRC and further purified at
UTD. Separated zircons were mounted into a 25 mm epoxy
puck along with the 1,065 Ma Geostandards 91500
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Table 1 ESEM mineral compositions of the intrusive dolomitite and
breunneritite (normalized to 100%)

Sample  Dolomitite (100C) Breunneritite (200C)

Spot No. 1 2 3 1 2 3 4
SiO, 0.00 0.02 036 0.83 0.34 1.06 0.98
Al,O3 0.02 0.00 0.1 0.00 0.00 0.38 0.47
Fe 05 5.81 6.11 5.74 17.52 1638 18.34 19.56
MnO 0.68 0.71 046  0.63 0.56  0.54 0.59
MgO 2496 21.22 2298 3095 29.24 28.10 29.61
CaO 26.66 27.52 25.78 8.77 7.41 9.02 9.43
P,Os 0.10 0.00 021 0.11 0.08 0.29 0.18
CO, 41.77 4442 4396 41.19 4599 4227 39.18
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

reference zircon (Wiedenbeck et al. 1995) and polished
approximately half-way through. Preanalytical cathodolu-
minesence images were obtained using a Hitachi S4300
scanning electron microscope equipped with a Gatan
“mini-CL” detector at the Swedish Museum of Natural
History. Following CL imaging, samples were coated with
ca. 30 nm of gold.

Secondary ion mass spectrometer (SIMS) U-Th-Pb
analyses were carried out using a large geometry Cameca
IMS1270 instrument at the Swedish Museum of Natural
History. Instrument set up broadly follows that described

by Whitehouse et al. (1999) and Whitehouse and Kamber
(2005), using a ca. 15-20 ym O, primary beam with
23 kV incident energy. A mass resolution (M/AM) of ca.
5,400 was used to ensure adequate separation of Pb isotope
peaks from nearby HfSi" species. Presputtering, secondary
ion beam centering, mass calibration optimisation, and
adjustment of the secondary beam energy distribution were
performed automatically for each run and runs were com-
bined in an automated chain sequence. Data reduction
assumes a power law relationship between Pb*/U% and
U0, /U™ ratios to calculate actual Pb/U ratios based on
those in the 91500 standard. U concentrations and Th/U
ratio are also referenced to the 91500 standard. Common
Pb corrections are made only when ***Pb counts statisti-
cally exceed average background and assume a 2*’Pb/°°Pb
ratio of 0.83 (equivalent to present day Stacey and Kramers
(1975) model terrestrial Pb). Age interpretations use the
routines of Isoplot/Ex (Ludwig 2001). Decay constants
follow the recommendations of Steiger and Jager (1975)
(Table 2).

Three representative samples of the intrusive dolomitite,
three samples of the breunneritite and ten samples of the
albitite as well as two samples of sedimentary carbonates
were analyzed for major and trace elements using X-ray
fluorescence spectrometry (XRF). The XRF analyses were
carried out at Shimane University in Japan and at the Saudi
Geological Survey, Jeddah, Saudi Arabia. Loss on ignition

Table 2 Ion microprobe U-Th—Pb analytical data and derived ages for Tarr albitite rocks, Egypt

Spot  No. 2%%ppt U Th Pb 200pp238y  +o 27Pb%Pb e PB/PU 2°PuBU 27Pb/2°°Pb
scans (%) (ppm)  (ppm)  (ppm) (%) (%)  age (Ma) age (Ma) age (Ma)
1 12 0.21 90 62 11 0.1003 142 0.0587 206 611+12 616+8 593 + 44
2 12 0.59 73 34 9 0.0974 217  0.0575 284 581 +£16 599+ 12 510 + 61
3 12 0.33 101 67 13 0.1039 141 0.0586 194 619+11 637+9 553 + 42
4 12 2.31 570 397 63 0.0915 142 0.0609 208 578 +11 564 +8 635 + 44
5 12 1.19 561 320 60 0.0929 141 0.0598 133 577+9 573 + 8 595 + 29
6 12 0.16 143 35 16 0.1009 142 0.0584 143 604 +£9 620 + 8 546 + 31
7% 12 7.88 1084 835 86 0.0646 146  0.0607 311 439+12 404 +6 628 + 66
8 12 1.13 370 253 43 0.0959 145  0.0597 159 591 +£10 590 + 8 592 + 34
9 12 0.07 551 98 62 0.1003 141 0.0603 073 616 £7 616 + 8 614 + 16
10 12 0.11 118 23 13 0.1019 145 0.0593 176 616 £11 626 £9 579 + 38
11 12 0.07 692 156 80 0.1021 144 0.061 059 629 +7 627 + 9 639 + 13
12 12 0.15 122 85 15 0.0969 141 0.059 155 595+10 596 + 8 590 + 33
13 12 0.06 314 77 35 0.099 146  0.0603 1.02 610+ 38 608 + 9 613 + 22
14 12 0.06 185 128 24 0.1011 142 0.0603 115 619+9 621 + 8 614 + 25
15 12 29.64 1,585 2,121 16 0.0158 176 NA NA NA 101 £2 NA
16 12 0.07 191 151 25 0.1001 144 0.0597 118 611+9 615+ 9 593 + 25
17 12 0.07 269 185 34 0.0992 142 0.0593 1 603 + 8 610 + 8 578 + 22
18% 12 1.86 911 375 95 0.0886 142 0.0601 255 559 +13 547 +8 607 + 54
19 12 3.13 1215 1,124 78 0.0604 145  0.0582 1.98 402 + 8 378 + 5 539 + 43
204 12 0.28 1,187 541 103 0.0731 142 0.0605 0.97 484 +7 455 + 6 622 + 21

*Indicates data excluded from calculated age
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Table 3 Chemical compositions of intrusive dolomitite, breunneritite and sedimentary carbonates
Sample Dolomitite Breunneritite Sedimentary
carbonates

100A 100B 100C* 200A 200B 200C* 28A%* 28B*
Si0, 0.00 0.00 0.00 1.59 0.56 0.00 0.00 0.00
TiO, 0.00 0.00 0.00 0.02 0.00 0.02 0.02 0.03
AlLO3 0.09 0.10 0.15 0.11 0.01 0.57 0.51 0.55
Fe,03 3.51 4.08 4.58 17.26 12.76 12.82 0.96 0.85
MnO 0.46 0.49 0.47 0.32 0.23 0.25 1.49 0.91
MgO 29.01 26.82 22.17 27.07 34.60 30.67 7.10 2.31
CaO 24.06 23.06 26.79 10.82 5.69 12.41 47.09 53.71
Na,O 0.00 0.02 0.01 0.03 0.01 0.04 0.00 0.00
K>O 0.01 0.03 0.05 0.00 0.01 0.05 0.00 0.00
P,05 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.03
L.OI 43.05 45.01 45.79 42.11 45.19 43.12 42.80 41.60
Total 100.19 99.61 100.00 99.33 99.06 100.00 100.00 99.99
Trace element in raw samples (ppm)
Ba 35 31 31 46 37 39 23 14
Cr 81 116 112 198 79 89 4 6
Ga n.d n.d 0 n.d n.d 1 0 0
Nb <10 <10 0 <10 <10 1 1 1
Ni 26 61 37 271 117 167 10 5
Rb <20 <20 0 <20 <20 1 1 0
Sr 198 207 237 101 129 109 136 112
Th n.d n.d 2 n.d n.d 1 5 5
v 58 66 44 104 131 94 33 33
Y 19 22 26 4 6 2 4 4
Zr <20 <20 5 <20 <20 7 14 13

*Indicates samples analyzed at Shimane U., others analyzed at Saudi Geological Survey, Jeddah, Saudi Arabia

(L.O.1.), for the samples analyzed in Saudi Arabia was
determined by heating powdered samples for 1 h at
1,000°C. The XRF analyses were carried out at Shimane
University on glass discs (flux-to-sample ratios of 2:1) for
both major and trace elements (Kimura and Yamada 1996)
and at the Saudi Geological Survey on fused-glass discs for
major and pressed-powder pellets for trace elements. XRF
analyses are listed in Tables 3 and 5.

Trace element concentrations (including the REE) were
determined for nine samples (1 dolomitite, 1 breunneritite,
2 sedimentary carbonates, and 5 albitites) at Shimane
University, following the methods of Kimura et al. (1995,
2002). Acid reagents used were EL-grade nitric (Kanto
Chemicals) and hydrofluoric acid (Tama Chemicals), and
analytical grade perchloric acid (Wako Chemicals).
Experimental water was distilled and subsequently ion
exchanged with a Milli-Q filter (Millipore). Procedural
blanks were <I ppt. The ICP-MS system used was a
Thermo ELEMENTAL VG PQ3 equipped with a normal
concentric nebulizer and a water-chilled impact bead-type
nebulizer. Instrument settings were fundamentally those of

Kimura et al. (1995). Analytical precision is better than 2%
and external analytical reproducibility better than 6% by
repeated analyses over 10 years. ICP-MS analyses are lis-
ted in Tables 4 and 6.

Analytical procedures for Sr and Nd isotope separations
follow lizumi et al. (1994, 1995). Reagents were Ultrapur
grade hydrofluoric and nitric acids (Merck), and precise
measurement grade hydrochloric acid (Wako Chemicals).
Distilled deionized water and hydrochloric acid were sim-
mered before use, and procedural blanks were <1 pg/g for
both Nd and Sr. Samples were analyzed by VG Elemental
Plasma 54 Multiple Collector-Inductively Coupled Plasma-
Mass Spectrometer (MC-ICP-MS) at Shimane University,
for both Nd and Sr using Aridus desolvating nebulizer. NIST
SRMO987 Sr standard and La Jolla Nd standard were analyzed
before and after unknowns. Standard values (and 26 errors)
during the analyses were 'Sr/*°Sr = 0.710244 + 0.000020
(n = 4) and "Nd/'"**Nd = 0.511866 =+ 0.000010 (n = 4),
respectively. Typical internal 2 standard errors (2SE) for
sample analyses are £0.000015 for Sr and +0.000010 for
Nd. Isotope analyses are listed in Tables 7 and 8.
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Table 4 REE and some trace elements by ICP-MS in the carbonate
rocks

Sample Dolomitite ~ Breunneritite ~ Sedimentary carbonates
100C 200C 28A 28B

La 18.60 0.45 3.01 2.07
Ce 46.75 1.21 5.25 3.92
Pr 5.56 0.22 0.65 0.55
Nd 23.99 1.16 2.72 2.05
Sm 4.69 0.45 0.58 0.45
Eu 1.71 0.14 0.14 0.12
Gd 4.29 0.59 0.71 0.53
Tb 0.61 0.10 0.10 0.09
Dy 3.64 0.56 0.56 0.50
Ho 0.67 0.11 0.12 0.11
Er 1.70 0.30 0.33 0.30
Tm 0.25 0.05 0.05 0.05
Yb 1.67 0.47 0.34 0.33
Lu 0.25 0.09 0.06 0.06
>"REE 114.38 5.89 14.60 11.14
(Eu/Eu*) 1.16 0.82 0.66 0.72
(La/Lu),, 7.89 0.52 5.46 3.53
(La/Sm),, 2.56 0.65 3.35 2.95
(Gd/Lu), 2.10 0.78 1.50 1.04
Li 1.102 1.337 3.131 4.893
Be 0.128 0.173 0.166 0.079
Rb 0.105 0.123 0.016 0.012
Y 17.707 2.626 4.621 3.635
Zr 0.467 4.842 5.717 5.549
Nb 0.029 0.245 0.257 0.284
Sb 0.212 0.151 0.041 0.057
Cs 0.034 0.018 0.017 0.013
Ba 14.189 11.879 30.570 15.152
Hf 0.010 0.129 0.077 0.103
Ta 0.001 0.016 0.013 0.022
Tl 0.001 0.006 0.019 0.014
Pb 1.564 1.301 0.301 0.243
Th 0.197 0.100 0.128 0.133
U 0.030 0.275 2.407 1.674

Petrography and mineralogy
Intrusive carbonates

Two types of intrusive carbonate are associated with the
albitite: primary dolomitite, and secondary breunneritite
(Fe-rich magnesite). The term breunnerite was first used by
Haidinger (1825; in Palache et al. 1951) to describe a
magnesite containing 8 to 17 wt% FeCO5. A more recent
definition of breunnerite is that this contains 5-50 wt%
FeCO; (Deer et al. 1992). Dolomitite is more abundant
than the breunneritite among Tarr intrusive carbonates.
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Dolomitite consists mainly of dolomite with minor
amounts of calcite. Dolomite is white to light grey, and
occurs as coarse (grains = 0.5-4.0 cm) and fine-grained
(<0.5 cm) aggregates, sometimes showing pressure twin-
ing. Some dolomitite contains large, subrounded dolomite
crystals up to 4 cm long that are enclosed in a fine-grained
groundmass showing mosaic texture (Fig. 4a). The large
crystals are interpreted as phenocrysts, whereas the fine-
grained groundmass may be recrystallized. A few pheno-
crysts are zoned, with clear cores and spongy, limonitized
rims. Secondary quartz is observed as thin veins cutting
carbonate minerals. Accessory minerals in the intrusive
dolomitite are iron oxides, chlorite, talc, actinolite, and
apatite. The breunneritite is coarse-grained, medium to dark
brown, and consists mainly of coarse thombohedra of bre-
unnerite (0.5-5.0 cm) with minor tremolite. Secondary iron
oxides give a dark brown color around rthomb boundaries
and along cleavage planes (Fig. 4b). Flattened fibers of
brown iron oxides penetrate the carbonate minerals and
coalesce into larger masses. Rarely, serpentinized mafic
minerals are observed in the breunneritite (Fig. 4c). Some-
times, fine-grained breunnerite can clearly be observed to
have formed at the expense of primary dolomite. Sometimes
the breunnerite is replaced by Fe—Mn oxides.

X-ray diffraction patterns for the dolomitite indicate that
this is mostly ferroan dolomite (ankerite), with minor
chabazite and magnesite. Breunneritite consists mainly of
magnesite together with ferroan dolomite (ankerite). Quartz
and kaolinite are also rarely observed in the breunneritite.
Comparison of chemical compositions of dolomitite and
breunneritite determined by ESEM (Table 1) indicates that
replacement of dolomite involved massive loss of CaO and
gain of FeO; there is also modest gain of MgO.

Sedimentary carbonates

Sedimentary carbonates are subdivided into recrystallized
limestone (marble) and micritic limestone (lime mudstone).
X-ray diffraction patterns indicate that these consist mainly
of calcite and dolomite as well as less amounts of kaolinite
and montmorillonite. Marble consists of sutured crystals of
dolomite and calcite showing mosaic texture (Fig. 4d), while
the micritic limestone is fine-grained and consists mainly of
calcite, dolomite, and kaolinite showing recrystallization in
some parts. The micritic limestone contains microveins of
fibrous or platy serpentine (Fig. 4e) and chlorite—serpentine
intergrowths (septechlorites). Periclase and tremolite pods
are rarely observed within the sedimentary carbonates.

Albitite

The albitite is a leucocratic, pale yellow to white or light
grey, fine- to medium-grained rock. The western albitites
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Fig. 4 a Large crystals of
dolomite enclosed in
recrystallized fine-grained
groundmass in the dolomitite
(sample 100C), b Secondary
iron oxides outlining carbonate
rhomb boundaries and along
cleavage planes of breunnerite
(sample 200C), ¢ Serpentinized
mafic minerals in the
breunneritite (sample 200B),

d Recrystallized sedimentary
limestone showing mosaic
texture (sample 28A),

e Serpentine minerals in micritic
sedimentary limestone (sample
28B), f Medium-grained albitite
with equigranular texture
(sample T,¢), g Porphyritic
albitite containing phenocrysts
of albite in a groundmass chiefly
consisting of albite (sample Sy),
and h Secondary biotite and
muscovite nests in the
fenitization zone in the
wallrocks (sample 130)

(Wadi Tarr) are generally medium-grained with equigranu-
lar texture (Fig. 4f) and are thought to be subvolcanic
(hypabyssal), whereas the eastern albitites (Wadi Ghorabi
El-Hatimiya and Wadi Khashm El-Fakh) are fine-grained,
porphyritic (Fig. 4g) and probably volcanic. In the porphy-
ritic varieties, tabular subhedral to euhedral albite crystals up
to 3 mm long are set in a fine-grained groundmass made up
of an interlocking mosaic or of subhedral microlites of albite.
Rarely, the groundmass shows spherulitic texture. In both
types, albite accounts for 76-90%, quartz 3-11%, and
orthoclase <5%. Accessory minerals are zircon, sphene,

v

270 um| §

apatite, biotite, and iron oxides, whereas secondary minerals
include chlorite, muscovite, and actinolite. Albitite is highly
sheared along faults, showing cataclastic texture.

Breccia and alteration zone

The volcanic breccia around the albitites is composed
mainly of angular to subrounded rock fragments and blocks
embedded in tuffaceous or carbonate groundmass. The
rock fragments consist mainly of albitite, slate, and meta-
volcanics. Near some—but not all—of the albitites, new
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Fig. 5 Cathodeluminescence images of zircons extracted from Tarr
albitites

minerals such as phologopite, muscovite, biotite, albite and
rare amphibole are developed in a narrow zone (~ 10—
30 m wide). The new minerals occur in nests (Fig. 4h) and
may be related to metasomatic processes (fenitization).
Tectonic origin of the breccia cannot be precluded entirely
due to the presence of large number of faults in the vicinity
which cross the albitite masses.

Geochronology

Zircons separated from albitite appeared euhedral, well-
zoned, and entirely of magmatic origin (Fig. 5). No cores
were observed. Analyses were attempted on 20 zircons
(Table 2). One of these did not produce an age and four
others were discarded because they were discordant or
contained high U contents (>900 ppm). The 15 remaining
analyses yielded a concordia age of 605 4+ 13 Ma (Fig. 6),
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Fig. 6 Tera-Wasserburg U-Pb Concordia diagram for zircons from
Tarr albitites. Note that age is defined using 15 of 20 points analyzed
the other five points were rejected because they contain high U
contents or were discordant, probably indicating significant Pb loss

interpreted as the crystallization age of the albitite and the
age of carbonate intrusion. This age also indicates that
intrusion and cooling of the albitite was synchronous with
590-605 Ma A-type granites of the Eastern Desert of
Egypt (Moussa et al. 2008; Andresen et al. (2008)) and
593 £ 16 Ma (Rb-Sr whole rock age) for the Katherina
Ring Complex (Katzir et al. 2007).

Geochemistry
Intrusive carbonates

Chemical analyses of the intrusive and sedimentary car-
bonates are listed in Table 3. The intrusive carbonates
generally contain low Na, K, Rb, Sr, Ba, Nb, Y, Zr, Th, and
REE contents compared to “classic’ carbonatites. Com-
pared to the breunneritite, the intrusive dolomitite is rich in
Ca, Sr, Y, and REE and depleted in Fe, V, and Ni. The
breunneritite contains 12.8-17.3 wt% Fe,05. The dolomi-
tite contains much more Ca than the breunneritite and
correspondingly higher concentrations of Sr, Y, and REE.
The breunneritite contains slightly more Mg and Fe, thus
correspondingly higher concentrations of Ni and V, than
the dolomitite. Dolomitite and breunneritite contain similar
contents of those trace elements that do not easily sub-
stitute for Mg or Ca, such as Ba, Pb, and Cr. The intrusive
dolomitite and breunneritite contain low concentrations of
high-field strength elements Nb, Ta, Zr, Hf, U, and Th, but
the breunneritite contains more Nb, Ta, Zr, Hf, and U,
whereas the dolomitite contains more Th. Our data confirm
the observation of Bogoch et al. (1986) that the dolomitite
contains more REE than the breunneritite. Both dolomitite
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Fig. 7 Chemical classification of carbonatites, showing that Tarr
intrusive dolomitite and breunneritite are magnesio-carbonatite
(Woolley and Kempe 1989)

and breunneritite contain much more FeO, MgO, Ba, Cr,
Ni, and V than do the sedimentary carbonates.

It is difficult to classify the Tarr intrusive carbonates
consistently using existing classification schemes. A similar
problem confronted the regional study of Stern and Gwinn
(1990). Contrasting views about the origins of carbonatites
were summarized by Gittins (1989) who noted, “No clear
picture has emerged of what carbonatite magmas are, what
chemical composition they have, where they develop, and
how they evolve.” Carbonatite is defined in the TUGS
system of classification as an igneous rock composed of
more than 50 modal% primary (magmatic) carbonate and
containing less than 20 wt% SiO, (Le Maitre 2002). By this
definition, the Tarr intrusive carbonates are clearly car-
bonatite. The IUGS scheme subdivides carbonatites
according to mineralogical or chemical composition
(Woolley and Kempe 1989). Mineralogically, Tarr intrusive
dolomitite is dolomite—carbonatite. On the CaO-MgO-
(FeO + Fe,O3 + MnO) ternary diagram, the intrusive
carbonates of Wadi Tarr are magnesio—carbonatite (Fig. 7).

Some workers restrict the term carbonatite to intrusive
carbonates that are enriched in trace elements. Indeed,
carbonatite rocks are economically important because they
contain high concentrations of REE, Nb, Ta, U, and Th.
According to Samoilov (1991), carbonatites are enriched in
Sr (>700 ppm), Ba (>250 ppm), V (>20 ppm), REE
including Y (>500 ppm), and LREE relative to HREE and
Y. The low contents of Sr, Ba, Nb, Y, Th, and REE
eliminate Tarr intrusive carbonates as carbonatites as
characterized by Le Bas (1981). Also, true carbonatites
contain significant Nb, P, Ta, Zr, and occasionally Zn and
Pb. On the trace element discrimination diagrams of
Samoilov (1991), the Wadi Tarr intrusive carbonates plot
in the fields of sedimentary and metamorphic carbonate

255
A
X Dolomitite
Ba ppm + Breunneritite
Sedimentary carbonates

10° Carbonatites

Endogenetic

carbonate rocks
10° L
10° |
10 -
Sedimentary and metamorphic carbonate rocks
| 1 1 Sr ppm
10° 10° 10*
B
Sr+Ba ppm

10° .

Endogenetic

carbonate rocks .

Carbonatites
104 -
103 -
102 -
10 - Sedimentary and metamorphic carbonate rocks
! : : ! REE+Y ppm
10 10° 10° 10°

Fig. 8 a Diagram of Sr versus Ba (Samoilov 1991) for carbonatite,
sedimentary, metamorphic and endogenic carbonate rocks, b Diagram
of Sr+ Ba versus REE + Y (Samoilov 1991) for carbonatite,
sedimentary, metamorphic and endogenetic carbonate rocks

rocks as well as endogenetic (intrusive) field, but not in the
field of carbonatites (Fig. 8a, b).

Representative REE analyses of Tarr intrusive and sedi-
mentary carbonates are listed in Table 4. The intrusive
dolomitite contains much higher REE contents than the
breunneritite. The different REE profiles of the intrusive
dolomitite and breunneritite (Fig. 9a) suggest different ori-
gins. The intrusive dolomitite is light REE enriched, whereas
the breunneritite has a nearly flat REE pattern, with greater
depletion of the light REE than the heavy REE. REE
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Fig. 9 aRare-carth elements of the intrusive dolomitite, breunneritite,
and sedimentary carbonates of Wadi Tarr normalized to chondrite
(Boynton 1984), b Comparison of Wadi Tarr intrusive dolomitite and
breunneritite with other intrusive carbonates (using the chondrite values
of Boynton 1984): (1) Classic igneous carbonatite (Woolley and Kempe
1989; Wagner et al. 2003; Brassinnes et al. 2005; Srivastava et al.
2005b), (2) Mantle-derived dolomitic carbonatite of SE Zimbabwe
(Harmer et al. 1998), and (3) Intrusive carbonates of ring complexes in
the Eastern Desert of Egypt (El-Haddad et al. 1984), and ¢ MORB-
normalized spider diagram for the intrusive dolomitite, breunneritite,
and sedimentary carbonates. Normalization values are taken from
Pearce and Parkinson (1993)
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abundances for the breunneritite are more similar to the
sedimentary carbonates in the area, except containing less
La, Ce, Pr and Nd.

It is clear that the Tarr intrusive dolomitite has lower
REE contents than classic carbonatites (Fig. 9b), but it is
similar to the mantle-derived dolomitic carbonatites of SE
Zimbabwe (Harmer et al. 1998). Moreover, intrusive car-
bonates with low REE abundances have been found in Italy
(Castorina et al. 2000), south India (Srivastava et al.
2005a), the eastern Himalayan syntaxis (Liu et al. 2006),
and the Gebel Mansouri ring complex in the Eastern Desert
of Egypt (El-Haddad et al. 1984).

Sedimentary carbonates

Compared to the intrusive carbonates, the sedimentary car-
bonates are rich in MnO and CaO, and depleted in Fe,O3,
MgO, Ba, Cr, Ni, and V. Sedimentary carbonates have Y and
Sr contents that are similar to those of breunneritite but lower
than abundances in the intrusive dolomitite. On the
discrimination diagrams for carbonate rocks, the metamor-
phosed sedimentary carbonates of Wadi Tarr plot within
fields for sedimentary and metamorphic rocks as well as in
endogenetic (intrusive) fields (Fig. 8a, b). The REE patterns
of the sedimentary carbonates parallel each other, with
slightly negative Eu anomalies, thus differing from the
intrusive carbonates. The geochemical characteristics of the
sedimentary carbonates are similar to breunneritite.

A MORB-normalized multi-element diagram for intru-
sive dolomitite, breunneritite, and sedimentary carbonates
is shown in Fig. 9c. It is clear that the intrusive dolomitite
pattern differs from that of the breunneritite in containing
more REE and Y but is depleted in Nb, Ta, Zr, and Hf. The
intrusive dolomitite is richer than the breunneritite in most
trace elements, but is relatively depleted in Nb, Ta, Zr, and
Hf. The breunneritite pattern is more similar to that of
sedimentary carbonates, except for relative enrichment in
LREE.

Albitite

Representative chemical analyses as well as normative
compositions of Wadi Tarr albitites are given in Table 5. In
terms of major element compositions, the Tarr albitites are
comparable with typical albitites discussed by Kinnaird and
Bowden (1991). Chemically, albitites are similar to oceanic
plagiogranites, but this name is not suitable as the Tarr al-
bitites are not associated with any ophiolite. The albitite is
broadly granitic, as SiO, contents range from 67.2 to
69.6 wt%. This is also reflected by the differentiation index
(DI = Q 4 Or 4+ Ab + Lc + Ne + Kp) between 91.7 and
97.4%. Most of the normative salic minerals are albite (78.7—
91.3%), reflecting the high contents of Al,O5 (17-19 wt%)
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Table 5 Chemical analyses and normative compositions of the albitites

Oxides Subvolcanic albitite Volcanic albitite Averages of ED
albititic rocks
T, Ty T Tu S Tio T2 S S Ge 1 2
Si0, 68.05 67.72 68.07 68.18 68.96 69.35 69.13 69.47 69.63 67.19 68.77 75.28
TiO, 0.37 0.40 0.69 0.55 0.36 0.30 0.29 0.33 0.31 0.55 0.01 0.04
AlLO5 17.23 18.00 18.57 18.43 18.87 18.70 18.69 18.60 18.78 19.01 18.26 13.34
Fe,05 0.42 0.30 0.41 0.36 0.34 0.36 0.33 0.35 0.28 0.44 0.31 0.75
MnO 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.09 0.16
MgO 0.11 0.06 0.42 0.27 0.00 0.00 0.00 0.00 0.00 0.31 0.02 0.05
CaO 0.55 0.51 0.51 0.51 0.49 0.49 0.59 0.38 0.25 0.40 0.07 0.27
Na,O 11.25 10.79 9.30 10.20 10.38 10.48 10.55 10.49 10.61 10.29 10.06 5.42
K,0 0.12 0.12 0.15 0.14 0.31 0.12 0.15 0.24 0.13 0.16 0.14 3.54
P,05 0.23 0.18 0.15 0.16 0.28 0.19 0.27 0.12 0.00 0.14 <0.01 0.02
LOI 0.87 1.01 0.89 0.61 - - - - - 0.82 0.46 0.64
Total 99.18 99.11 99.19 99.42 100.00 100.00 100.01 99.99 100.00  99.31 98.19 99.51
CIA 46.74  48.88 53.09 50.77 50.76 50.59 50.12 50.53 50.99 51.60 52.04 50.17
Trace elements in ppm
Ba 76 79 102 97 59 29 27 18 33 63 18 22
Rb 20> 20> 20> 21 79 22 3.4 5.0 2.7 20> 114 573
Sr 131 141 213 180 82 118 78 67 79 135 11 11
Y 12 13 14 15 26.0 34.7 31.3 29 2.7 9 42 171
Nb 26 16 13 21 21 21.9 18.4 7.5 8.4 10> 31 206
Zr 274 229 211 222 334 2717 264 170 161 140 57 203
Ni 10 26 77 55 4 3 3 2 4 14 - -
\Y% 19 17 88 62 22 20 18 15 16 43 - -
Cr 8 30 90 61 2 1 5 8 19 20 - -
Pb - - - - 1.7 3.9 4.3 1.2 0.1 - 48 157
Ga - - - - 249 22.8 249 24.8 27.6 - 44 39
Th - - - - 72 3.8 6.3 7.5 6.5 - 22 65
Normative compositions
Quartz 5.60 4.05 12.11 7.27 7.14 7.42 6.69 7.06 6.89 5.80
Corundum 0.00 0.00 2.54 0.96 1.24 0.90 0.75 0.68 0.73 1.52
Orthoclase 0.71 0.71 0.89 0.83 1.83 0.71 0.89 1.42 0.77 0.95
Albite 87.97 91.29 78.69 86.30 87.82 88.67 89.26 88.75 89.77 87.66
Anorthite 0.00 0.34 1.55 1.48 0.60 1.19 0.00 1.10 1.24 1.07
Acmite 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NaMetasilica 1.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diopside 0.46 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wollastonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hypersthene 0.06 0.10 1.05 0.67 0.00 0.00 0.00 0.00 0.00 0.77
Magnetite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hematite 0.00 0.16 0.21 0.19 0.19 0.20 0.18 0.19 0.16 0.27
Ilmenite 0.36 0.27 0.40 0.34 0.32 0.34 0.30 0.32 0.25 0.46
Sphene 0.44 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Rutile 0.00 0.00 0.48 0.37 0.19 0.12 0.13 0.16 0.18 0.32
Apatite 0.54 0.43 0.36 0.38 0.66 0.45 0.64 0.28 0.00 0.38
D.IL 94.28 96.05 91.69 94.40 96.79 96.80 96.84 97.23 97.43 94.41

*Indicates samples analyzed at Shimane U., others analyzed at Saudi Geological Survey, Jeddah, Saudi Arabia

I average of Um Ara albitite, Easten Desert of Egypt (Abdalla et al. 1996)
2 average of albitized microgranite of Um Ara, Eastern Desert of Egypt (Abdalla et al. 1996)
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Fig. 10 a Classification of Wadi Tarr albitites using R;—R, diagram
(De la Roche et al. 1980). b Plots of albitites on R;—R, diagram (De la
Roche et al. 1980). Fields of tectonic setting based on Batchelor and
Bowden (1985). The data of Sinai quartz—syenites are adopted from
El-Tokhi (2001) and Azer (2006)

and Na,0 (9.3-11.3 wt%). The broadly granitic composition
of the albitite is also seen in its low Ti, Mg, Fe, and P con-
tents. Extreme enrichment in Na,O is accompanied by
remarkably low K,O contents (0.12-0.31%). Low K,O
contents of the albitite may be due to nearly complete loss of
magmatic potassium, as demonstrated by fenitization of wall
rocks (Fig. 4h). Such extreme fractionation of alkalies is
typical of high temperature hydrothermal systems associated
with porphyry copper deposits (Lowell and Guilbert 1970).

On R,-R; classification diagram (De la Roche et al.
1980), Wadi Tarr albitites plot mainly in the syenite/tra-
chyte field (Fig. 10a), except for one sample in the quartz—
syenite field. The albitites show broad similarity to A-type
granitic rocks of southern Sinai. This is further supported
by the R{—R, multication parameters (De la Roche et al.
1980) in the diagram of Batchelor and Bowden (1985)
where the albitites fall in the field of anorogenic granitoids
(Fig. 10b). The presence of normative acmite in sample T
indicates the peralkaline nature of the albitite.
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Compared to typical granitic rocks, Tarr albitites contain
low abundances of most trace elements, especially compared
to southern Sinai alkali syenites (El-Tokhi 2001; Azer 2006)
and Israel (Mushkin et al. 2003). The eastern, porphyritic
albitites have lower abundances of Y, Nb, and Zr than the
western, equigranular albitites. REE abundances for Tarr
albitites are reported for the first time here (Table 6,
Fig. 11a). Chondrite-normalized REE plots show significant
differences in both abundances and patterns. The subvolca-
nic albitite has a wide range of REE contents () _REE =
39.3-134.8 ppm) as does as the volcanic albitite () _REE =
10.0-84.6 ppm). It shows light REE enrichment (except
sample Tyo; [La/Lu], = 1.0-7.4) and flat heavy REE profiles
([Gd/Lu],, = 0.80-1.34), typical for ~600 Ma ANS gra-
nitic rocks. REE depletion in samples T19 and S2 can be
attributed to the absence of LREE-rich accessory phases
such as monazite. Compared with the syenitic rocks of
southern Sinai (Azer 2006) and Israel (Mushkin et al. 2003),
the Tarr albitites have lower REE contents (Fig. 11a).

Slightly negative Eu-anomalies (Eu/Eu* = 0.67-0.82) in
the subvolcanic albitites is similar to ~600 Ma A-type ANS
granites and may indicate early fractionation of plagioclase,
perhaps in association with a strongly reduced melt (Hanson
1978; McKay 1989). Volcanic albitites (samples S, and S4)
show a remarkably wide range of LREE enrichment [La/
Lu], = (1.3-28.2), but are like ~600 Ma A-type ANS
granitic rocks in showing approximately flat heavy REE
([Gd/Lu),, = 0.88-1.34). Volcanic albitite S4 has light REE
contents that overlap those of the subvolcanic albitites
(samples Sg and Tog). Volcanic albitite sample S, shows
positive Eu-anomaly which may be due to the accumulation
of feldspar. Fractionation of LREE and HREE largely
depend on the nature of the crystallizing accessory phases,
where zircon will deplete the meltin HREE, apatite in MREE
and monazite in LREE (Rollinson 1994). The large range of
observed REE fractionation and other evidence for unusual
fractionations in the albitites are difficult to explain with
simple crystal-liquid equilibrium (such as K/Na) suggests
that vapor-phase fractionations were responsible.

A MORB-normalized multi-element diagram for aver-
age volcanic and sub-volcanic Tarr albitites is shown in
Fig. 11b. The albitites show similar patterns of LILE
enrichment. The volcanic albitite is more depleted in the
HFSE and REE than the subvolcanic albitite, perhaps due
to a greater role of accessory minerals or vapor phase.

Isotopic results

The albitites have a restricted range of initial *’Sr/*Sr
(0.7035-0.7038; Table 7) and &Ndgps ma (+4.3 to +6.4;
Table 8). These are similar to the isotopic composition of
other ~600 Ma igneous rocks from the region (Beyth et al.
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Table 6 REE and some trace elements by ICP-MS in the albitites

Element Sub-volcanic albitite Volcanic albitite
S6 T19 T26 S2 S4

La 26.93 4.47 27.61 0.90 25.12
Ce 46.75 7.58 47.49 2.53 31.87
Pr 6.92 1.41 7.12 0.57 4.17
Nd 28.44 7.05 29.76 2.98 18.08
Sm 5.15 1.94 5.08 0.58 2.19
Eu 1.02 0.67 1.00 0.45 0.37
Gd 4.22 3.17 4.06 0.54 1.04
Tb 0.57 0.60 0.65 0.07 0.11
Dy 3.65 4.34 4.61 0.46 0.55
Ho 0.72 1.01 0.97 0.10 0.10
Er 2.15 2.94 2.78 0.30 0.32
Tm 0.34 0.47 0.44 0.05 0.06
Yb 2.28 3.15 2.81 0.42 0.53
Lu 0.39 0.49 0.43 0.08 0.10
>"REE 129.53 39.29 134.81 10.02 84.61
(Eu/Eu*),, 0.67 0.82 0.67 2.45 0.75
(La/Lu), 7.41 0.98 6.93 1.28 28.17
(La/Sm),, 3.38 1.49 3.51 1.01 7.39
(Gd/Lu),, 1.34 0.80 1.18 0.88 1.34
Li 0.220 0.181 0.496 0.273 0.291
Be 1.446 2.378 1.779 2.050 1.171
Rb 4.985 0.680 1.895 3.677 0.538
Zr 334.240 277483  264.165 170.234  160.857
Y 20.588 32.825 29.346 2.851 3.069
Nb 18.992 20.228 18.957 6.322 7.523
Sb 0.235 0.123 0.246 0.461 0.314
Cs 0.121 0.155 0.145 0.094 0.043
Ba 58.381 39.377 20.673 16.987 39.095
Hf 8.009 7.405 6.135 3.939 4.123
Ta 1.295 1.177 1.476 0.512 0.485
Pb 1.590 2.590 3.278 1.263 1.080
Th 5.109 2.957 4.614 7.598 5.525
U 0.970 0.563 0.985 1.057 0.903

1994; Katzir et al. 2007). Nd model ages (Tpyj, method of
DePaolo 1988) are 0.64-0.79 Ga, at the low end of the
range observed for other igneous rocks from Sinai and
Jordan (Stern 2002), but still consistent with an interpre-
tation that these were Late Neoproterozoic juvenile melts.
Isotopic compositions of the associated intrusive carbon-
ates are variable, with the dolomitite initial isotopic
composition (*’St/%°Sr = 0.70356, &Ndgos ma = +5.49,
Tpm = 0.71 Ga) being very similar to that of the albitite,
while the breunneritite has a much more radiogenic initial
87Sr/%°Sr (0.70896), although &Nd is slightly lower than
that of the dolomitite and albitites (+3.77); no Nd model
age is calculated because of high '*’Sm/"**Nd. Initial Sr
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Fig. 11 a Chondrite-normalized REE patterns for the albitites (using
the chondrite values of Boynton 1984); Quartz—syenite of Sinai
adopted from Azer (2006); those of southern Israel are after Mushkin
et al. (2003). b MORB-normalized spider diagram for the albitites.
Normalization values are taken from Pearce and Parkinson (1993)

and Nd isotopic compositions are shown on Fig. 12 along
with data from Bogoch et al. (1986). Our results confirm
the large differences that Bogoch et al. (1986) found for
especially Sr isotopic compositions of the dolomitite and
breunneritite. The breunneritite ®’St/*°Sr seems to be in
equilibrium with that of ~600 Ma seawater (Halverson
et al. 2007). Our results also show the similarity in isotopic
composition between the albitite and the intrusive dolo-
mitite, supporting the interpretation that these are
petrogentically linked. Isotopic compositions of two sedi-
mentary carbonates are very similar, with initial *’Sr/*°Sr
similar to what would be expected for 850 Ma seawater
(Halverson et al. 2007). The sedimentary carbonates have
much lower initial ®’Sr/*Sr than the breunneritite. The
combined Sr—Nd isotopic compositions of the sedimentary
carbonates also fall outside the large field defined by the
intrusive dolomitite.

@ Springer



260

Int J Earth Sci (Geol Rundsch) (2010) 99:245-267

Table 7 Rb-Sr concentrations and Rb—Sr isotopic data

Sample Rb Sr 87Rb/A5Sr - 87Sr/%%Sr ®7Sr/30Sr);*
(ppm) (ppm)
S2 3.66 674 01579  0.704892 &+ 16 0.70353
S4 0.54 792 0.0198  0.703703 = 15 0.70370
S6 4.99 822 0.1759  0.705274 £ 16 0.70376
100 024 2375 0.0029  0.703589 + 14 0.70356
200 0.77 108.8 0.0205  0.709137 + 16 0.70896
28A 0.80  136.0 0.017 0.705454 £ 16  0.70531
28B 030 1124 00077  0.705411 £ 16 0.70535

NIST SRM987 Sr standard 37Sr/*°Sr = 0.710244
*Corrected for 605 Ma of radiogenic growth

Petrogenesis
Intrusive carbonates

The petrogenesis of carbonatites remains a matter of debate
(Gittins and Harmer 2003; Woolley 2003). Isotopic and trace
element data are needed to distinguish between mantle-
derived carbonate and sedimentary carbonates that have
somehow been remobilized (Barker 1993). Most carbona-
tites suggest a mantle origin by being intimately related to
alkaline mafic igneous rocks. However, Lentz (1999) con-
cluded that carbonatites may be not exclusively derived from
mantle melts. Late stage hydrothermal, metasomatic, and
metamorphic carbonatites are also reported (Hoy and Kwong
1986; Pell and Hoy 1989; Scogings and Forster 1989; Le Bas
et al. 2002; Srivastava et al. 2005b). Bogoch et al. (1986)
interpreted the Tarr dolomitite to have formed in equilibrium
with melting of depleted mantle. This carbonate-bearing
peridotite was emplaced higher in the crust as a result of
regional shearing and extension. The carbonate was extrac-
ted as a result of metamorphism and was emplaced at its
present position as “hydrothermal-type” vein and replace-
ment deposits. Hydrothermal activity continued after
emplacement, and portions of the dolomitite were converted
by thus activity to breunneritite. Other authors (Shimron

Table 8 Sm-Nd concentrations and Sm-Nd isotopic data

1975; Blasy et al. 2001) relate the origin of the intrusive
carbonates of Wadi Tarr to the albitites.

In Wadi Tarr, the host rocks of the intrusive carbonate—
albitite complex are metamorphosed to greenschist facies,
but nearby reach amphibolite facies (Reymer 1983). In
general deformation and metamorphism around the car-
bonate sediments was accompanied by the migration of
carbonate-rich solutions, as shown by veins and dikes of
calcite and dolomite, less typically ankerite, magnesite, and
breunnerite. Experimental studies indicate that carbonate
magmas could be produced by melting sedimentary car-
bonates (Wyllie and Tuttle 1960; Fanelli et al. 1986). The
presence of Neoproterozoic sedimentary carbonates
(marbles) near the intrusive carbonate—albitite complex
suggests the possibility that these were remobilized to
generate the intrusive carbonates; however, the quantity
appears to be insufficient and furthermore these are folded
into an open synform and unlikely to have reached the
depths necessary for anatexis (Shimron 1975).

Carbonate melts can also form when hydrothermal fluids
interact with ultramafic rocks, especially serpentinites
(Deer et al. 1992). However serpentinites are uncommon in
Sinai (Beyth et al. 1978). Serpentinite, a few tens of meters
in length, intrude (Madbouly 1991; Moussa 2002) or are
tectonically emplaced (Abu El-Enen and Makroum 2003)
migmatites and gneisses at Kabr El-Bonaya in south Sinai.
Considering these criteria, we exclude the formation of the
intrusive dolomitite as remobilized sedimentary or ser-
pentinite-derived carbonates as a result of metamorphism
or due to the intrusion of albitite.

Isotopic data for Tarr dolomitite (mean 680 = +6.9;
mean 6°C = —8.1; mean eng = +3.4; 87Sr/80Sr =
0.70342-0.70562; Bogoch et al. 1986; this study) suggests
that the dolomitite is derived from a mantle or juvenile
crustal or magmatic source, while the isotopic composition
of the breunneritite (mean 5'%0 = +18.85; mean §'°C =
—6.1; mean &g = +2.2; mean 878r/80Sr = 0.70805; Bog-
och et al. 1986; this study) was at least partly re-equilibrated
with seawater or sedimentary carbonate sources. This

Sample Sm (ppm) Nd (ppm) 7S m/ " *Nd M3Nd/"Nd eNd g0s) Tom (Ga)
S2 0.58 2.98 0.1177 0.512658 + 11 +6.37 0.64

S4 2.19 18.08 0.0732 0.512452 + 11 +5.79 0.66

S6 5.15 28.44 0.1095 0512517 £ 10 +4.25 0.79

100 4.69 23.99 0.1182 0.512615 + 10 +5.49 0.71

200 0.45 1.16 0.2345 0.512988 + 10 +3.77 -

28A 0.58 272 0.1287 0.512592 + 10 +4.33 -

28B 0.45 2.05 0.13334 0.512596 + 10 +4.03 -

¢Nd calculated at 605 Ma ago
La Jolla standard **Nd/'*Nd = 0.511866
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Fig. 12 Initial isotopic compositions of Sr and Nd for albitite,
dolomitite, breunneritite, and sedimentary carbonates from this study
and for intrusive carbonates from Bogoch et al. (1986). Approximate
position of 600 Ma old depleted mantle (DM; from DePaolo 1988;
87S1/%Sr estimated based on linear evolution from 0.6998 for initial
bulk Earth to ~0.7035 today), bulk Earth (BE; eng = 0; %’Sr/*®Sr
estimated from linear growth of Bulk Earth 0.6998 for initial bulk
Earth to ~0.7050 today) and seawater (dashed box, approximate
range for Sr isotopes only from Halverson et al. 2007) are shown for
comparison

re-equilibration probably occurred when the dolomite was
replaced by breunnerite.

The association of albitite and breccia at Tarr is remi-
niscent of associations found for magmatic cupolas in some
porphyry copper and gold deposits, but for a volatile-car-
bonate A-type magma instead of a hydrous calc-alkaline
magma. The term cupola refers to any domical region at
the upper boundary between crystallized pluton and the
remaining body of magma (Cloos 2001). The difference
between well-documented cupolas and Tarr may relate to the
very different nature of volatiles in the magmas, with
porphyry copper being water-rich and Tarr albitite being
CO; rich. The presence of CO, in Tarr cupola can induce
immiscibility both within the magmatic volatile phase and in
hydrothermal systems. Field and geochemical evidences for
immiscibility between carbonate and silicate magmas have
been presented by many authors (e.g. Taubald et al. 2004;
Halama et al. 2005). Liquid immiscibility led to exsolution of
a carbonate fluid from a silicate melt, probably an A-type
granite pluton. Viscosity differences segregated the magma
into a fraction comprising silicate magma with scatter
carbonate globules and fraction comprising carbonates
(Macdonald et al. 1993). A liquid immiscibility relationship
between the silicate magma and carbonate is indicated by the
presence of spherical patches of carbonate in diabase dykes

which intrude the Tarr albitite complex (Bogoch and Mag-
aritz 1983). Dolomite is the main component of carbonate
patches, which are geochemically and isotopically similar to
the intrusive dolomitite.

Our study shows that the intrusive carbonates were clo-
sely related to explosive emplacement of the albitite, and that
explosive brecciation was due to volatile overpressure. A
simple explanation for these relations is that the conversion
of CO, from supercritical fluid to gas at low pressures was
responsible. CO, exsolving from a subjacent magma body
would have risen as a supercritical fluid into the cupola
region, where it changed into gas at P < ~70 atm (a few
hundred meters depth, assuming lithostatic pressures). The
conversion of CO, fluid into gas results in a volume expan-
sion of ~ 850x, which must have been explosive, causing the
brecciation. The carbonate liquid separated from silicate
magma crystallized into dolomite, cementing the breccia.
Dolomitite—albitite formation in this cupola was accompa-
nied or followed by development of a robust hydrothermal
system, further indicating that this was a hypabyssal system.

Albitite

Albitites are unusual rocks and several petrogenetic models
have been proposed for them globally. Their origin is
ascribed to the action of metasomatic-hydrothermal fluids on
granitoids (Demange 1975; Kovalenko 1978; Chauris 1985;
Cathelineau 1988; Rugless and Pirajno 1996) or they are a
variant of A-type magma (Schwartz 1992; Chaudhri et al.
2003). Similar controversies surround the origins of “massif-
type anorthosites”. Albitites with compositions similar to
Tarr albitites are reported from Um Ara area in the Eastern
Desert of Egypt (Abdalla et al. 1996; see the averages of Um
Ara albitite in Table 5). These rocks, termed apogranite, are
transitional between albitite and A-type granites, as their
albite content is generally less than 50% and quartz, micro-
cline and mica are common (Helba et al. 1997). Moreover,
they are enriched in Nb, Y, Rb, Ta and Ga relative to Tarr
albitites. Apogranite occurs as a marginal phase of normal,
frequently subalkaline granites and grade into them via a
zone of albitized granite. There is also a controversy
regarding whether Egyptian apogranites formed from
normal granites by post-magmatic high-temperature meta-
somatism (Sabet et al. 1976a, b; El-Tabal 1979; Riad 1979)
or by igneous processes followed by modest post/late mag-
matic alteration (Helba 1994; Helba et al. 1997; Arslan et al.
1997; Abou El Maaty and Ali Bik 2000). The Sinai albitites
are not obviously connected with a granite pluton, although
they are situated in the midst of a volcano—plutonic complex
that may be a caldera complex (Fig. 2). This interpretation is
supported by similar ages (604—-608 Ma) for nearby alkaline
granitic rocks (Fig. 1; Be’eri-Shlevin et al. 2008b in press,
Be’eri-Shlevin 2008a).
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Interpretations of Tarr albitite genesis are also diverse.
Shimron (1975) considered that they formed as a result of
fractional crystallization and liquid immiscibility acting on
a highly gas-charged, slow-cooling gabbroic magma, ulti-
mately derived from an upper mantle source. Bogoch et al.
(1987) argued that the Tarr albitite formed by Na-meta-
somatism, based on high Na,O/K,O and occurrence of
gradational contacts and ghost structures through albitite
rocks. Soliman et al. (1992) considered that the parent
magma of the Wadi Tarr albitite was alkali-syenite, but
noted that immobile incompatible trace element abun-
dances are much lower than expected for alkali syenites in
the area. Blasy et al. (2001) concluded that the albitites are
alkaline, with affinities to highly fractionated A-type
granites. They modified Shimron’s (1975) model and
suggested that fractional crystallization and liquid immis-
cibility of an alkaline gabbro resulted in alkali mafic
magma (basaltic dykes), intrusive carbonate, and albitites.

Several observations are pertinent for deciding whether
the albitites of Wadi Tarr are mostly magmatic or meta-
somatic in origin. The albitites are composed of primary
albite, have undergone little post-crystallization alteration
and there is no indication of Na-metasomatism. The
chemical index of alteration (CIA = molecular [Al,O5/
(Al,0O3 + CaO + Na,O + K,0)]x100) in the albitites
varies between 46.7 and 53.1 (Table 5), within the range of
fresh granites (45-55; Nesbitt and Young 1982). The iso-
topic compositions of Sr and Nd lie within the range of
normal magmatic rocks in the region. Initial Sr and Nd
isotopic compositions for ~ 600 Ma granitic rocks in the
vicinity of the Tarr Complex are ~0.7040 and +S5,
respectively (Y. Katzir personal communication 2008), and
the isotopic compositions of the albitites (Fig. 12) are very
similar to these clearly magmatic rocks of similar age.
From these considerations, we agree with Shimron (1975)
that the Tarr albitites are mostly magmatic products.

There are nevertheless many questions about how albitite
magma could form. From liquidus—solidus relationships in
the haplogranitic system Ab—Or—H,O (Holtz etal. 1992), itis
clear that albitite cannot form by crystal fractionation of
granitic magma alone. However, the albitite may represent
residual magma remaining after near-total crystallization of
an A-type granite pluton that was affected by unusual fluid-
related processes, forcibly emplaced into the roof above the
cooling pluton. The hypersolvus nature of the Tarr albitite is
consistent with shallow emplacement and a high temperature
of crystallization similar to that of other alkaline rocks em-
placed at relatively shallow depth (Tuttle and Bowen 1958;
Martin and Bonin 1976; Lowenstern et al. 1997). The rela-
tively high temperature coupled with the fluxing effect of the
volatiles promoted fluidity that may have enabled the albit-
itic magma to rise to high levels in the crust, ultimately
reaching the top of the pluton and locally erupting as lava
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flows. The CO,-rich nature of the evolving magmatic fluid
may have led to unusual and poorly understood liquid lines of
descent to yield the albitite residual liquid. We suspect that
the parent magma of the albitite was alkali granite. The early
fractional crystallization of feldspar and mafic minerals
deeper in a crustal magma chamber may have enriched Na, Si
and volatiles in the residual melt which naturally migrated to
the top of the magma body. Further understanding of how the
Tarr albitite formed will require more study.

There are two indications of strong high-temperature
hydrothermal and magmato-thermal alteration around the
Tarr complex, both related to the emplacement of albitite and
intrusive carbonates. Hydrothermal activity is reflected in
the formation of breunnerite, which required large water:
rock ratios in order to effect the large changes in Sr and O
isotopic compositions observed, and for which equilibration
with seawater is indicated. Magmatothermal alteration is
also indicated by the amphibolitized and fenitized aureole of
country rocks. Fenitization includes intense sodium and
potassium metasomatism whereby rocks are replaced by
albite, phlogopite, and K-feldspar; in the case of Tarr, the
potassium was derived from late magmatic fluids expelled
from the intrusion. Shimron (1975) noted that fenitization
was most conspicuous around the intrusion breccias and
extends a few hundred meters beyond this; tourmaline veins
occur 2 km east of the Tarr albitite.

We infer that Tarr albitite, intrusion breccia, intrusive
carbonates, and hydrothermal system express a magmatic
cupola above an A-type granite pluton. This hypabyssal
magmatic system may have been part of a large volcanic
caldera (Fig. 13), although further studies are needed to
determine whether or not the volcanic and volcaniclastic
rocks surrounding Tarr define a caldera complex of the
correct age and composition. Under extension, residual
magma and volatiles concentrated in the cupola, explo-
sively degassing around residual albitite magma. Wall-rock
alteration or fenitization occurred around the intrusive
complex. Fenitization and dolomitite are the products of
magmatic volatiles, breunneritization reflects hydrothermal
alteration of the dolomitite by Ediacaran seawater
(Fig. 13), probably shortly after dolomitite emplacement,
while the magmatic system was still hot enough to power
formation of a hydrothermal cell.

Summary

Tarr complex comprises hypabyssal and volcanic albitite
masses surrounding by an emplacement breccia containing
veins and dykes of carbonates. Cross-cutting relationships
and other field relationships indicate that the carbonate—
albitite complex is an intrusive complex that is younger
than the surrounding Precambrian rocks. The albitites and
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Fig. 13 Cartoon section of Tarr
magmatic cupola, modified after

Tarr Caldera
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Wadi Kid core complex (Blasband et al. 2000) are aligned
similarly, suggesting similar responses to regional exten-
sion, perhaps related to movements on the left-lateral Najd
shear system or due to orogenic collapse. Zircons separated
from the albitites yield a U-Pb age of 605 £ 15 Ma and
this is also the age of the intrusive carbonates. Geochem-
ical signatures of Tarr albitites indicate that they represent
pristine igneous rocks and are not metasomatic products.
Tarr albitites are relatively more fractionated, alkaline and
related to ANS A-type magmas. Isotopic data of the albitite
and intrusive dolomitite of Wadi Tarr clearly indicate a
mantle source, like that responsible for ANS A-type
granites. The association of albitite and volcanic breccia is
very reminiscent of associations found for magmatic cup-
olas associated with porphyry copper deposits. Therefore,
Tarr albitite and explosion breccia may represent late
magmatic activity in a cupola at hypabyssal depths above a
~600 Ma A-type granite.

The Tarr albitite and intrusive dolomitite represent a
rare example of a liquid immiscibility of silicate magma
and carbonate fluid. The breunneritite is a secondary
replacement of dolomitite, with isotopic compositions
indicating re-equilibration with seawater, probably mark-
ing the roots of a vigorous hydrothermal system.
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