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ABSTRACT

Results of zircon geochronology and Sr, Nd and Pb isotope investigations carried out on granitoid rocks
from the boundary of the Saharan Metacraton with the Arabian-Nubian Shield (ANS) reveal a protracted,
partly pre-Pan-African geodynamic evolution and the existence of crustal terranes of different ances-
tries. (Meta)granitoids and gneisses in north-central Bayuda Desert record a 920-900 Ma orogenic event,
hitherto unrecognized in northeastern Africa. This early Neoproterozoic Bayudian event is restricted to
a pre-Pan-African crustal terrane which appears only slightly affected by Pan-African tectogenesis and
deformation, named here the Rahaba-Absol terrane. Within this terrane, amphibolite-facies metamor-
phism occurred at 921 + 10 Ma in the El Melagi muscovite-biotite gneiss of the Rahaba Series, probably
during a collisional phase; followed by the intrusion of the Absol medium-K granite-granodiorite pluton
discordantly emplaced at 900 + 9 Ma into high-grade schists and amphibolites of the metavolcanosedi-
mentary Absol Series. Nd Tpy model ages (2040-2430 Ma) and ages of rounded zircon cores (1060, 1980,
2540 and 2675 Ma) of the El Melagi gneiss indicate a predominantly late Archaean to Palaeoproterozoic
source region and suggest a latest Mesoproterozoic to early Neoproterozoic depositional age of its pelitic
precursor sediment. The post-collisional Absol pluton has isotope characteristics (&xg 900 0f —0.3 to —4.3,
Tpm model ages: 1300-1830 Ma, SrlRggo of 0.7028-0.7055, 297 Pb/294Pb of 15.66-15.81) indicating assim-
ilation of old pre-Neoproterozoic crust. The Rahaba-Absol terrane is part of the Saharan Metacraton and
is in tectonic contact with the high-grade metamorphic Kurmut terrane of eastern Bayuda Desert. The
Kurmut terrane has juvenile Neoproterozoic isotope characteristics, its granitoids record only Pan-African
orogenic events and it is therefore considered a part of the Arabian-Nubian Shield. Within the Kurmut
terrane the Dam Et Tor medium-K epidote-biotite gneiss gave a concordant zircon age of 858 + 9 Ma, inter-
preted as the crystallization age of the volcanic/subvolcanic precursor of the gneiss. Isotopic data of the
Dam Et Tor gneiss (&nq gsg 0f 5.7-6.1, Tpyy model ages: 860-900 Ma, SrIRgsg of 0.7026-0.7028, 207 Pb/204Ph
of 15.46) indicate a depleted mantle source and an oceanic arc magmatic environment. The age of the
amphibolite-facies metamorphism and deformation of the Dam Et Tor gneiss and its enclosing metavol-
canosedimentary Kurmut Series is best approached by a Sm-Nd isochron age (806 & 19 Ma; Kiister and
Liégeois [Kiister, D., Liégeois, J.P., 2001. Sr, Nd isotopes and geochemistry of the Bayuda Desert high-grade
metamorphic basement (Sudan): an early Pan-African oceanic convergent margin, not the edge of the
East Saharan ghost craton? Prec. Res., 109, 1-23]). Both the Rahaba-Absol and the Kurmut terrane of the
Bayuda Desert are intruded by post-collisional high-K granitoid magmatism of late Pan-African age, with
no intermediate events recorded. The An Ithnein pluton that intrudes the pre-Pan-African Rahaba-Absol
terrane is dated at 597 + 4 Ma. The isotope characteristics of this pluton (&ng oo Of —1.5 to 2.4, Tpy model
ages: 910-1190 Ma, SrlRggo of 0.7011-0.7038, 297Pb/2%4Pb of 15.59-15.69) and that of the Nabati pluton
intruding the Kurmut terrane (&nq goo 0f 0.1-4.5, Tpm model ages: 750-1050 Ma, SrlRgoo of 0.7032-0.7036,
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207pph204Ph of 15.56-15.60) indicate a derivation from a juvenile crustal source or the mantle with limited
assimilation of older crust. Post-collisional late Pan-African granite plutons at Sabaloka, south of Bayuda
Desert, are distinguished into high-K and shoshonitic suites. The Banjedid high-K pluton was emplaced
at 605 + 4 Ma, while the Babados shoshonitic pluton intruded at 591 + 5 Ma. Magmatic zircons from both
plutons have rims with low Th/U ratios, suggesting a HT metamorphic event contemporaneous with
magma emplacement. Both granitoid suites have isotopic characteristics (eng goo Of —8.3 to —2.1, Tpy model
ages: 1160-1560 Ma, SrIRgpo of 0.7029-0.7069, 207 Pb/2%4Pb of 15.72-15.81) indicating the assimilation of
older pre-Neoproterozoic crust. Sabaloka is thus clearly identified as a part of the Saharan Metacraton but
is distinguished from the Rahaba-Absol terrane by a strong Pan-African high-grade metamorphic imprint
[Kroner, A., Stern, R.J., Dawoud, A.S., Compston, W., Reischmann, T., 1987. The Pan-African continental
margin in northeastern Africa: evidence from a geochronological study of granulites at Sabaloka, Sudan.

Earth Planet. Sci. Lett. 85, 91-104] indicating the likely existence of a discrete Sabaloka terrane.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Precambrian basement in the central and eastern Sahara
dominantly consists of high-grade gneisses, migmatites and
supracrustal rocks. Geochronological and isotopic data show that
this continental crust is heterogeneous, containing both pre-
Neoproterozoic rocks with intense Neoproterozoic remobilisation
as well as juvenile Neoproterozoic crustal materials (Kiister and
Liégeois, 2001; Abdelsalam et al., 2002; and references therein). The
basement is referred to as the Saharan Metacraton (Abdelsalam et
al., 2002), emphasizing that during the Neoproterozoic Pan-African
orogenic cycle it neither behaved as a stable craton nor as a classi-
cal mobile belt. Instead, Neoproterozoic events are characterized by
metamorphism, granitoid magmatism and deformation. Following
Abdelsalam et al. (2002) several processes — or a combination of
these - have been advocated to explain the Neoproterozoic remo-
bilisation of the Saharan Metacraton: (1) collision; (2) delamination
of the subcontinental lithospheric mantle; (3) extension; and (4)
assembly of the metacraton from exotic terranes. The geodynamical
history of the Saharan Metacraton is however still poorly known.

The Saharan Metacraton stretches between the Tuareg Shield
in the west, the Arabian—Nubian Shield (ANS) in the east and
the Congo Craton in the south (Fig. 1). Its borders have been
defined based on lithological, tectonic and geochronological evi-
dences. To the north, rocks of the metacraton disappear beneath

the Phanerozoic cover of the northern margin of Africa. The
eastern boundary of the Saharan Metacraton against the ANS is
tectono-lithological in nature, it is marked by the Keraf-Kabus-
Sekerr Suture (see Fig. 1) along which high-grade metamorphic
rocks of the Saharan Metacraton are juxtaposed against low-grade
metavolcanosedimentary juvenile Neoproterozoic rocks of the ANS.
The Keraf-Kabus-Sekerr Suture has been interpreted as an arc-
continental suture (Abdelsalam and Stern, 1996). However, in its
northern part Kiister and Liégeois (2001) have found Neoprotero-
zoic high-grade rocks west of the Keraf Suture indicating that the
boundary between the ANS and the Saharan Metacraton may lie
further west or that these high-grade Neoproterozoic rocks have
been thrust across the metacraton.

In order to get more precise information of the geodynamical
evolution along the northern part of the ANS/Saharan Metacra-
ton boundary we have studied granitoid rocks at Bayuda Desert
and Sabaloka in north-central Sudan (Figs. 1-3). The study area in
Bayuda Desert has a size of ~25,000km?2, while basement rocks
at Sabaloka are exposed over an area of ~5000 km?; together both
regions cover an area almost equal in size to Belgium. Both the
Bayuda Desert and Sabaloka lie immediately west of the Keraf
Suture and hence are considered constituents of the Saharan
Metacraton. In the paper we use geochemical, geochronological,
and isotopic data of granitoid orthogneisses and of post-collisional
granite plutons to identify the settings, ages and sources of dif-
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Fig. 1. Geological sketch map of the Saharan Metacraton.
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et al. (1984), Kroner et al. (1987), Harms et al. (1990), Kiister and Liégeois (2001).

ferent episodes of granitoid magmatism and to gain more insight
into the history, composition and structure of the continental crust
along the eastern edge of the Saharan Metacraton. In doing so we
refer to the term Pan-African in the sense of a protracted orogenic
cycle (or even cycles) which lasted from ca. 850 Ma to ¢.550 Ma
and which included several distinguished magmatic and tectonic
events. Knowing that the time span of ~300 million years is much
too long for an individual orogeny we have nonetheless retained
this use of Pan-African since it has become a common practice in
scientific literature during the past 25 years. We note here how-
ever the urgent need for a more focused definition of Pan-African
(cf. Stern, 2008), an issue which is beyond the scope of this paper.
For reasons of convenience we have therefore distinguished in our
study (1) an early Pan-African accretionary phase (~850 to 650 Ma)
which mainly consists of subductional magmatism and accretion
of oceanic terranes and (2) the main Pan-African phase (~650 to

550 Ma) which corresponds to collisional and post-collisional pro-
cesses during Gondwana formation. The abundant post-collisional
granitoids (600-550 Ma) are considered as late Pan-African. The
latter phase is a mainly intracontinental event in NE-Africa, even if
large movements occurred along mega-shear zones.

2. Structural and geochronological framework of the
north-eastern part of the Saharan Metacraton

Rocks of the Saharan Metacraton are patchily exposed in north-
western, central and western Sudan and in south-western Egypt
(Fig. 2). They are predominantly made up of high-grade meta-
morphic gneisses, migmatites and supracrustal rocks, commonly
foliated along ENE-WSW to NE-SW structures. This structural
trend has been named the Zalingei folded zone (Vail, 1976) and
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Fig. 3. Geological sketch map of (a) Bayuda Desert, and (b) Sabaloka with location of investigated granitoids. Also shown are their U-Pb zircon ages and Nd Tpy model ages,
all determined in this study. The maps have been compiled from Barth and Meinhold (1979), Kréner et al. (1987), Abdelsalam et al. (1998), Bailo et al. (2003) and have been

modified according to the findings of this investigation. See text for further explanation.

an early Neoproterozoic or even pre-Neoproterozoic age has been
assigned to it (Vail, 1989). Overlying the high-grade rocks are
supracrustal belts, namely the Rahib and Umm Badr Belts (Fig. 2),
which consist of low-grade metamorphic sedimentary and volcanic
rocks of rift-type origin (Schandelmeier et al., 1990). These belts
strike NNE-SSW, oblique to the older NE-SW structures, and are
most probably Neoproterozoic in age (Schandelmeier et al., 1990).
Nd isotopic data of the high-grade basement of the north-
eastern Saharan Metacraton suggest Archaean, Palaeoproterozoic
and Neoproterozoic ancestries with a direction of approxi-
mate crustal growth from NW to SE. Archaean crust (Nd Tpy
ages>3100 Ma, Harris et al., 1984) is exposed only in the Uwey-
nat massif of SE Libya/SW Egypt (Fig. 2). The Uweynat crust was
not remobilised during the Neoproterozoic (Rb-Sr isochron ages of
2673 £ 21 Ma from charnockitic gneisses and of 1836 4- 43 Ma from
migmatites, Klerkx and Deutsch, 1977). Uweynat could constitute
a cratonic fragment within the Saharan Metacraton; however it has
been intruded by Cenozoic alkaline ring-complexes (André et al.,
1991; Conticelli et al., 1995) suggesting rather that it is a well-
preserved part of the metacraton but not anymore truly cratonic.

In SW Egypt (Gebel Kamil, Gebel El Asr), NW Sudan (Nubian
Desert, Gebel Rahib) and W Sudan (Gebel Marra region) isotopic
data of tonalitic and granitic orthogneisses and of migmatites have
confirmed the existence of mainly Palaeoproterozoic crust (Nd Tpy
ages between 1900 and 2500 Ma, Harris et al., 1984; Harms et al.,
1990); slightly younger Nd Tpy; ages of 1600-1700 Ma (Harms et
al,, 1990) were found in tonalitic gneisses at Wadi Howar (Fig. 2).
This Palaeoproterozoic basement was intensely remobilised and
deformed during the Neoproterozoic Pan-African orogeny (Harms
et al., 1990; Schandelmeier et al., 1990).

In Bayuda Desert and at Sabaloka, close to the ANS/Saharan
Metacraton boundary (Fig. 2) medium- to high-grade metased-
imentary schists and gneisses have Nd Tpy ages between
1600 and 2400Ma (Harris et al., 1984; Kroner et al., 1987;
Kiister and Liégeois, 2001). At Sabaloka, these metasedimen-
tary garnet—cordierite-gneisses contain detrital zircons ranging in
age from 900 to 2600 Ma and indicate an early Neoproterozoic
depositional age (Kroner et al., 1987). In eastern Bayuda Desert,
immediately to the west of the ANS, high-grade metavolcano-
sedimentary gneisses and amphibolites have Nd Tpy ages in the
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range 900-790 Ma and represent an early Pan-African island arc
association dated at ca. 800 Ma by the Sm-Nd method (Kiister and
Liégeois, 2001).

Post-collisional late Pan-African (600-560Ma) granites are
abundant in the entire north-eastern Saharan Metacraton, with
exception of the Uweynat massif. This granitoid magmatism is
contemporaneous with an escape tectonics along major strike-slip
shear zones, uplift and extension of the entire Pan-African orogen
in northeastern Africa (cf. Stern, 1994; Kiister and Harms, 1998).

3. Outline of geology and structures along the eastern
boundary of the Saharan Metacraton

The N-S trending Keraf Suture Zone is one of the late Neopro-
terozoic shear zones that acts as the ~500 km long and ~50 km
wide divide between the north-eastern Saharan Metacraton and
the Arabian-Nubian Shield (Figs. 2 and 3). Transpressive deforma-
tion along the Keraf Zone was multiphase and lasted from ~650
to ~570Ma (Abdelsalam et al., 1998). It was caused by NW-SE
oblique convergence between the ANS and the Saharan Metacra-
ton and produced N-trending upright folds in the northern Keraf
Zone (Fig. 2) and N- and NNW-trending, sinistral, strike-slip faults
in the southern Keraf Zone (Abdelsalam et al., 1998). The N-S trend-
ing Keraf trend truncates older NE-SW structures of the Saharan
Metacraton (Zalingei trend) and also of the ANS (Fig. 2). In the
central ANS, NE-SW oriented structures include ophiolite deco-
rated suture zones, e.g. the Nakasib Suture (cf. Schandelmeier et al.,
1994b) or the Onib-Sol Hamed Suture (Fig. 2). These suture zones
mark boundaries and collision zones between individual island arc
terranes. Arc collisions and suturing in the ANS was largely com-
pleted by 760-700 Ma (Abdelsalam and Stern, 1996; Schandelmeier
et al,, 1994b). Another NE-SW trending ophiolite decorated suture
is the Atmur-Delgo Suture (cf. Schandelmeier et al., 1994a) in the
Nubian Desert (Fig. 2). Along this suture, subduction-derived low-
grade rocks of ANS derivation were thrust southeastwards onto the
high-grade basement of the Saharan Metacraton (Schandelmeier et
al,, 1994a; Harms et al., 1994; Abdelsalam et al., 1995, 1998). Defor-
mation and nappe emplacement along the Atmur-Delgo Suture
were completed before 700 Ma ago (Abdelsalam et al., 1995).

In the Bayuda Desert, pre-Keraf structures can be seen in the
form of rock foliations but also in two fold and thrust belts: (1)
the NE-SW striking Dam Et Tor Fold/Thrust Belt in the east-central
Bayuda Desert and (2) the NW-SE-striking Abu Hamed Fold/Thrust
Belt in the northern Bayuda Desert (Abdelsalam et al., 1998; Fig. 3).
Along the Dam Et Tor Thrust Belt high-grade supracrustal rocks
(kyanite and garnet schists) are thrust to the SE over rocks of rel-
atively lower metamorphic grade (Abdelsalam et al., 1998). Along
the Abu Hamed Thrust Belt biotite gneisses are thrust to the NE over
micaschists and garnet-staurolite schists (Abdelsalam et al., 1998).
Both thrusts are partially decorated by talc-carbonate schists. Fur-
thermore, in the north-eastern Bayuda Desert, foliations change
from E-W to NW-SE in the Abu Hamed Belt to NNW-SSE and
almost N-S along the Nile and finally to NE-SW in the Dam Et Tor
Belt; consequently, both fold and thrust belts might be connected
to form one common arc-like fold and thrust belt (Fig. 3).

The geodynamical significance of these >650Ma pre-Keraf
deformations in the northeastern Saharan Metacraton (Bayuda
Desert/Sabaloka), but also in neighbouring parts of the ANS is not
resolved. Abdelsalam et al. (1995) call this the Atmur deformation
and link it with NW-SE directed oblique convergence between ter-
ranes of both Saharan Metacraton and ANS derivation. The age of
this collisional deformation is likely to be older than 715 Ma, which
is the age of undeformed post-tectonic granite plutons in the Keraf
Zone (Fig. 2; Bailo et al., 2003), or even 760 Ma if the granites of the

Nakasib Belt in the ANS are considered (Fig. 2; Schandelmeier et
al., 1994b). In the Keraf Suture, Bailo et al. (2003) have also inves-
tigated juvenile Neoproterozoic granitoid orthogneisses (Nd Tpy
ages <900 Ma) and dated them with zircon evaporation technique
at 735Ma. This age is interpreted as either the age of the mag-
matic protolith or the age of metamorphism and deformation of the
orthogneiss (Bailo etal.,2003).In the Saharan Metacraton, granitoid
plutonism related to the 700-750 Ma time span has not been dated.
However, muscovite cooling ages in Bayuda Desert indicate termi-
nal cooling of this tectonometamorphic phase at ~670 Ma (Kiister,
1995). Furthermore, at Sabaloka, Kréner et al. (1987) dated gran-
ulite facies metamorphism at approximately 700-720 Ma, followed
by a retrograde migmatisation under amphibolite-facies condi-
tions at ca. 570 Ma. While the older metamorphism probably dates
the collisional event(s) along the eastern boundary of the Saha-
ran Metacraton, the younger retrogression is coeval with uplift and
post-collisional granitoid magmatism in the region (cf. Kiister and
Harms, 1998). In the Bayuda Desert, two post-collisional granite
plutons were dated with Rb-Sr whole rock technique and gave
ages of 573 Ma (Meinhold, 1979) and 549 Ma (Ries et al., 1985).
Post-collisional granites have not been dated at Sabaloka.

3.1. Subdivision of the Bayuda Desert basement

The Bayuda Desert is characterized by high-grade metamorphic
rocks, distinct form the low-grade metamorphic arc volcanics of
the ANS located to the east of River Nile (Figs. 2 and 3). Histori-
cally, this high-grade Bayuda Desert basement has been separated
in two main zones (Vail, 1971, 1988): a Grey Gneiss Unit mainly
made up of monotonous grey granitoid gneisses in western and
central Bayuda Desert (Rahaba Series in Fig. 3) and a Metasedimen-
tary Unit composed of felsic gneisses, amphibolites, various schists,
quartzites and calc-silicate rocks in eastern Bayuda Desert (Kurmut
and Absol Series in Fig. 3). Based on their regional mapping Barth
and Meinhold (1979) and Meinhold (1979) have further subdivided
Vail's Metasedimentary Unit into the Kurmut and Absol Series and
called the Grey Gneiss Unit the Rahaba Series. They grouped these
three Series within a Bayuda Formation. In the southeastern most
part of Bayuda Desert they also outlined the Abu Harik Series, made
up of biotite and biotite—-hornblende gneisses and considered as a
remnant of an old basement (Meinhold, 1979).

The Kurmut Series occupies the eastern part of Bayuda Desert
south of the Dam Et Tor Fold/Thrust Belt, and reoccurs north
of the Abu Hamed Fold/Thrust Belt in the northernmost Bayuda
Desert (Fig. 3; Barth and Meinhold, 1979; Meinhold, 1979). It is
made up of (in order of importance) biotite and biotite—-hornblende
gneisses, amphibolites and hornblende gneisses, quartzites and
quartzitic schists, various mica schists, calc-silicates and mar-
bles. The grade of metamorphism is that of low to medium
amphibolite facies (Meinhold, 1979). The Absol Series is found
in the northeastern part of the Bayuda Desert (south of the Abu
Hamed Thrust Belt and north of the Dam Et Tor Thrust Belt;
Fig. 3), and is composed of (in order of importance) various mica
schists (quartz-mica schist, kyanite-staurolite-garnet-mica schist,
tourmaline mica schist, graphitic and manganiferous schist, ferrug-
ineous quartzite), amphibolites and hornblende gneisses. The Absol
Series interfingers with the gneissic quartzo-feldspathic Rahaba
Series and, in such cases, always forms the cores of synclinal
structures (Barth and Meinhold, 1979). According to these authors
the Rahaba Series also subordinately contains garnetiferous mica
schists and rare amphibolites. Both Series record metamorphism
under upper amphibolite-facies conditions up to incipient migma-
tisation (Meinhold, 1979). In the field, there is thus a clear
association between the Absol and Rahaba Series while the Kurmut
Series appears to be in tectonic contact with the two former Series.
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4. Sampling and analytical techniques

We have sampled deformed granitoid orthogneisses as well as
undeformed granitoid plutons in Bayuda Desert and at Sabaloka
and subjected them to geochemical, isotope geochemical and
geochronological investigations. Sampled occurrences are indi-
cated on the geological sketch map of Fig. 3.

Major elements were determined by X-ray fluorescence (XRF)
at Technische Universitdt Berlin. Trace elements were analyzed
by inductively coupled plasma-mass spectrometry (ICP-MS) in the
Geochemical Laboratory of the Royal Museum for Central Africa in
Tervuren, except Sr which was analyzed by XRF in Berlin.

Sr- and Nd-isotope analyses were carried out in the isotopic
geology laboratory of the Royal Museum for Central Africa. A
detailed description of procedures and measurements is given
in Kiister and Liégeois (2001). The NBS987 standard yields a
value for 87Sr/86Sr of 0.710252-+0.000010 (2¢ on the mean
of 20 standards measured together with the samples, normal-
ized to 86Sr/38Sr=0.1194) and the MERCK Nd standard a value
for 3Nd/™4Nd of 0.511738 +0.000008 (20 on the mean of 20
standards measured together with the samples, normalized to
16Nd/144Nd =0.7219, and corresponding to a La Jolla standard value
of 0.511866). Calculation of Nd Tpy; model ages was done following
Nelson and De Paolo (1985).

Pb isotope ratios were determined on whole rock samples at
GeoForschungsZentrum Potsdam. Analytical procedures have been
described in Romer et al. (2005). Powdered samples were treated
with acetic acid to remove any secondary carbonate. The dried
samples were dissolved in 52% HF on the hot plate for at least
36 h. After drying, the samples were redissolved in 6N HCl. Pb
was separated using standard HBr-HCI ion-exchange chemistry.
Pb isotope ratios were measured using static multi-collection on
a MAT 262 mass spectrometer at controlled temperatures between
1220 and 1250°C. The 20 reproducibility of all Pb isotope ratios
of the NBS SRM 981 standard is better than 0.1% and a 2o error
of 0.1% is assumed for the measured samples. Instrumental mass-
fractionation has been corrected using 0.1% per a.m.u. on the base
of the NBS SRM 981 values. Procedural blanks were <30pg for
Pb and no blank corrections have been applied to the measured
ratios because blank contribution were insignificant in compari-
son to the amount of the respective elements in the sample. Initial
Pb isotope compositions have been calculated from U, Th and Pb
contents (ICP-MS determinations) and the respective ages of the
samples.

Six samples from the Bayuda Desert and Sabaloka region are
dated here using the U-Pb on zircon chronometer. Seventy-nine
zircon grains were analyzed. The measurements were carried
out on a SHRIMP-II ion microprobe at the Centre for Isotopic
Research (VSEGE]I, St. Petersburg, Russia). Zircon grains were hand
selected and mounted in epoxy resin, together with chips of the
TEMORA (Middledale Gabbroic Diorite, New South Wales, Australia,
age =417 Ma, Black and Kamo, 2003) and 91,500 (Geostandard zir-
con, age = 1065 Ma, Wiedenbeck et al., 1995) reference zircons. The
grains were sectioned approximately in half and polished. Each
analysis consisted of five scans through the mass range; the spot
diameter was about 18 um and the primary beam intensity about
4nA. The data were reduced in a manner similar to that described
by Williams (1998, and references therein), using the SQUID Excel
Macro of Ludwig (2000). The Pb/U ratios were normalized relative
to a value of 0.0668 for the 206Pb/238U ratio of the TEMORA zircon,
equivalent to an age of 416.75 Ma (Black and Kamo, 2003). Uncer-
tainties given for individual analyses (ratios and ages) in Table 1 are
at the one o level, whereas uncertainties in calculated concordia
ages are reported at the 20 level. Age calculations were performed
using Isoplot 3 Excel macro (Ludwig, 2003).
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Fig. 4. K,0 vs. SiO; plot for (a) granitoid gneisses from Bayuda Desert and (b) post-
collisional granitoids from Bayuda Desert and Sabaloka.

5. Geology, petrography and geochemistry of the granitoid
suites

5.1. Granitoid gneisses

Regional distribution, petrography, geochemistry and Sr-Nd
isotope geochemistry of the metamorphosed granitoids have previ-
ously been investigated (Kiister and Liégeois, 2001). Only a synopsis
of these findings will thus be given here (Table 1). There are
two basically different types of granitoid gneisses in the Bayuda
Desert: (1) muscovite-biotite gneisses from the Rahaba Series,
which occupy large areas in northern and central Bayuda Desert
(El Melagi locality; Fig. 3) and (2) epidote-biotite gneisses from
the Kurmut Series (eastern Bayuda), which are intimately associ-
ated with amphibolites and metasedimentary gneisses (Dam Et Tor
locality; Fig. 3).

The muscovite-biotite gneisses from El Melagi are character-
istic representatives of the Rahaba Series of Barth and Meinhold
(1979) and form a lithologically rather monotonous sequence.
These gneisses have the chemistry of high-K granitoids with
SiO, > 70% (Fig. 4a). They are strongly peraluminous (A/CNK> 1.15,
norm. (normative) corundum > 2%, norm. pyroxene < 1.6%) and their
trace-element signature is similar to two-mica granite sheets
from the Himalaya collisional chain (Kiister and Liégeois, 2001).
In the field, the El Melagi muscovite-biotite gneisses often dis-
play a thrust-like flat-lying foliation. The El Melagi gneisses could
thus represent deformed S-type pelite-derived granites emplaced
during a convergent tectonometamorphic event or siliciclastic sed-
iments metamorphosed during such an event.
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Table 1

Geological features of granitoid orthogneisses and late- to post-collisional granitoids from Bayuda Desert and Sabaloka

Occurrence Rock types Chemistry SiO; (%) Country rock
Bayuda Desert
Dam Et Tor
Gneiss Epidote-biotite gneiss Low- to medium-K 65-73 Intercalated with amphibolites,
hornblendites and quartzo-feldspathic schists
El Melagi
Gneiss Muscovite-biotite gneiss High-K 73-74 Monotonous succession, partly pegmatized,
rare lenses of mica schist and quartzite
Absol
Pluton Greyish biotite granite to Medium-K 66-74 Amphibolite-facies gneisses and schists
epidote-biotite granodiorite epidote-biotite granodiorite
Enclaves Epidote-garnet-hornblende tonalite Medium-K 63
Nabati
Pluton Reddish biotite granite High-K 70-76 Low-grade metavolcanosedimentary rocks
Dykes Quartz-monzodiorite High-K 60
An Ithnein
Pluton Greyish biotite granite High-K 70-74 Amphibolite-facies schists
Sabaloka
Banjedid
Pluton Reddish biotite granite High-K 71-73 Amphibolite-facies gneisses and migmatites
Dykes Porphyritic biotite granite and Shoshonitic 62-69
hornblende-biotite granite
Babados
Pluton Hornblende-biotite granite Shoshonitic 65-66 Amphibolite-facies gneisses and migmatites
Suleik
Pluton Dark to reddish biotite granite and Shoshonitic 67-75 Amphibolite-facies gneisses and migmatites

hornblende-biotite granite

The epidote-biotite gneisses from Khor Dam Et Tor are low-
to medium-K granitoids (Fig. 4a). They are metaluminous to
slightly peraluminous (A/CNK 0.85-1.05, norm. pyroxene >4%,
norm. corundum<0.15%) and their trace-element signatures are
akin to subduction-related I-type magmas from relatively primi-
tive oceanic arcs (Kiister and Liégeois, 2001). The epidote-biotite
gneisses are part of a metavolcanosedimentary succession which
include also amphibolites and intermediate to felsic metasedi-
ments and paragneisses. The whole succession derived from a
subduction-related magmatism in an intra-oceanic arc system
dated at 806 & 19 Ma (Sm-Nd isochron; Kiister and Liégeois, 2001).
The epidote-biotite gneisses are therefore believed to represent
metamorphosed dacites and rhyodacites of this oceanic magma-
tism. The Dam Et Tor succession would be part of the Absol Series
of Barth and Meinhold (1979). However, the lithological succession
identified by us along Khor Dam Et Tor is dominated by metavol-
canics and as such much more akin to Barth and Meinhold’s Kurmut
Series (see Section 3.1). We have therefore included the Dam Et Tor
succession into the Kurmut Series and modified the map (Fig. 3)
accordingly. Epidote-biotite gneisses of similar geochemistry also
occur in the southeastern part of the Bayuda Desert where they
are part of the Abu Harik Series of Barth and Meinhold (1979).
However, these gneisses are not interrelated with amphibolites and
rather appear metaplutonic. They are outlined on the map (Fig. 3)
as syn-tectonic intrusives.

5.2. Granitoid plutons

Post-collisional granitoids occur in discordant crosscutting plu-
tons in the Bayuda Desert and at Sabaloka. The location of
the investigated occurrences is shown in Fig. 3. The plutons
usually consist of grey to reddish biotite granite and of subordi-
nate biotite-hornblende granite and granodiorite. Petrochemically,
they are distinguished into calc-alkaline medium-K, high-K and
shoshonitic suites (Table 2, Fig. 4b). The term shoshonitic is used

here to describe granitoids with a ‘very high-K’ character. Although
shoshonitic has been initially defined for volcanic rocks, it has
also become a common practice to use this term also for grani-
toids (cf. Liégeois et al., 1998; Duchesne et al., 1998). Most of the
post-collisional plutons in the study area display only limited geo-
chemical and petrographical variations; only the Absol, Banjedid
and Nabati plutons show greater differences due to presence of
melanocratic enclaves or crosscutting dykes. A brief overview about
geological characteristics and geochemical composition is supplied
in Tables 1 and 2. Individual plutons will be discussed in more detail
below.

5.2.1. Absol medium-K pluton

The Absol pluton is an oval shaped intrusion in the northeast-
ern Bayuda Desert intrusive into the Absol Series (Fig. 3). It is
composed of medium to coarse grained, equigranular to slightly
porphyritic greyish biotite granite and granodiorite. Both may con-
tain rounded melanocratic enclaves of tonalitic composition. The
granodiorites are epidote bearing and the enclaves are made up
of hornblende-garnet-epidote tonalite. Although the Absol plu-
ton appears undeformed, the occurrence of epidote and garnet in
these rocks indicates a metamorphic overprint. Together with its
oval shape, this suggests that the Absol pluton has been incorpo-
rated in transcurrent tectonics in which it behaved as a rigid body.
The Absol should then be better described as a metapluton cor-
responding to a boudin parallel to the regional structural trend,
as for example the Follum metapluton in Norway (Bingen et al.,
2005).

The Absol pluton has a medium-K calc-alkaline composition
(Fig. 4b) and an extended silica range (63-74%). ORG-normalized
incompatible element signatures (not shown) are akin to
subduction-related magmatism at continental arc settings (e.g.
rhyolites from northern Chile volcanic zone) or to granites from
continent-arc or continent-continent collision zones (e.g. Oman or
Pyrenees). The existence of tonalitic magmatic enclaves indicates



Table 2

Major and trace-element geochemistry of selected samples of late- to post-collisional granitoids

Medium-K granitoids

High-K granitoids

Shoshonitic granitoids

Absol pluton An Ithnein pluton Nabati pluton Banjedid pluton Banjedid dykes Babados  Suleik pluton
10-8b? enclave  10-8a? 10-7e? 10-62 14-3% porph.  14-5% equigr. ~ 14-7° equigr. ~ 15-22 15-12 dyke  18-82 17-4b? 17-4f 18-1b? 18-1c? 18-5a? 18-72 18-6b?
wt. %
Si0, 62.97 69.18 72.86 74.35 70.88 71.71 74.38 73.04 60.01 72.54 71.93 62.29 66.76 69.26 65.81 72.55 75.13
Al;03 16.25 15.98 14.34 13.74 15.04 14.81 14.07 13.84 15.02 14.68 14.41 14.41 15.03 14.64 14.69 13.67 12.96
Fe,03 5.55 3.30 2.06 1.91 2.84 1.46 0.96 1.84 8.46 1.29 0.82 7.07 3.97 2.78 5.99 2.82 1.22
MnO 0.13 0.07 0.06 0.05 0.04 0.03 0.02 0.02 0.11 0.01 0.01 0.07 0.02 0.01 0.05 0.03 0.01
MgO 2.27 1.23 0.69 0.40 0.60 0.53 0.08 0.31 2.54 0.24 0.19 1.29 0.84 0.67 1.03 0.33 0.17
Cao 4.80 3.84 2.61 1.71 1.88 1.59 0.61 1.23 5.21 1.73 1.65 3.45 2.18 1.61 2.70 1.47 1.35
Na,O0 3.48 3.73 3.61 3.51 3.94 4.28 4.29 3.55 3.88 3.53 341 2.96 3.04 2.94 2.69 2.74 2.84
K;0 2.18 241 3.15 3.51 4.58 417 4.68 5.15 243 4.96 5.08 4.81 5.65 6.15 5.18 5.80 5.49
TiO, 0.75 0.42 0.27 0.20 0.45 0.26 0.10 0.37 2.07 0.24 0.15 1.73 0.98 0.62 1.31 0.37 0.21
P,05 0.35 0.14 0.13 0.08 0.15 0.09 0.04 0.09 0.91 0.03 0.01 0.68 0.30 0.19 0.53 0.12 0.06
LOI 0.87 0.64 0.47 0.59 0.82 1.10 0.52 0.81 0.80 0.74 0.70 0.84 0.97 0.71 0.84 0.80 0.77
SUM 99.60 100.94 10025  100.05 101.22 100.03 99.75 100.25 101.44 99.99 98.36 99.60 99.74 99.58  100.82 100.70  100.21
ppm

Sr 366 314 234 161 295 323 78 167 652 391 353 249 178 141 256 140 185
Ba 290 420 425 514 881 762 328 951 1009 1380 788 993 985 811 1099 642 613
Rb 93 79 84 123 164 136 186 66 59 84 160 318 226 389 220 320 223
Zr 155 133 80 94 269 118 99 279 516 144 103 987 785 470 787 337 252
Y 19.44 12.16 13.18 20.19 24.51 6.58 9.98 8.67 29.32 3.23 1.24 43.83 12.94 11.23 34.42 21.22 8.51
Th 8.93 8.61 6.77 11.53 25.79 13.13 20.39 8.40 12.50 7.52 17.58 43.79 147.36 97.23 46.92 59.60 19.41
§) 4.08 3.66 3.57 231 6.95 248 15.03 233 3.31 2.04 0.98 1.19 4.52 224 2.06 12.21 2.10
Pb 16.08 17.62 22.93 25.66 22.18 21.34 29.46 13.81 14.39 34.14 35.75 37.15 36.00 42.75 28.92 38.82 30.33
Hf 4.35 3.96 2.67 3.14 7.60 3.76 4.61 7.65 13.08 4.82 3.16 23.87 22.62 10.77 22.23 8.73 6.69
Nb 16.30 7.42 6.74 7.59 11.74 3.40 13.07 6.36 18.11 4.67 249 34.92 18.21 10.34 28.78 14.22 8.17
Ta 1.36 0.68 0.82 0.75 1.37 0.37 1.13 0.38 1.09 0.31 0.04 1.42 0.84 0.26 1.37 0.17 0.25
La 56.18 27.25 16.57 26.67 54.94 20.10 20.81 84.57 94.07 23.19 23.01 145.85  248.88 180.52 135.74 104.41 88.86
Ce 100.03 54.38 37.31 61.63 110.13 37.81 40.88 154.02 206.65 40.89 38.40 33147 529.27 36823  309.29 224.97 159.72
Pr 12.58 6.00 3.71 6.27 11.99 4.21 5.09 15.52 24.86 4.42 3.73 40.40 60.69 38.49 38.24 24.56 15.41
Nd 47.70 21.84 14.10 23.21 43.85 15.38 19.82 50.90 99.80 16.29 10.84 143.78 218.35 111.79  154.65 75.37 43.00
Eu 1.47 1.01 0.81 0.68 1.16 0.66 0.66 1.42 3.61 0.84 0.56 2.16 2.01 0.80 2.83 1.03 1.45
Sm 7.27 3.73 2.98 4.60 7.66 2.65 4.39 6.10 16.57 2.60 1.00 22.26 27.45 12.96 26.34 11.52 4,78
Gd 5.50 3.06 2.71 4.06 6.13 1.87 3.31 4.02 12.13 1.73 0.69 13.94 15.04 6.89 17.57 7.60 2.66
Dy 3.54 2.29 2.34 3.61 4.53 1.20 2.07 1.71 6.80 0.78 0.33 8.24 4.01 1.99 9.06 4.30 1.55
Ho 0.69 043 0.44 0.72 0.85 0.22 0.36 0.32 1.17 0.11 0.05 1.38 0.56 0.29 1.50 0.66 0.27
Er 1.88 1.17 1.25 2.07 2.35 0.62 0.97 0.98 2.88 0.30 0.13 2.70 1.51 0.47 3.56 1.31 0.53
Yb 1.87 1.06 1.21 1.91 2.15 0.59 0.92 1.01 2.13 0.28 0.17 1.99 1.45 0.51 2.35 0.85 0.57
Lu 0.27 0.15 0.15 0.26 0.29 0.08 0.12 0.15 0.28 0.03 0.02 0.25 0.17 0.09 0.30 0.13 0.08
2 Sample.
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Fig. 5. Chondrite normalized REE patterns for medium-K, high-K and shoshonitic granitoids from Bayuda Desert and Sabaloka.

the contemporaneous intrusion of at least two different mag-
mas. REE data (Table 2, Fig. 5) reveal that the tonalitic enclaves
have the highest REE contents (> REE>200ppm) and the most
fractionated patterns (Lay/Yby=20) with moderate Eu anoma-
lies (Eu/Eu*=0.7), while granodiorites and most granites are less
enriched (> "REE=80-120 ppm)and have less fractionated patterns
(Lan/Ybyn =9-12) with negligible Eu anomalies (Eu/Eu*=0.9-1.0).
Only the most siliceous granite displays again an enrichment
in total REE (ZREE=]35 ppm) and a significant Eu anomaly
(Eu/Eu*=0.5). The REE pattern of individual phases of the Absol
pluton (tonalitic enclaves, highly silicic granitoids, granodiorites
and moderately silicic granites) are difficult to relate to each other
by a magmatic fractionation process. It seems therefore likely
that the Absol pluton represent a composite intrusion with mag-

mas derived from different sources and/or from magma mixing or
contamination.

5.2.2. An Ithnein, Nabati and Banjedid high-K plutons

Discordant circular shaped plutons of high-K calc-alkaline
biotite granite occur in both Bayuda Desert and Sabaloka. Three
of these plutons were investigated (see also Table 1):

(1) the An Ithnein pluton intrusive into the Rahaba Series (Fig. 3),
made up of greyish biotite granite;

(2) the Nabati pluton intrusive into the Kurmut Series (Fig. 3), com-
posed of reddish biotite granite and crosscut by dykes of quartz
monzodioritic composition;
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(3) the Banjedid pluton from Sabaloka (Fig. 3), composed of red-
dish biotite granite and crosscut by dikes of granitic to quartz
monzonitic composition.

These high-K biotite granites are all silica-rich (>70% SiO,),
while the crosscutting dykes often show more mafic compositions
(Fig. 4b). The Nabati quartz—-monzodiorite dyke has ~60% SiO, and
isalso high-K calc-alkaline in composition. The Banjedid dykes have
62-69% SiO, and are all shoshonitic in composition (Fig. 4b).

Although the high-K granites are clearly post-kinematic and
undeformed, incompatible trace-element spidergrams (not shown)
are akin to subduction-related continental margin rhyolites and
rhyodacites (e.g. from Chile central volcanic zone). This is inter-
preted here not as an active subduction regime, but as a
characteristic of the source which was tapped during the post-
collisional period. This implies that a subduction period occurred
earlier in the region, for instance at ca. 800 Ma, the age of the Bayuda
island arc (Kiister and Liégeois, 2001).

5.2.2.1. An Ithnein pluton (Rahaba Series). The An Ithnein pluton
has a narrow SiO, span (70-74%) but contains two magmatic
varieties: a medium-grained equigranular granite and a coarse-
grained porphyritic granite. The equigranular biotite granite has
higher Na,O and lower Fe;03, TiO,, P,Os5, Rb, and HFSE (Zr, Nb,
Y) than the porphyritic biotite granite (Table 2). The equigranu-
lar granite also has low ) REE (85-107 ppm) and displays only
minor Eu anomalies (Eu/Eu*=0.9) while the porphyritic granite has
higher ZREE (195-246 ppm) and displays significant Eu anomalies
(Eu/Eu*=0.35-0.52). The most siliceous granite of the An Ithnein
pluton (sample 14-7, Table 2)is geochemically close to the equigran-
ular granite, but it is more evolved and shows a negative Eu anomaly
(Fig. 5). The An Ithnein pluton is likely to be derived from at least
two compositionally slightly different high-K magmas.

5.2.2.2. Nabati pluton (Kurmut Series). The Nabati pluton is com-
posed of coarse-grained reddish biotite granite with SiO, values in
the range 70-76%. With increasing silica content there is a decrease
in Al, 03, Fe; 03, Ca0, Na, 0, TiO,, P, 05, Sr, Ba and Zr, while K, 0 and
Rb are enriched. The REE patterns are characterized by different
types of Eu anomalies (Fig. 5), which change with increasing silica
from positive (Eu/Eu* = 1.35) to negative anomalies (Eu/Eu*=0.46).
The negative Eu anomaly together with the characteristic trace
and major element variation indicate that the granite magma has
experienced magmatic fractionation dominated by feldspar. The
positive Eu anomaly in the less siliceous sample (15-3, Fig. 5) may
indicate either cumulus plagioclase or restitic plagioclase entrained
as a solid phase in the melt during its generation. The Nabati biotite
granite is cut by dykes of quartz monzodioritic (norm. Q’-ANOR)
or granodioritic (norm. Ab-An-Or) composition, depending on the
classification scheme used. The dykes are moderately potassic(2.5%
K,0 at 60% SiO,) and relatively enriched in HFSE (TiO, =2.07%,
Zr=516 ppm, EREE=471 ppm). The REE pattern (Fig. 5) is mod-
erately fractionated (Lan/Ybn =30, Eu/Eu*=0.78) and has some
similarities with silica-poor samples of the shoshonitic granitoids
(discussed further below). ORG-normalized trace-element spider-
grams are also close to post-collisional shoshonitic andesites from
the Tibetan plateau (not shown). We tentatively consider the Nabati
quartz monzodiorite as a fractionated mantle melt which may have
largely been derived from a calc-alkaline high-K basaltic parent.

5.2.2.3. Banjedid pluton (Sabaloka region). The Banjedid pluton is
composed of slightly reddish medium- to coarse-grained equigran-
ular biotite granite. It has a very narrow silica range (71.7-72.6%
SiO,) and consequently does not show much geochemical vari-
ation (Table 2). REE contents are low () REE=31-91ppm), but

due to very low HREE content, the patterns are fractionated
(Lan/Ybn=31-91) and typically characterized by positive Eu
anomalies (Eu/Eu*=1.2-3.8). The latter feature may again be inter-
preted as restitic or early crystallized plagioclase entrained in the
melt during its generation, most likely in the continental crust. The
very low HREE contents argue for a dominant role of garnet in the
restite. The Banjedid high-K granite pluton is cut by granitoid dykes
of shoshonitic composition which will be discussed together with
shoshonitic plutons in the next chapter.

5.2.3. Babados, Suleik and Banjedid shoshonitic plutons and
dykes (Sabaloka region)

Shoshonitic granitoids are abundant only at Sabaloka and occur
in discordant plutons and as crosscutting dykes. Three of these
occurrences were investigated:

(1) the Babados pluton (Fig. 3), composed of medium-grained
slightly porphyritic melanocratic hornblende-biotite granite
and quartz monzonite;

(2) the Suleik pluton (Fig. 3), composed of porphyritic coarse-
grained hornblende-biotite granite and medium-grained
reddish biotite granite;

(3) dykes within the (high-K) Banjedid pluton, made up of fine-
to medium-grained, equigranular to porphyritic melanocratic
quartz monzonite and hornblende-biotite granite.

The shoshonitic granitoid rocks are classified as quartz mon-
zonite and granite in Ab-An-Or normative triangle, and as mainly
monzogranite and granite in Q ANOR normative diagram. Most
of the rocks typically display magmatic alignment of K-feldspar
porphyroblasts. The granitoids are generally low in silica (<70%
SiO,), only the Suleik pluton contains more silicic rocks transi-
tional to high-K granites (Fig. 4b). ORG-normalized trace-element
spidergrams (not shown) are remarkably similar to post-collisional
shoshonitic rhyolites and rhyodacites from the Tibetan plateau.

The shoshonitic granitoids are enriched in REE
(EREE=320—1109 ppm) and other HFSE (Table 2). The REE
patterns (Fig. 5) are highly fractionated (Lay/Yby =39-240) and all
samples show distinct Eu anomalies (Eu/Eu*=0.52-0.26), only the
most silica rich granite from Suleik pluton (sample 18-6b, Table 2)
has a different pattern (Eu/Eu*=1.26) and appears transitional
to the Banjedid high-K granite. Based on REE data, a generation
of the low-silica granitoids of this group (62-67% SiO,) may be
explained by fractional crystallization of feldspar+ hornblende
and accessories from a more mafic melt. Further fractionation,
especially of accessories (apatite, zircon), could then be responsible
for the depletion of REE in the more siliceous granites (69-72%
Si0,) of the shoshonitic group, except sample 18-6b (Fig. 5).

6. Geochronology
6.1. Rahaba and Absol Series

Three samples have been dated out of the Rahaba and Absol
Series: the amphibolite-facies El Melagi Ms-Bi gneiss (sample 12-
2), the Absol metapluton (sample 10-8A) and the An Ithnein pluton
(sample 14-3). Results of SHRIMP-II ion microprobe U-Pb measure-
ments are shown in Table 3. Cathodoluminescence pictures of the
dated zircons are given in Fig. 6 and Concordia diagrams in Fig. 7.

Twelve zircons from the El Melagi gneiss have been dated. These
zircons are variably elongated, often zoned and comprise inherited
cores sometimes well rounded (8.1). Some zircons display cores
inside cores: core 8.1 contains the older zoned core 8.2 (Fig. 6).
These cores are large and the rims are often thin and, unfortunately,
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Table 3

SHRIMP U-Pb zircon results of granitoid rocks from Bayuda Desert and Sabaloka

Grain spot 206pp. % U Th 232Th/238y  206pp’ 206pp238(J°a, 207pp[206pp'a, % Disc.  297Pb’/ 207pp’ 206ph° | Err

(ppm)  (ppm) (ppm)  Age (Ma) Age (Ma) 206ph*a 49 235003, £ 2382, 4% corr

Dam Et Tor gneiss 11-2A
11-2A.1.1 0.90 150 76 0.52 17.4 809, £18 780, £320 -4 0.0650, 15 1.200, 16 0.1337,2.3 0.149
11-2A.2.1 0.54 99 43 0.44 1.4 803, £18 788, £96 -2 0.0654, 4.6 1.196, 5.2 0.1326, 2.4 0.470
11-2A.3.1 0.10 154 29 0.19 18.9 859, £9.0 826, +46 -4 0.0666, 2.2 1.310, 2.5 0.1426, 1.1 0.452
11-2A3.2 0.09 33 12 0.37 4.12 886, £19 899, +£100 1 0.0690, 5.0 1401, 5.5 0.1473,2.3 0.414
11-2A.4.1 0.25 159 31 0.20 20.0 882, £20 845, +76 -4 0.0672, 3.7 1.359,4.4 0.1465, 2.4 0.544
11-2A.5.1 0.18 110 41 0.39 13.6 865, £9.8 818, £63 -5 0.0664, 3.0 1.313,3.2  0.1435,1.2 0.375
11-2A.6.1 0.49 79 34 0.45 9.38 832, £11 811, £110 -2 0.0662, 5.3 1.256, 5.5 0.1377, 1.4 0.250
11-2A.71 0.35 91 35 0.40 11.1 857, £10 813, +£91 -5 0.0662, 4.3 1.299, 4.5 0.1423,1.3 0.287
11-2A.8.1 0.06 134 61 0.47 16.5 858, £9.2 847, £38 -1 0.0673, 1.8 1.321,2.2 0.1424, 1.1 0.530
11-2A.9.1 0.35 142 65 0.47 17.3 855, £9.1 851, +£69 0 0.0674, 3.3 1.319,3.5 0.1418, 1.1 0.326
11-2A.10.1 0.32 108 51 0.49 13.5 873, £15 876, £62 0 0.0682, 3.0 1.364, 3.5 0.1450, 1.8 0.522

El Melagi gneiss 12-2
12.2.11 0.14 663 263 0.41 78.2 829, £6.3 987, £20 16 0.0721, 1.0 1.363, 1.3 0.1372,0.8 0.629
12.2.7.2 0.03 932 25 0.03 120 898, +6.6 928, £16 3 0.0699, 0.8 1443, 11 0.1495, 0.8 0.718
12.2.8.1 0.03 682 43 0.06 87.8 900, +6.8 926, +17 3 0.0699, 0.8 1444,12  0.1499,0.8 0.703
12.2.21 0.03 4136 189 0.05 554 934, £6.5 918, £7.7 -2 0.0696, 0.4 1.497,0.8 0.1559, 0.7 0.892
12.2.6.1 0.18 433 157 0.38 57.2 920, £7.3 857, £32 -7 0.0676, 1.5 1431, 1.8 0.1534, 0.9 0.489
12.2.8.2 0.26 199 122 0.63 30.8 1065, +£9.8 1033, +£40 -3 0.0737,2.0 1.826, 2.2 0.1797,0.9 0.454
12.2.41 0.06 426 188 0.46 132 1989, +24 2460, +£9.4 19 0.1604, 0.6 7.990, 1.5 0.3614, 1.4 0.928
12.2.4.2 0.02 190 51 0.28 75.1 2436, +£22 2525, +18 4 0.1667, 1.0 10.55, 1.5 0.4591, 1.1 0.725
12.2.3.2 0.23 51 41 0.82 214 2543, £29 2647, £20 4 0.1793, 1.2 11.96, 1.8 0.4836, 1.4 0.761
12.2.31 0.01 489 52 0.11 210 2614, £20 2664, +17 2 0.1812, 1.0 1249, 14 0.5001, 0.9 0.671
12.2.71 0.13 251 102 0.42 50.8 1363, +£21 1850, +£21 26 0.1131, 1.1 3.673,2.1 0.2355, 1.7 0.834
12.2.5.1 0.03 798 307 0.40 238 1922, +13 1978, £7.4 3 0.1215, 0.4 5.817,0.9 0.3473,0.8 0.883

Absol pluton 10-8A
10-8A.7.1 0.92 1078 135 0.13 98.7 647, £6.0 889, +£51 37 0.0687, 2.5 0.999,2.6 0.1055, 1.0 0.366
10-8A.1.1 0.73 2019 273 0.14 213 743, £5.6 899, +£20 21 0.0690, 1.0 1162, 1.3 0.1221, 0.8 0.637
10-8A.3.1 0.05 3616 334 0.10 423 823, £6.0 901, £9.2 10 0.0691, 0.5 1.296, 0.9 0.1361, 0.8 0.868
10-8A.8.1 0.28 610 108 0.18 72.0 828, £6.8 914, £26 10 0.0695, 1.3 1313, 1.5 0.1370, 0.9 0.571
10-8A.5.1 0.16 389 53 0.14 46.3 836, £7.9 920, £35 10 0.0697, 1.7 1.331,2.0 0.1385, 1.0 0.515
10-8A.6.1 0.07 468 59 0.13 59.0 883, £8.2 917, £23 4 0.0696, 1.1 1409,15 0.1468,1.0  0.669
10-8A.4.1 0.14 417 51 0.13 54.5 911, £8.1 870, +£32 -5 0.0680, 1.5 1424, 1.8 0.1518, 1.0 0.527
10-8A.2.1 0.05 366 87 0.24 47.4 905, £7.7 892, +£24 -1 0.0688, 1.2 1430, 1.5 0.1508, 0.9 0.617

An Ithnein pluton 14-3
14-3.71 1.19 593 256 0.45 30.5 371, £3.7 695, +£68 87 0.0626, 3.2 0.512,3.4 0.0593, 1.0 0.304
14-3.9.1 1.44 517 150 0.30 39.8 546, +4.7 694, £77 27 0.0626, 3.6 0.762,3.7  0.0883,0.9 0.239
14-3.2.1 1.67 465 176 0.39 36.9 561, +5.6 598, +86 7 0.0599, 4.0 0.750, 4.1 0.0909, 1.0 0.254
14-3.11 0.26 616 173 0.29 50.3 584, £5.6 573, £35 -2 0.0592, 1.6 0.773, 1.9 0.0948, 1.0 0.528
14-3.10.1 0.56 802 173 0.22 66.3 590, £5.3 565, £36 -4 0.0590, 1.7 0.778, 1.9 0.0957, 0.9 0.489
14-3.3.1 0.79 312 89 0.30 26.2 596, +6.4 640, +73 7 0.0610, 3.4 0.815,3.6  0.0969, 1.1 0.312
14-3.6.1 0.04 1574 254 0.17 131 597, £5.0 610, £16 2 0.0602, 0.7 0.805, 1.1 0.0970, 0.9 0.770
14-3.7.2 0.07 315 212 0.69 26.6 604, £5.4 602, £31 0 0.0599, 1.4 0.811, 1.7 0.0982,0.9 0.546
14-3.8.1 — 271 67 0.25 229 606, £6.6 603, +44 0 0.0600, 2.0 0.815,2.3 0.0986, 1.1 0.494
14-3.4.1 0.33 203 103 0.52 17.3 609, £6.2 583, £82 -4 0.0594, 3.8 0.812,3.9 0.0991, 1.1 0.273
14-3.5.1 0.06 302 124 0.42 26.6 629, £5.7 603, £36 -4 0.0600, 1.7 0.847, 1.9 0.1025, 1.0 0.494

Banjedid pluton 18-8

18.8.4.1 1.13 890 145 0.17 70.7 564, +4.5 621, £54 9 0.0605, 2.5 0.763,2.6  0.0915,0.8 0.318
18.8.4.2 0.01 3161 54 0.02 256 581, +4.2 626, +11 7 0.0606, 0.5 0.789,09 0.0944,0.8 0.826
18.8.1.2 0.01 2214 65 0.03 181 585, +4.3 607, £15 4 0.0601, 0.7 0.787,1.0  0.0950,0.8  0.745
18.8.6.1 0.03 1964 323 0.17 161 586, +4.4 599, £15 2 0.0599, 0.7 0.785,1.0 0.0951,0.8  0.742
18.8.2.1 0.11 731 88 0.12 61.5 601, +£4.7 576, £27 -4 0.0593, 1.2 0.798,1.5 0.0977,0.8  0.551
18.8.5.2 0.05 2610 65 0.03 220 602, +4.4 590, +14 -2 0.0596, 0.6 0.805,1.0 0.0979,0.8 0.772
18.8.7.1 0.34 1043 155 0.15 89.1 609, +5.2 565, £35 -8 0.0589, 1.6 0.805,1.9 0.0991,0.9 0.483
18.8.5.1 0.05 349 36 0.11 29.8 610, +£5.5 589, +£39 -4 0.0596, 1.8 0.816,2.0 0.0993,09 0.468
18.8.1.1 0.09 1091 110 0.10 934 612, +4.7 589, +25 -4 0.0596, 1.2 0.818,1.4  0.0996,0.8 0.567
18.8.3.1 0.43 378 39 0.11 339 638, +£6.6 540, £72 -18 0.0583,3.3 0.836,34  0.1040, 1.1 0.314
Babados pluton 18-5A
18.5A.1.2 0.08 561 168 0.31 46.4 592, +4.9 600, +28 1 0.0599, 1.3 0.794,1.6  0.0962,09 0.561
18.5A.3.2 0.06 603 184 0.31 50.1 594, +4.8 621, £35 4 0.0605, 1.6 0.805,1.8 0.0966,0.8 0.461
18.5A.4.2 0.27 587 423 0.75 48.6 592, +4.8 488, £36 =21 0.0569, 1.6 0.754,1.8  0.0961,0.8  0.457
18.5A.1.1 1.02 75 82 1.14 6.32 601, £9.0 294,4+270 -104 0.0522, 12 0.703, 12 0.0977, 1.6 0.134
18.5A.2.1 0.18 337 330 1.01 27.7 590, +5.5 603, £53 2 0.0600, 2.4 0.792,2.6 0.0958,1.0 0.371
18.5A.3.1 0.61 105 131 1.29 880 597,£75 499, +£120 -20 0.0572,5.6 0.765,5.7  0.0970,13  0.229
18.5A.4.1 0.37 11 128 1.18 9.41 602, +£7.1 662, £93 9 0.0617, 4.3 0.832,45 0.0979,12  0.275
18.5A.5.1 0.20 189 212 1.16 15.7 593, +6.0 575, £57 -3 0.0592, 2.6 0.786,2.8  0.0963, 1.1 0.375
18.5A.6.1 0.00 225 341 1.57 18.1 576, +7.9 710, +£34 19 0.0631, 1.6 0.812,2.2 0.0934,14 0.666
18.5A.7.1 0.23 258 339 1.36 21.0 583, +£5.7 622, +63 6 0.0605, 2.9 0.790,3.1  0.0947, 1.0 0.329

Errors are 1-sigma; Pb. and Pb" indicate the common and radiogenic portions, respectively. Error in Standard calibration was 0.19%.
2 Common Pb corrected using measured 2°4Pb.
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too thin to be dated. Some grains do not bear cores and are well
zoned (3.1; 1.1). The results covered a large spectrum of ages from
900 Ma to the Archaean. It is thus important to consider what kinds
ofzircons have been dated. The Archaean ages are given by two crys-
tals that have been measured two times each: the two analyses of
crystal 3(3.1and 3.2) are slightly discordant (2 and 4% discordance);
they define a discordia age of 2675 + 33 Ma when forced through
920 Ma (see below) with an MSWD of 0.0009. One of the two anal-
yses of crystal 4 (4.1 and 4.2) is slightly discordant (4% discordance)
while the other is more discordant (19%); they define a discordia
age of 2536 =45 Ma with a lower intercept of 500 + 270 Ma. The
core 5.1 is also slightly discordant (3%) and gives a 207 Pb/206Pb age
of 1978 £ 15 Ma. The core 7.1 is strongly discordant (26%) and gives

a 207pp/206ph age of 1850+ 41 Ma; considering its high degree of
discordance, not much weight is given to this age: this core could
actually have crystallized at ca. 1980 Ma as core 5.1. The last core
is concordant (8.2) and provides a Concordia age of 1067 + 17 Ma
(MSWD of concordance =0.65). Several of these cores are rimmed
by zircon (2.1; 7.2; 8.1) having very low Th/U (0.03-0.06), typ-
ical of a crystallization in metamorphic conditions (Williams et
al,, 1996). Two of them are nearly concordant and give an age of
903+ 9Ma (MSWD of concordance=4.5) and the three define a
discordia with an upper intercept of 921 + 10 Ma (MSWD =0.021).
Considering that the two subconcordant rims are slightly to the
right of the Concordia, we consider the age of 9214 10 Ma as the
better approximate for the crystallization of these metamorphic

All at 858 Ma

Fig. 6. Cathodoluminescence photographs of dated zircons; (a) Dam Et Tor epidote-biotite gneiss, (b) El Melagi muscovite-biotite gneiss, (c) Absol medium-K pluton, (d) An
Ithnein high-K pluton, (e) Banjedid high-K pluton and (f) Babados shoshonitic pluton. See text for further explanation.
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Fig. 6. (Continued )

zircon overgrowths. It must be emphasized that these metamor-
phic rims have grown on 1850 Ma old core (7.2 over 7.1) and on
1064 Ma old core (8.1 over 8.2) but have also grown as individ-
ual crystals (2.1). The fact that the latter seems to be rimmed by
another rim suggests that an event younger than 920 Ma could
have affected this rock. Finally, two zoned zircons without core
and with high Th/U (1.1 and 6.1) are more complex to interpret.
Zircon 1.1 is strongly discordant (16%) and nothing robust can be

interpreted from that analysis: location to the right of the meta-
morphic discordia line could suggest that it corresponds to a ca.
1064 Ma zircon affected by Pb loss. Zircon 6.1 is an elongated
crystal clearly of magmatic origin; it is slightly above the Concor-
dia (—7% discordance) but a Concordia age of 917 + 14 Ma can be
calculated. This age corresponds to the age of the metamorphic
overprint. Depending on the nature of the El Melagi gneiss the
zircon results indicate that, in the case of an orthogneiss, its pro-
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All at 591 Ma

Fig. 6. (Continued ).

tolith has been metamorphosed soon (<10 m.y.) after its intrusion
or, if it is a paragneiss, the age corresponding to the main meta-
morphism that has affected this rock. In both cases, the zircon
data indicate that an amphibolite-facies metamorphism affected
the Rahaba Series at ca. 920 Ma. The supracrustal character of the
gneiss precursor is confirmed by the abundance of inherited zircons
present as cores with ages at ca. 1060, 1980, 2540 and 2675 Ma.
These inherited cores demonstrate the presence of Palaeoprotero-
zoic and Archaean material in the sedimentary source region.
It is thus concluded that the El Melagi gneiss was metamor-
phosed at ca. 920 Ma during an amphibolite-facies metamorphic
phase that was able to recrystallize zircons. A younger undated
event (very thin outer zircon rims) could eventually have affected
this rock.

Eight zircons from the Absol granite 10-8A have been analyzed.
The zircon crystals are strongly zoned (Fig. 7) and no inherited
cores have been clearly identified. Three concordant zircons define
a Concordia age at 900+ 9 Ma (MSWD =0.02). The other analyses
are discordant but form a discordia line giving the same age (901
+25/-19Ma) with a lower intercept at 0 Ma, suggesting Pb loss.
These zircons have a magmatic appearance but relatively low Th/U
ratios (0.10-0.24), yet not as low as typical metamorphic zircons
(<0.05). We interpret these low values as a result of syn-magmatic
competition for U and Th between zircon and other accessory

phases with high Kd’s for Th such as monazite or allanite. Both
minerals are abundant in this granite. The age of 900 + 9 Ma is con-
sidered as a good estimate of the intrusion age of the Absol pluton.
The Nd Tpy age of this rock (1550 Ma) indicates the existence of
Palaeoproterozoic/Archaean material in the source of the Absol plu-
ton. More analysis of zircon cores could perhaps also identify this
component.

Eleven zircons have been analyzed from the An Ithnein high-K
granite (sample 14-3). The zircon crystals are often elongated and
heavily zoned (Fig. 7). Cores are seen but they are also zoned and it
is not clear whether they are inherited from older rocks. Seven zir-
cons define a Concordia age at 597 + 4 Ma (MSWD =0.04). The other
analyses are discordant but form a discordia line giving the same
age (601 + 18 Ma) with a lower intercept at 0 Ma within the large
error limits, suggesting Pb loss. Zoned cores have been analyzed
and are undistinguishable from the outer parts, demonstrating that
all these zircons are magmatic in origin resulting from different
stages of the magmatic crystallization. Th/U ratios are medium to
high (0.17-0.69), in agreement with a magmatic origin. The age of
597 £4Ma is considered as an excellent estimate of the intrusion
age of the An Ithnein pluton. The Nd Tpy age of this rock (1190 Ma)
indicates the existence of an older material in the source of this plu-
ton but in minor amount probably not present as inherited zircon
cores.
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Fig.7. Concordia diagrams showing the results of zircon age determinations; (a) Dam Et Tor epidote-biotite gneiss, (b) El Melagi muscovite-biotite gneiss, (c) Absol medium-K
pluton, (d) An Ithnein high-K pluton, (e) Banjedid high-K pluton and (f) Babados shoshonitic pluton. See text for further explanation.

6.2. Kurmut Series

Eleven zircons from the Dam Et Tor gneiss have been analyzed.
The zircon crystals are strongly zoned (Fig. 6); some cores may
exist but they are also zoned. Most zircons are stubby but some
are very elongated (zircon 2.1; Fig. 6). One analysis (1.1) is not con-
sidered due to its large error although it is similar to the other
analyses within error limits. Nine concordant zircons define a Con-
cordia age at 858 + 7 Ma (MSWD =0.65). All Th/U ratios are high or

moderate (0.2-0.5, most between 0.4 and 0.5) in agreement with
the magmatic appearance of these zircons. This age of 858 £ 7 Ma
can only correspond to the crystallization age of the protolith. The
most elongated crystal (2.1) provides a slightly younger concor-
dant age at 802 +36 Ma. Due to the large error, it is not clear if
this age is meaningful or not. Considering its very elongated habit
and its high Th/U ratio (0.44), it is unlikely that this age corre-
sponds to the metamorphic event affecting this sample. We must
note that the age calculated with the nine zircons and zircon 2.1
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is 856+ 6 Ma (MSWD =0.74), which is identical within error limit
with the above age. We thus consider that the protolith of the Dam
Et Tor epidote-gneiss crystallized at 858 4 7 Ma and that the meta-
morphism affected these zircons only slightly or not at all.

6.3. Sabaloka region

In Sabaloka, 10 zircons have been analyzed from the Banje-
did high-K granite (sample 18-8). The zircon crystals display often
zoned cores and more homogeneous rims. Some zircons are slightly
rounded. The three analyzed rims (1.2, 4.2, 5.2) have very low Th/U
ratios (0.02-0.03), indicating that these rims are of metamorphic
sub-solidus origin. The corresponding zoned cores (1.1, 4.1, 5.1) as
well as the other spots, also corresponding to zoned cores, have
higher Th/U ratios (0.10-0.17) although still relatively low: this
suggests that crystallization of these magmatic zircons occurred
contemporaneously with a Th mineral such as monazite. How-
ever, the ages of the magmatic cores and of the metamorphic rims
are isotopically indistinguishable: five zircons define a Concordia
age at 605+4Ma (MSWD=3.9). The other analyses are discor-
dant but form a discordia line giving the same age (603 + 12 Ma,
forced to 0 Ma, MSWD = 1.0). This indicates that the Banjedid granite
intruded during a high-temperature metamorphism that proba-
bly lasted some time after the intrusion, leading to the formation
of the rims. The age of 605+4Ma is considered to correspond
to both the intrusion of the granite and to the high-temperature
metamorphism that accompanied this major magmatic event. The
Nd Tpm age of this rock (1180 Ma) indicates the existence of an
older material in the source of this pluton. As the latter has
not been detected as inherited zircon cores, this older compo-
nent could also be the ancient lithospheric mantle of the Saharan
Metacraton as already suggested by Stern and Dawoud (1991) for
Jebel Moya.

Also in Sabaloka, 10 zircons have been analyzed from the Baba-
dos shoshonitic monzonite (sample 18-51A). All zircon crystals are
elongated to very elongated and display zoned cores with more
homogeneous and CL-darker rims. The latter are more or less devel-
oped. The cores may be resorbed (crystals 1.1/1.2; 3.1/3.2), nearly
not (crystal 4.1/4.2) or not resorbed (crystal 7.1). The rims have in
addition to the large development of the prism {100}, a greater
development of the face {110}, indicating a somewhat cooler
medium (Pupin, 1980), suggesting a two-step crystallization story.
The analyzed cores have very high Th/U ratios (>1) while the three
analyzed rims (1.2, 3.2, 4.2) have lower but still elevated Th/U ratios
(0.31-0.75). This suggests that the cores and the rims have crys-
tallized at two distinct stages, probably at two different depths.
These magmatic cores and rims are isotopically indistinguishable:
all 10 spots are concordant and define a Concordia age at 591 4+ 5 Ma
(MSWD =0.28). This age is considered to approximate the age of the
intrusion of the Babados monzonite. The Nd Tpy age of this rock
(1560 Ma) indicates the existence of an older material in the source
of this pluton but this does not seem to be present as inherited zir-
con cores; this is probably due to the high solubility of the zircon
in mafic shoshonitic rocks.

7. Sr and Nd isotope geochemistry

Sr and Nd isotopic data of granitoid orthogneisses and plutons
are presented in Table 4. In the table Sr and Nd initial ratios of the
individual rock suites have been recalculated to the magmatic U-Pb
zircon age of the rocks. All the ¥7Sm/'#4Nd ratios are <0.15 (most
are much lower); the Nd Tpy; model ages can thus be considered as
meaningful. Some 87Rb/86Sr ratios are very high (up to 15), which
prevent a precise calculation of the Srinitial ratios. Srinitial ratios of

samples with 87Rb/86Sr > 4 have been put within brackets in Table 4,
for information only; slight weight is given to these values.

7.1. El Melagi muscovite-biotite gneiss

The El Melagi gneiss was metamorphosed at 921 4+ 10 Ma. The
&nd 920 of —7.1 to —7.9 (Table 4), together with the occurrence of
rounded (detrital) and old zircon cores (1.98, 2.54 and 2.68 Ga)
indicate that this gneiss was ultimately derived from a pelitic
metasediment which had a pre-Neoproterozoic continental source
(Tpm of 2040-2430Ma, Table 4). The El Melagi gneiss has very
high 87Rb/6Sr ratios (10-15), giving unrealistic low initial 37Sr/86Sr
ratios (SrIR) at 920 Ma (SrlRgy¢: 0.6913-0.6886). These meaningless
values are most probably the result of the combined effects of high
Rb/Sr ratios and a younger metamorphic overprint related to the
intrusion of late Pan-African granitoids (cf. the An Ithnein granite
dated at 597 &4 Ma). This latter event could also be responsible for
the development of the thin undated zircon rims in the El Melagi
rocks (see above).

7.2. Absol medium-K granite/granodiorite metapluton

The Absol pluton has a concordant zircon age of 900 +9Ma
which is interpreted as the age of intrusion and crystallization
of the composite pluton. Within the pluton the Sr and Nd iso-
topic compositions are variable and indicate increasing crustal
contamination with increasing differentiation of the magma(s). The
tonalitic enclaves are the least contaminated rocks with &nq 0o
of —0.3 and SrIRggg of 0.7045 (Table 4). Epidote-bearing granodi-
orites have enqggg Of —3.3 to —4.3 and SrlIRggp of 0.7053-0.7055,
while biotite granites have enqggg Of —5.1 but a lower SrlRggg of
0.7028 (Fig. 8). The lower SrIR of the highly siliceous granite sample
10-6 (Table 4) is probably due to a higher error on the calcula-
tion of the initial ratio, this rock having a higher 87Rb/86Sr ratio
of 2.2. Sr isotopic data and Nd Tpy model ages (1300-1830 Ma) of
the Absol pluton both indicate that pre-Neoproterozoic continental
crust was progressively incorporated in the magma during its evo-
lution. The nearest surface exposure of such pre-Neoproterozoic
crust is in northwestern and western Sudan (Fig. 2). It can there-
fore be assumed that isotopically similar crust is present at depth
below eastern Bayuda Desert (Fig. 8a).

7.3. Dam Et Tor epidote-biotite gneiss

The precursor magma of the Dam Et Tor gneiss crystallized at
858 4+ 7Ma with enqggo Of 5.7-6.1 and SrlRggp of 0.7026-0.7028
(Table 4). These values clearly indicate derivation of the melt from
a depleted mantle source, in agreement with the absence of inher-
ited zircon cores and its young Nd Tpy model ages of 860-900 Ma
(Fig. 9). The gneisses have geochemical characteristics of low- to
medium-K calc-alkaline magmas, generated during subduction-
related volcanism in a primitive oceanic island arc setting (Kiister
and Liégeois, 2001). The age of the high-grade metamorphism and
deformation of these arc volcanic rocks is not known but should
be at 806+ 19Ma (Sm-Nd isochron on whole rock; Kiister and
Liégeois, 2001).

7.4. An Ithnein, Nabati, and Banjedid high-K granite plutons

From the three high-K plutons investigated two were also dated.
Greyish porphyritic biotite granite of the An Ithnein pluton from
east-central Bayuda Desert yielded a concordant zircon age of
597 + 4 Ma, while reddish equigranular biotite granite of the Ban-
jedid pluton from Sabaloka yielded a concordant zircon age of



Table 4
Sr and Nd isotope data of granitoid gneisses and plutons from Bayuda Desert and Sabaloka
Sample Rb Sr 87Rb/85Sr 87Sr/36Sr + 207 Sr; at 920 Ma Sm Nd 147Sm/144Nd 43Nd/“4Nd + 20 143Nd/“4Nd at 920 Ma &ng 920 Ma Tpm (Ma)
El Melagi muscovite-biotite gneiss
12-3 259 51 14.96 0.888458 + 11 (0.691765) 5.46 233 0.1418 0.511903 + 08 0.511047 -7.9 2430
12-2 253 49 15.24 0.891699 =+ 11 (0.691342) 3.90 17.3 0.1361 0.511910 £ 09 0.511089 -7.1 2230
12-5b 242 73 9.696 0.816103 + 13 (0.688607) 1.28 6.34 0.1219 0.511813 + 09 0.511078 -7.3 2040
Sample Rb Sr 87Rb/86Sr 87Sr/86Sr + 20 Sr; at 860 Ma Sm Nd 147Sm/144Nd M43Nd/4Nd + 20 143Nd/"“4Nd at 860 Ma &ng 860 Ma Tpm (Ma)
Dam Et Tor epidote-biotite gneiss
9-1 9 493 0.0522 0.703456 + 08 0.702783 0.86 441 0.1182 0.512510 + 11 0.511848 6.1 860
11-2a 27 564 0.1395 0.704277 + 08 0.702575 1.55 6.81 0.1376 0.512598 + 12 0.511827 5.7 900
6-3 89 300 0.8588 0.711177 + 09 0.700699 1.61 10.4 0.0936 0.512348 + 11 0.511824 5.6 890
Sample Rb Sr 87Rb/85Sr 87Sr/36Sr + 200 Sr; at 900 Ma Sm Nd 147Sm/144Nd 43Nd/"4Nd + 20 143Nd/“4Nd at 900 Ma &ng 900 Ma Tpm (Ma)
Absol medium-K pluton
10-8a 79 314 0.7242 0.714615 + 07 0.705301 3.73 21.8 0.1033 0.511920 + 08 0.511310 -33 1550
10-7e 84 234 1.036 0.718830 + 10 0.705500 2.98 14.1 0.1280 0.512013 £ 12 0.511258 —-43 1830
10-6 123 161 2.221 0.731325 + 09 0.702754 4.60 232 0.1199 0.511923 + 12 0.511215 -5.1 1820
10-8b 93 366 0.7327 0.713959 + 11 0.704535 7.27 47.7 0.0922 0.512005 + 06 0.511461 -0.3 1300
Sample Rb Sr 87Rb/36Sr 87Sr/36Sr + 200 Sr; at 600 Ma Sm Nd 147Sm/144Nd 43Nd/4Nd + 20 143Nd/*4Nd at 600 Ma &nga 600 Ma Tom (Ma)
Nabati high-K pluton
15-2 66 167 1.148 0.713023 £ 09 0.703204 6.10 50.9 0.0725 0.512357 + 15 0.512072 4.1 750
15-1 59 652 0.2617 0.705830 + 14 0.703590 16.6 99.8 0.1004 0.512264 + 08 0.511869 0.1 1050
An Ithnein high-K pluton
14-5 136 323 1.223 0.713539 + 10 0.703072 2.65 154 0.1043 0.512396 + 11 0.511986 24 910
14-7 186 78 6.937 0.760411 + 08 (0.701052) 4.39 19.8 0.1340 0.512447 + 07 0.511920 1.1 1140
14-3 164 295 1.612 0.717587 + 14 0.703794 7.66 43.9 0.1056 0.512203 + 14 0.511788 -1.5 1190
Banjedid high-K pluton
18-8 94 391 0.696 0.710154 £+ 10 0.704200 2.60 16.3 0.0965 0.512139 + 13 0.511760 -2.1 1180
17-4b 159 353 1.304 0.714034 + 09 0.702874 1.00 10.8 0.0556 0.511845 + 09 0.511627 —4.7 1160
Banjedid shoshonitic dykes
17-4f 299 249 3.484 0.733624 + 09 0.703815 22.2 144 0.0936 0.511919 + 07 0.511551 —6.1 1430
18-1b 268 178 4.373 0.744304 + 09 (0.706890) 27.5 218 0.0760 0.511741 + 11 0.511442 -83 1440
18-1c 292 141 6.022 0.757608 + 09 (0.706079) 13.0 112 0.0701 0.511833 + 11 0.511557 —6.0 1290
Babados shoshonitic pluton
18-5a 257 256 2912 0.730435 + 12 0.705522 26.3 155 0.1030 0.511905 + 10 0.511500 -7.1 1560
Suleik shoshonitic pluton
18-7 286 140 5.941 0.757669 =+ 09 (0.706838) 11.5 75.4 0.0924 0.511995 + 09 0.511632 —4.6 1320
18-6b 187 185 2.932 0.730458 + 09 0.705374 4.78 43.0 0.0673 0.511853 + 10 0.511589 54 1240

Sr and Nd initial ratios of the individual granitoid occurrences have been recalculated to their magmatic U-Pb zircon age. Samples from high-K and shoshonitic plutons were however all recalculated to 600 Ma for comparative
purposes. Nd Tpm ages were calculated following Nelson and De Paolo (1985).
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Fig. 9. Plot of initial 207Pb/204Pb vs. 206Pb/204Ph isotope composition of grani-
toid gneisses and post-collisional granites from Bayuda Desert and Sabaloka. Data
sources: Bayuda Desert lower crust xenoliths and Sabaloka migmatite leucosomes
(F. Lucassen, unpublished data); Darfur metamorphic and plutonic rocks (Davidson
and Wilson, 1989; F. Lucassen, unpublished data); Khida Terrane (Stoeser and Frost,
2006); Pan-African juvenile crust (Stern and Kroner, 1993; Zimmer et al., 1995;
Stern and Abdelsalam, 1998). S&K: crustal lead evolution; Stacey and Kramers, 1975;
NHRL: Northern Hemisphere Reference Line; Hart, 1984.

605 +4 Ma. Sr and Nd isotopic data of all high-K rocks were recal-
culated to 600 Ma for comparative purposes. As a group the high-K
plutons (Nabati, An Ithnein, Banjedid) have low and rather homoge-
neous SrlRggg (0.7029-0.7042), except one high-silica sample from
An Ithnein pluton (14-7) which has a lower value 0of 0.7011 (Table 1).
Due to a high error linked to its high 8Rb/86Sr ratio (Table 1), this
low value is not considered to be meaningful. On the other hand, the
high-K granites display heterogeneous enq gog Values between +4.1
and —4.7 and Nd Tpy; model ages between 750 and 1190 Ma (Table 1,
Figs. 8b and 9a). The rather homogenous Sr isotopic composition of
the magmas (0.7029-0.7042) compared to the variability of their
&nd (+4to —5) suggests that the subcontemporaneous metamorphic
overprint depicted by the zircon dating has been able to homoge-
nize the Sr isotope but not the Nd isotope composition, pointing to
a heterogeneous source for these high-K calc-alkaline granites or,
more probably, to a juvenile source variably contaminated by an
older crust.

The Nabati and An Ithnein plutons from Bayuda Desert display
Sr and Nd isotopic compositions (SrIRggg: 0.7030-0.7038; €nd 600
+4 to +0.1) close to the high-grade metavolcanic basement of the
Kurmut Series in eastern Bayuda Desert (Fig. 8b), with the excep-
tion of the An Ithnein porphyritic granite sample 14-3 (&€nq 600
of —1.7). This suggests that the source of these granitoids could
be the Kurmut lower crust or lithospheric mantle. Their potassic
character is typical of the remelting of a lithospheric mantle meta-
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somatized during a former subduction or of the correlated lower
crust (Liégeois et al., 1998). The assimilation of the equivalent of
the Rahaba Series at depth is possible but only in minor amounts.
The Nabati quartz-monzodiorite dyke emplaced within the Kur-
mut Series has isotopic compositions (&nge00 Of +0.1, SrIRggg of
0.7036) within the range of the high-K plutons from the Rahaba
Series (central Bayuda) and Sabaloka. Compared to its host Nabati
pluton, the eyggp0 value of the dyke is however less radiogenic
(Fig. 8b). By nature, the dyke is younger than its hosting high-K
pluton and we consider the quartz-monzodiorite as a fractionated
mantle melt. Its isotopic composition derived either from a slightly
enriched mantle source (CLM) or by limited crustal contamination
(pre-Neoproterozoic component) of a depleted mantle melt.

The Banjedid high-K pluton from Sabaloka has SrlRggg
(0.7033-0.7044) similar to the Bayuda high-K plutons, but displays
even more negative enqgoo values (—2.1 to —4.7). This suggests
derivation of the Banjedid granite from isotopically heterogeneous
lower crustal protoliths. We infer the presence of a juvenile Neo-
proterozoic component and, taking into account the low Sr initial
ratios, an Rb-poor pre-Neoproterozoic component (Figs. 8b and 9).
The middle to upper crust which is presently exposed at the surface
at Sabaloka and Bayuda is unlikely to be the source or contam-
inant of the Banjedid high-K granite, since it has much higher
SrIRggo (Fig. 8b). Migmatitic leucosomes which were investigated
along with the granite plutons at Sabaloka are clearly derived
from this crust and isotopically deviate from the Banjedid pluton
(Fig. 8b). Isotope data from the leucosomes show that the middle
to upper crust at Sabaloka/Bayuda is heterogeneous and probably
formed from a mixture of juvenile Neoproterozoic metavolcanic
gneisses and Neoproterozoic terrigeneous metasediments (Fig. 8b).

The latter were largely derived from pre-Neoproterozoic continen-
tal sources.

7.5. Babados, Suleik, and Banjedid shoshonitic granite plutons
and dykes

Out of the shoshonitic granitoids at Sabaloka, the Babados plu-
ton was dated and yielded a concordant zircon age of 591 + 5 Ma.
This age can be assumed as the emplacement and crystallization
age of all shoshonitic granitoids (plutons and dykes) in the area
and are thus ca. 10 Ma younger that the high-K granites. Sr and
Nd isotopic data of all shoshonitic granitoids were recalculated to
600 Ma to compare them with the high-K granites.

Isotopically the shoshonitic granitoids cluster together as a dis-
tinct group in the ey 4,—37Sr/®0Sr diagram (Fig. 8b), having values
between —4.6 to —8.3 and 0.7038 to 0.7069, respectively. The iso-
topic data suggest that the shoshonitic melts derived either from
the lithospheric mantle (to account for their very high K,0 con-
tent; Liégeois et al., 1998) variably contaminated by crustal material
in the lower crust, or from a heterogeneous mafic crustal source
comprising both juvenile and old components.

8. Pb isotope geochemistry

Measured and initial Pb isotope ratios vary widely (Fig. 9;
Table 5), but most samples are restricted to initial 26Pb/204Pb ratios
of ~17.2 to 19.4. The 207Pb/204Pb ratios show systematic differences
if compared with the evolution of average crustal Pb isotope com-
position (Stacey and Kramers, 1975). All samples from the Sabaloka
localities as well as the samples from the Rahaba-Absol Series of

Table 5
Pb isotopic composition of granitoid gneisses and granitic plutons from Bayuda Desert and Sabaloka
Sample Pb(ppm) U(ppm) Th(ppm) U/Pb Th/U pu w 206pp204pp  (206pp[204pp);  207pp204pp  (207Ph/204Ph);  208Pb/204Ph  (208Pb/204Pb);
El Melagi muscovite-biotite gneiss 921 Ma
12-3 239 5.59 121 0.23 216 155 34.6 20.58 18.20 15.95 15.78 39.02 37.40
12-2 20.2 3.60 8.57 0.18 238 124 305 24.14 22.24 16.20 16.07 38.91 37.49
12-5b  30.0 1.27 3.76 0.04 2.97 2.7 8.3 18.84 18.43 15.82 15.79 38.07 37.68
Dam Et Tor epidote-biotite gneiss 858 Ma
11-2a 447 0.53 0.83 0.12 1.57 7.4 12.0 18.29 17.24 15.53 15.46 37.42 36.91
6-3 13.5 3.46 11.6 0.26 335 18.1 62.7 23.62 21.05 15.99 15.81 40.91 38.21
Absol medium-K pluton 900 Ma
10-7E 229 3.57 6.77 0.16 1.90 10.1 19.8  19.77 18.26 15.86 15.75 38.45 37.55
10-8A 176 3.66 8.61 0.21 236 134 327  19.23 17.22 15.80 15.66 38.93 37.44
10-8B  16.1 4.08 8.93 0.25 219 1741 38.7 2148 18.92 15.98 15.81 39.52 37.76
10-6 25.7 2.31 11.5 0.09 5.00 5.8 302 19.34 18.47 15.84 15.78 39.04 37.67
An Ithnein high-K pluton 597 Ma
14-5 213 2.48 13.1 0.12 5.29 7.6 413 1991 19.18 15.69 15.64 38.64 37.40
14-7 29.5 15.0 204 0.51 136 34.0 476 2135 18.06 15.79 15.59 38.91 37.48
14-3 22.2 6.95 26.0 0.31 3.71 209 80.1 20.70 18.67 15.81 15.69 39.70 37.30
Nabati high-K pluton (597 Ma)
15-1 14.4 3.31 12.5 0.23 3.78 15.0 584 19.27 17.82 15.68 15.60 39.27 37.52
15-2 13.8 233 8.40 0.17 361 10.8 403  19.07 18.02 15.63 15.56 38.52 37.31
Banjedid high-K pluton 605 Ma
18-8 34.1 2.04 7.52 0.06 3.69 3.8 14.5 18.71 18.34 15.73 15.70 38.45 38.02
17-4b  35.8 0.98 17.6 003 179 1.8 327 1857 18.40 15.73 15.71 39.22 38.24
Banjedid shoshonitic dykes (591 Ma)
17-4f 372 1.19 438 0.03 369 2.1 80.8 1829 18.08 15.75 15.74 41.69 39.27
18-1B  36.0 4.52 147 0.13 326 8.6 289 18.58 17.74 15.79 15.74 43.65 35.01
18-1c  42.8 224 97.2 0.05 435 35 157 18.60 18.27 15.79 15.77 41.72 37.03
Babados shoshonitic pluton 591 Ma
18-5A 289 2.06 46.9 0.07 227 47 11 18.38 17.93 15.75 15.72 41.13 37.86
Suleik shoshonitic pluton (591 Ma)
18-7 38.8 12.2 59.6 0.31 488 220 111 21.51 19.41 15.94 15.81 42.36 39.08
18-6b 303 2.10 194 0.07 9.26 4.5 435 18.83 18.39 15.82 15.80 40.38 39.09
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north-central Bayuda Desert (El Melagi gneiss, Absol pluton) show
distinctly higher 297Pb/204Pb ratios than average crustal Pb. The
samples from the Kurmut Series in eastern Bayuda Desert (Dam Et
Tor gneiss, Nabati pluton) have lower 207 Pb/294Pb values at a similar
range of 206Pb/204pPb ratios (Fig. 9). Th and U element concentrations
of the samples are uncorrelated as are the thorogenic 208Pb/204Pb
and uranogenic 206Pb/204Pb and 207 Pb/204Pb ratios. Also, no corre-
lation exists between the u or w values and the calculated Pb initial
ratios, which suggests no major recent U mobility; we thus consider
that these calculated Pb initial ratios correspond to the true initial
Pb initial ratios.

The initial high 207Pb/2%4Pb ratios of rocks from Sabaloka and
north-central Bayuda Desert compare to high 207Pb/2%4Pb rocks in
the Darfur region of western Sudan (Davidson and Wilson, 1989;
unpublished data, F. Lucassen) and the pre Pan-African Khida frag-
ment of the Arabian Shield (Stoeser and Frost, 2006). Both are
considered as typical Pb isotope signatures of (reworked) cratonic
crust (Fig. 9) and indicate that pre-Neoproterozoic crust is present
at Sabaloka and in the north-central part of Bayuda Desert. Sam-
ples from the Kurmut Series in the eastern part of Bayuda Desert are
similar to juvenile Pan-African material (Fig. 9). This suggests that
the eastern part of Bayuda Desert is composed of juvenile Neopro-
terozoic crust with only minor involvement of older components
and is consistent with the data of Bailo et al. (2003) for the region
to the NE of Bayuda Desert. The variable Pb isotopic composition
and the mixed age of the Bayuda Desert crust is also evident from
Pb isotopes of lower crustal xenoliths from the Main Volcanic Field
of Central Bayuda Desert (unpublished data of F. Lucassen; Fig. 9).
Two of these mafic garnet granulites have juvenile Neoproterozoic
Pb compositions while a third granulite is comparable to reworked
older crust.

9. Discussion: geodynamics and crustal structure at the
eastern edge of the Saharan Metacraton

Our study was undertaken to get more insight into the Pan-
African (850-550 Ma) magmatic and metamorphic history of the
eastern boundary region of the Saharan Metacraton for which a
Palaeoproterozoic and Archaean evolution is documented further
to the west. U-Pb geochronology on zircons showed however the
unexpected existence of a 920-900 Ma pre-Pan-African tectono-
magmatic/metamorphic phase. The Pan-African (s.s.) orogenic
climax occurred at ca. 600 Ma, corresponding to the formation of
Greater Gondwana or Pannotia (Stern, 2008). However, orogenic
cycles most often begin by accretion of oceanic arcs on passive
continental margins prior to major intercontinental collisions. As
specified in the introduction, we thus consider the amalgamation
of various oceanic arcs in the ANS (850-650 Ma) as part of the Pan-
African (s.l.) orogenic cycle (850-550 Ma). Such early Pan-African
events are also common at the eastern boundary of the Saharan
Metacraton. To the NW of Bayuda Desert along the Atmur-Delgo
Suture, subduction-derived low-grade rocks of ANS derivation were
thrust southeastwards during nappe emplacement at 760-700 Ma
(Schandelmeier et al., 1994a,b; Harms et al., 1994; Abdelsalam et al.,
1995, 1998; Abdelsalam and Stern, 1996). The Dam Et Tor sequence
studied here can easily be grouped with this early Pan-African arc
accretion. These 858 4+ 7 Ma (U-Pb zircon age) old juvenile oceanic
rocks (Tpy: 860-900 Ma) were probably accreted at 806 4+ 19 Ma
(Sm-Nd isochron; Kiister and Liégeois, 2001). The Dam Et Tor
sequence actually corresponds to the oldest dates known from
the ANS (~850Ma; Stern, 1994; Avigad et al., 2007), but can still
be considered as part of the Pan-African orogenic cycle. By con-
trast, the continental-derived older El Melagi gneiss (921 + 10 Ma
U-Pb zircon age; Tpy: 2040-2430 Ma) and the Absol metagranite

(900 &+ 9 Ma U-Pb zircon age; Tpym: 1550-1830 Ma) cannot be inte-
grated within this Pan-African oceanic accretionary evolution. They
constitute an older pre-Pan-African event. This is the reason why
we suggest considering an independent “Bayudian” episode rather
than a “very early Pan-African” phase. This Bayudian event con-
cerns the eastern boundary of the Saharan Metacraton. It occurred
during the Tonian period (1000-850 Ma; Plumb, 1991) of the early
Neoproterozoic, a period which otherwise on Earth was tectono-
magmatically relatively quiescent (Stern, 2008).

9.1. The early Neoproterozoic (Tonian) Bayudian episode in
north-central Bayuda Desert

The Bayudian episode is documented by 921+10Ma
amphibolite-facies metamorphism (El Melagi peraluminous
gneiss) and 900+ 9 Ma granitoid magmatism of the medium-K
Absol pluton. Earlier Rb-Sr whole rock errorchrons on gneisses
from Bayuda Desert have given doubtful ages of 874 Ma (Meinhold,
1979) and 898 Ma (Ries et al., 1985), leading however already these
authors to suggest a pre-Pan-African origin for the Bayuda Desert
basement or part of it. The zircon cores dated in the El Melagi
gneiss indicate that the source of the metasediments comprise
principally Archaean (2.67 and 2.53Ga) and Palaeoproterozoic
(1.98 and 1.85 Ga) lithologies, ages that are known in the Uweynat
inlier to the NW (Klerkx and Deutsch, 1977). The source of the El
Melagi sediments can thus be ascribed to the Saharan Metacraton.
Their depositional age can be bracketed between 920Ma (the
age of metamorphism) and probably 1064 +17 Ma, the age of
the youngest concordant zircon core in the gneiss (Fig. 7b). This
latter “Grenvillian” age is presently supported by only one El
Melagi zircon and certainly needs further confirmation. However,
1.0-1.1 Ga Grenvillian ages have also been obtained in detrital
zircons from Lower Palaeozoic sandstones of northern Ethiopia
(Avigad et al., 2007) and Israel (Avigad et al., 2003), suggesting that
late Mesoproterozoic source rocks were likely present in a wider
region.

The El Melagi metasediments were metamorposed at ca. 920 Ma
and followed by a 900 +9 Ma magmatic event represented by the
Absol pluton. The amphibolite-facies metamorphism and thrust
deformation of the El Melagi gneiss, the medium-K geochemistry
and the predominantly crustal sources of the Absol pluton and
the absence of any typical active margin lithologies suggest that
the 920-900 Ma Bayudian event was an orogenic event, the Absol
pluton being emplaced in a post-collisional setting. An alternate
hypothesis that would relate the Bayudian event to rift genesis such
as that proposed for the Rahib and Umm Badr Belts (Schandelmeier
et al,, 1990) does not match the above constraints. With only the
current data available, it is not possible to further precise the nature
of this Bayudian orogenic event. However, it could be a region-
ally significant event as similar ages are cited by De Wit et al.
(2005) in southern and eastern Chad and a set of detrital zir-
cons have been dated in the 0.89-0.93 Ga age range in northern
Ethiopia (Avigad et al., 2007) and around 0.9 Ga in Israel (Avigad
et al., 2003). In turn, this means that the unknown source of these
detrital zircons (Avigad et al., 2003; 2007) could be the Bayudian
segment from the Saharan Metacraton. More strikingly, granulite-
facies metasedimentary gneisses at Sabaloka contain substantial
amounts of rounded Bayudian aged (900-976 Ma) zircons (Kréner
et al., 1987). This probably indicates that the Sabaloka region was
collecting the detritus of the exhumed and eroding Bayudian seg-
ment during the early Pan-African. The Bayudian segment could
correspond to the Zalingei folded zone (Vail, 1976, 1989). This zone
is characterized by NE-trending foliations and stretches from the
Bayuda and Nubian Deserts west of the Nile through northern Kord-
ofan and Wadi Howar up to the J. Marra/Darfur Dome in western
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Sudan (see Fig. 2). It may also continue into eastern Chad, towards
the ~900 Ma granitoids reported there (De Wit et al., 2005). More
data are however needed for assessing the correlation between
the Zalingei folded zone and the Bayudian event depicted in this
study. On a global scale the Bayudian event has an age compara-
ble to the end of the Sveconorwegian orogeny in SW Scandinavia
where metamorphic episodes have been dated at ca. 930 Ma and ca.
913 Ma and leucosome formation at 892 +4 Ma (U-Pb zircon ages,
Lundmark and Corfu, 2008).

9.2. Early Pan-African juvenile magmatic episode in eastern
Bayuda Desert

Zircons from the Dam Et Tor medium-K epidote-biotite
orthogneiss yielded a magmatic formation age of 858 +7 Ma with
only slightly older Nd Tpy; model ages (860-900 Ma). The mag-
matic precursor of the gneiss is interpreted as a rhyodacitic volcanic
or subvolcanic rock which was formed at a rather primitive intra-
oceanic arc system. Sr, Nd and Pb isotope characteristics indicate
juvenile sources for this subduction-related magmatism with no
indication of the involvement of older pre-Neoproterozoic crust.
This means that the arc-derived Kurmut Series, to which the Dam
Et Tor assemblage belongs, formed far away from any continent,
distant also from the Saharan Metacraton and its Bayudian mar-
gin. Metamorphism and deformation of these arc volcanic rocks
occurred most probably at 806 + 19 Ma, the age of a Sm-Nd WR
isochron on arc-derived rocks from eastern Bayuda Desert (Kiister
and Liégeois, 2001). The isochron involves mainly amphibolitic
rocks but also epidote-biotite gneisses including the sample 11-
2a which was used for zircon geochronology. This 806 Ma event
is considered as corresponding to the accretion of the Kurmut arc
towards the Saharan Metacraton.

9.3. Existence of two distinct terranes in the basement of Bayuda
Desert

The continental pre-Pan-African derivation of the El Melagi
gneiss and Absol pluton is strongly indicated by old inherited
zircons, pre-Neoproterozoic Nd Tpy; model ages and radiogenic
common Pb isotope signatures. El Melagi gneiss and Absol pluton
are part of the Rahaba and Absol Series of the Bayuda Desert (Barth
and Meinhold, 1979) and we propose here to call the area composed
of these two Series the Rahaba-Absol Terrane. This terrane belongs
to the Saharan Metacraton and, for the time being, will be consid-
ered a sub-terrane of the previously defined and broader Bayuda
Terrane (Abdelsalam and Stern, 1996). The continental derivation
of the Rahaba-Absol Terrane is strikingly different from the juve-
nile oceanic nature of the Kurmut Series in eastern Bayuda Desert.
We thus propose to call the remnant of this early Pan-African island
arc the Kurmut Terrane. This terrane belongs to the ANS, its accre-
tion actually marks the beginning of a period of arc amalgamation
further to the east. The Kurmut Terrane could be considered a sub-
terrane of the composite Gabgaba/Gebeit Terrane (ANS) but only if
the Keraf Zone is included in the latter.

The terrane discrimination implies that the correlation between
the Absol Series and the Dam Et Tor sequence based on lithos-
tratigraphic correlations (Vail, 1971, 1988) or on the geochemistry
of amphibolites (Kiister and Liégeois, 2001) cannot anymore be
envisaged. This is confirmed by our field investigation: we found
abundant biotite and epidote-biotite gneisses (including the dated
sample 11-2A) at Dam Et Tor whose predominance is typical of the
Kurmut Series (Barth and Meinhold, 1979), but is absent in the Absol
Series. This also implies that the boundary between the Absol and
Kurmut Series, i.e. the boundary between the Rahaba-Absol and
Kurmut terranes, lies 15 km further to the north than previously

considered (Barth and Meinhold, 1979) and thus approximately
coincides with the northern limit of the Dam Et Tor Fold/Thrust Belt
(Fig. 3). The terrane boundary between the Rahaba-Absol and Kur-
mut terranes corresponds, at the surface, to the boundary between
the Saharan Metacraton and the Arabian-Nubian Shield. The juve-
nile character of the Nabati pluton (Nd Tpy of 750 and 1050 Ma)
emplaced within the Kurmut Terrane suggests that the Saharan
Metacraton is rapidly disappearing at depth to the east and con-
firms the suggestion of Abdelsalam and Stern (1996) that the Keraf
shear zone marks its eastern lithospheric boundary.

9.4. Late Pan-African magmatic episode in Bayuda Desert

The first event recorded by both the Rahaba-Absol Terrane and
the Kurmut Terrane following accretion of the latter at ca. 800 Ma
is the intrusion of post-collisional granites during the Pan-African
climax (~600 Ma). In the Rahaba-Absol Terrane the emplacement
of the An Ithnein type granitoids at 597 +4Ma was accompa-
nied by high-temperature metamorphism. This metamorphism is
likely responsible for the development of epidote and garnet in
the Absol pluton and probably for the thin outer rims in zircons
from El Melagi gneiss. Post-collisional granitoids within the Kurmut
Terrane have not been dated by zircon geochronology: however,
a K/Ar biotite age of 584 Ma (Meinhold, 1979) and a Rb/Sr WR
errorchron age of 600+ 19Ma (MSWD =6.23) performed during
this study confirms that granitoid emplacement in the Kurmut
Terrane was late Pan-African in age. The late Pan-African mag-
matic events are contemporaneous with transpressive functioning
of the Keraf shear zone (Abdelsalam and Stern, 1996), which is
typical of the post-collisional period (Liégeois et al., 1998). As the
plutons are present in both the Bayudian Rahaba-Absol Terrane
and the juvenile Pan-African Kurmut Terrane, we can suspect that
the granitoid magmas pursued the Keraf shear zones from their
source to the surface dispersing themselves in the brittle crust in
a wider area (Acef et al., 2003; Liégeois et al., 2003). The high-
K plutons from Bayuda Desert (Nabati, An Ithnein) have isotopic
compositions (SrIRgog ~0.7035, x4 600 = 0 to +4, 207Pb/204Pb < 15.6)
characteristic of a juvenile Neoproterozoic crust or of the man-
tle. Consequently, such a protolith must constitute large parts of
the lower crust in eastern Bayuda Desert (Kurmut Terrane). A
role can be ascribed to the SmC crust by the isotopic character-
istics of the porphyritic facies of the An Ithnein pluton (Table 4,
Figs.8b and 9).

9.5. The rheological behaviour of the Bayudian segment during
the Pan-African orogenic cycle

Two additional observations are striking when considering the
above data: (1) in the Rahaba-Absol Terrane there is no record
of tectono-magmatic activity during the 860-620 Ma period (i.e.
almost the entire Pan-African orogenic cycle except the end) and (2)
in the Kurmut Terrane there is also no trace of tectono-magmatic
activity between roughly 750-650 Ma. The entire Bayuda Desert
has thus experienced an interval of more than 100 Ma when
tectonic and magmatic activity apparently ceased. This can be inte-
grated in a model with four stages where the eastern boundary
of the SmC was always located on the subducting plate: (1) the
SmC eastern boundary collided with an unknown continent at
920-900 Ma giving rise to the Bayudian segment; this unknown
continent would have escaped through transpression movements
in a similar model as that invoked for the Laramian orogeny in west-
ern America (Maxson and Tikoff, 1996); (2) collided with the ca.
850 Ma old Kurmut arc at 800 Ma, the latter being accreted towards
the SmC; (3) a quiescent period between 800 and 650 Ma due to
the rigid characteristics of the Saharan Metacraton (a metacraton
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preserves most of the rigidity of a craton) and to the migration of
the arc accretion elsewhere in the ANS; and (4) the SmC eastern
boundary with its Kurmut superstructure was involved in the huge
Keraf transpression event (640-580 Ma, Abdelsalam et al., 1998),
inducing a HT metamorphism and the intrusion of post-collisional
granitoids, corresponding to the formation of Greater Gondwana or
Pannotia (Stern, 2008).

9.6. Late Pan-African magmatic episode at Sabaloka

Late Pan-African post-collisional granitoid magmatismoccurred
also in Sabaloka region. High-K calc-alkaline biotite granite plutons
were emplaced at 60544 Ma (Banjedid pluton) and are slightly
older than the shoshonitic Babados pluton emplaced at 591 + 5 Ma.
The younger age of the shoshonitic granitoids is in line with
crosscutting relationships observed in the Banjedid pluton. Similar
granitoids are of widespread occurrence elsewhere in the region
(Harms et al., 1990; Pudlo and Franz, 1994; Kiister and Harms,
1998). This post-collisional granitoid magmatism is probably also
coeval with HT metamorphism. The Sabaloka granites display zir-
con rims with low Th/U ratios suggesting that they crystallized in
sub-solidus conditions, comparable to a metamorphic event. How-
ever, as the age of these zircons rims are analytically identical to the
cores, we can conclude that a regional high heat flow was responsi-
ble for both the magmatism and the HT metamorphism, as typically
observed in post-collisional settings (Liégeois et al., 1998). Cooling
ages of the two post-collisional granitoid suites from Sabaloka can
be inferred from Rb-Sr whole rock dating (carried out during this
work but yielding only errorchrons with MSWD > 2) and are around
585-575 Ma.

The Banjedid high-K pluton and the shoshonitic plu-
tons and dykes from Sabaloka have Pb isotopic compositions
(207Pb/204Pb > 15.7) characteristic of reworked older crust (Fig. 9).
However, Sr and Nd isotopic compositions (SrIRggg =0.703 to 0.707,
&Nd 600 =—2 to —8) are intermediate between a juvenile Neopro-
terozoic crust and an older Rb-poor pre-Neoproterozoic crust (Fig.
10), but different from the crust presently exposed at surface which
has a much higher SrlRggg (>0.720). The Banjedid high-K granite
probably has been derived from a crustal mixture of both com-
ponents, while the mantle-derived shoshonitic magma digested
substantial amounts of pre-Neoproterozoic crust during crystal-
lization. Pre-Pan-African rocks with such isotopic compositions
must therefore be present at depth and confirms that Sabaloka
is part of the Saharan Metacraton. The crust from the Sabaloka
region may be isotopically comparable with the Rahaba-Absol
Terrane of Bayuda Desert. However, there are indications that the
Neoproterozoic geodynamical evolution of the Sabaloka region is
different from the latter. Although grey biotite gneisses constitute
the commonest rock type, the Sabaloka basement is characterized
by widespread migmatisation and a relic granulite facies meta-
morphism (Almond, 1980), dated at ~700 Ma (Kroner et al., 1987).
Although these zircon ages are somewhat equivocal and granulite
facies metamorphism could be as young as 620 Ma (U-Pb monazite
age, V. Schenk, personal communication), the age of high-grade
metamorphism at Sabaloka is Pan-African and not Bayudian
(920Ma) as in the Rahaba-Absol Terrane. Furthermore, the gran-
ulite facies metasedimentary gneisses at Sabaloka contain rounded
probably detrital zircons with ages as young as 900 Ma (Kroner et
al., 1987) and apparently have a younger depositional age than the
El Melagi gneiss. The Rahaba-Absol Terrane could have actually
been the source of the early Pan-African Sabaloka metasediments.
We therefore propose the name Sabaloka Terrane for the crust
of the Sabaloka region, highlighting a different geodynamical
evolution of this part of the SmC during the Pan-African orogenic
cycle.

10. Conclusions

The geochronological and isotopic study of granitoid rocks from
the eastern boundary of the Saharan Metacraton indicate that the
Bayuda Desert and Sabaloka region records orogenic events start-
ing in the early Neoproterozoic (920-900 Ma: Bayudian event) and
ending during late Pan-African times (ca. 600-580 Ma).

(1) Peraluminous El Melagi granitoid gneisses were metamor-
phosed at 921 Ma probably in a syn-collisional setting. The
El Melagi zircons contain detrital cores with ages between
1060 and 2675 Ma, indicating that the pelitic sediment from
which the gneiss derived was shed from Proterozoic and late
Archaean sources and probably deposited in a late Mesopro-
terozoic (<1060 Ma) to early Neoproterozoic (>920 Ma) basin.

(2) The medium-K Absol granite-granodiorite pluton in northeast-
ern Bayuda Desert was discordantly emplaced at 900 Ma into
high-grade metamorphic schists and amphibolites of the Absol
Series. The Absol pluton was only slightly affected by later Pan-
African metamorphism (growth of garnet and epidote), but was
not tectonically deformed.

(3) Sr,Nd and Pb isotopic data indicate that the El Melagi gneiss and
the post-collisional Absol pluton were derived from, or substan-
tially contaminated with, pre-Neoproterozoic crust. Together
with the Absol metavolcanosedimentary Series the Bayudian
granitoids therefore define the Bayudian Rahaba-Absol Terrane
belonging to the Saharan Metacraton.

(4) The magmatic precursor of the medium-K Dam Et Tor gneiss
in eastern Bayuda Desert crystallized at 858 Ma. The magma
was generated from a depleted mantle source during early
Pan-African oceanic arc magmatism. The Dam Et Tor gneiss is
considered to be a member of the Pan-African Kurmut metavol-
canosedimentary Series and was metamorphosed during the
Pan-African cycle, probably as early as 806 Ma (Sm-Nd WR
isochron).

(5) The Dam Et Tor gneiss and its hosting Kurmut Series are part
of the Arabian-Nubian Shield (Keraf Zone) and constitute the
Kurmut Terrane of eastern Bayuda Desert. They are in tectonic
contact with the Rahaba-Absol Terrane along the Abu Hamed
and Dam Et Tor fault/thrust belts. In the Bayuda Desert these
thrust belts constitute the boundary between the ANS and the
Saharan Metacraton.

(6) Post-collisional granitoid magmatism occurred between 605
and 591 Ma and yielded high-K granite plutons in Bayuda
Desert as well as high-K and shoshonitic granite plutons in
Sabaloka. Emplacement of the plutons was contemporaneous
with late Pan-African HT metamorphism related to post-
collisional crustal extension and uplift.

(7) Sr, Nd and Pb isotopic data indicate that the high-K granites
from Bayuda Desert (Nabati and An Ithnein plutons) derived
from juvenile Neoproterozoic crust or from the mantle. The An
Ithnein pluton was emplaced in the Bayudian Rahaba-Absol
Terrane and experienced minor interaction with the pre-
Neoproterozoic crust.

(8) Sr, Nd and Pb isotopic data indicate that the high-K and
shoshonitic granites from Sabaloka (Banjedid, Babados and
Suleik plutons) derived from, or were strongly contaminated
with pre-Neoproterozoic crust. Contrary to the Rahaba-Absol
Terrane of Bayuda Desert this crust experienced Pan-African
high-grade metamorphism (Kréner et al., 1987), and Sabaloka
thus constitutes another distinct terrane within the Saharan
Metacraton.

(9) Pre-Neoproterozoic crust of the Saharan Metacraton further to
the west of the study area (i.e. Zalingei folded zone in cen-
tral and western Sudan) is in structural continuity with the
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Bayuda Desert basement. The Zalingei zone could therefore also
comprise areas of Bayudian ancestry, largely unaffected by Pan-
African deformation. Precise age determinations are however
needed to verify this assumption.
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