4. Upper Proterozoic to Lower Palaeozoic tectonics (Pan-African event)
Chapter 15
PAN-AFRICAN (UPPER PROTEROZOIC) PLATE TECTONICS OF THE
ARABIAN-NUBIAN SHIELD
I. G. GASS
ABSTRACT
Field, geochemical and structural evidence collectively indicate that the Upper Proterozoic to Lower Palaeozoic (Pan-African) continental crust of the Arabian-Nubian
Shield evolved through a period of about 700 Ma (1200-500 Ma) by progressive cratonization (continentalization) of numerous intra-oceanic island arcs. An episodic continuum
of magmatic, metamorphic and sedimentary processes, similar to those operating above
present-day oceanic and then continental subduction zones, is envisaged. Structural
deformation and ophiolite obduction occurred primarily during phases of arc collision
at c. 1000, 800 and 600Ma. Although evidence presented relates to the Arabian-Nubian
Shield, the cratonized island-arc model seems to be applicable in Africa as far south as
Ethiopia in the east and across northern Africa as far as the West African Archaean
craton. If this is the case then c. 5 X l o 8 km3 of new continental crust was produced in
the Upper Proterozoic by plate-tectonic processes directly analagous to those of presentday destructive plate margins.
INTRODUCTION

That part of the earth’s continental crust described and discussed here is
of Upper Proterozoic to Lower Palaeozoic (c. 1200-500 Ma) age and forms
the crystalline basement t o Phanerozoic sedimentary sequences in northeastern Africa and Arabia. The regional extent of the area is shown in
Fig. 15-1 and the extensive tracts of basement in western Saudi Arabia, the
Egyptian Eastern Desert and the northeastern Sudan are collectively termed
the Arabian-Nubian Shield.
African Precambrian consists of three major and several minor Archaean
cratons surrounded and separated by non-Archaean Precambrian terrain
(Clifford, 1970). In 1964 Kennedy identified the dominance of 450650 Ma K-Ar ages for the non-cratonic Upper Precambrian and proposed the.
term “Pan-African tectono-thermal event” t o identify this major episode in
African geological evolution. Since then, the term “Pan-African” has been
used to describe much of the non-Archaean African basement although the
time span has been extended by Rb-Sr and zircon dating to 1200-450Ma
(e.g. Fleck et al., 1976; Hashad, 1980). There are therefore two views on the
age range of the Pan-African. Some restrict the term to rocks of 450-650 Ma.
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Fig. 15-1. Sketch map indicating t h e area of the Arabian-Nubian Shield. The existence
of an Archaean to Lower Proterozoic craton to t h e west of the Nile seems likely o n t h e
basis of radiometric dates. T h e eastern boundary of t h e craton is very approximate and
the Red Sea has been closed to its pre-drift position.

Others, of whom I am one, feel that as the longer 1200--450Ma period is
based on isotopic data not available in 1964, that its usage for the Arabian--Nubian Shield is more in keeping with Kennedy’s original concept. So, the
extended 1200-450 Ma Pan-African age range is used here.
Although the Pan-African basement has all the geological and geophysical
characteristics of continental crust, Kennedy (1964) could see few indications of classic orogenesis and hence used the term “tectono-thermal
event” to keep the interpretive options open. Since then, and largely in the
last five years, two schools of thought concerning the origin of the PanAfrican of the Arabian-Nubian Shield have developed. The first maintains
that this part of the Pan-African is essentially Archaean crust that was
thermally and tectonically reworked during Late Proterozoic (1200-500 Ma)
Pan-African events.
The alternative hypothesis is a plate-tectonic model suggesting that the
continental crust of the Arabian-Nubian Shield evolved entirely within the
Upper Proterozoic. The envisaged processes started some 1200 Ma*ago with
numerous immature intra-oceanic island arcs forming as subduction occurred
between converging plates of oceanic lithosphere. The island arcs, the protocontinents, evolved by repeated magmatic, metamorphic and tectonic events
associated with concomitant erosion and sedimentation. Fragments of backarc oceanic lithosphere were obducted and ophiolite zones marked the
approximate site of plate margins as arcs collided t o form larger “continental”
masses. Finally, when subduction ceased, about 500 Ma ago, the whole region
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had developed a continental character. This model, based on field, geochemical and isotopic data, envisages and episodic continuum of magmatic,
metamorphic and sedimentary processes while subduction continued; tectonism and ophiolite emplacement occurred primarily when arcs collided.
The absence of older radiometric dates (> 1200 Ma), the generally low
(87 Sr/86Sr)i ratios (0.702-0.706),
the suprabundance of volcanoclastic
sequences and related cannibalistic sediments, the ubiquitous presence of
calc-alkaline magmatic products and the identification of several ophiolites
in linear zones of mafic-ultramafic complexes leaves little doubt that the
“cratonized island arcs” hypothesis is substantially correct. In my opinion
(Gass, 1979) no significant reason remains to preclude acceptance of the arc
model, originally proposed by Greenwood et al. (1976), for the Pan-African
of the Arabian-Nubian Shield. What does remain, however, is to understand
more fully the multitude of complex processes that accompanied and/or
caused the conversion of oceanic lithosphere into continental crust. In this
context it is relevant t o note that when Pan-African heat production is compared to that of the present day, that of the Pan-African (1200-500Ma)
would be 1.4-1.7 times present-day values (Brown, 1980). These figures
suggest that although the slightly steeper thermal gradients and lower uppermantle viscosities of the Upper Proterozoic may have produced thinner lithospheric plates, steeper subduction zones and narrower arc systems, but arc
dimensions would, theoretically, be within 10% of present-day values. What
follows is then a markedly uniformitarian approach of looking at presentday arc systems and comparing their features t o those of the ArabianNubian Shield.
Present-day arc systems are narrow, rarely exceeding 100-150 km from
trench to back-arc basin, with active volcanism (and presumably plutonism)
usually confined to axial zones less than 50 km wide. It would therefore be
quite possible to fit ten or more arc systems into the 1500 km N-S or E-W
extent of the Arabian-Nubian Shield. And, during the 700Ma span of the
extended Pan-African, there could well have been numerous subduction
zones widely distributed in space and time. Repeatedly, the products of an
earlier phase must have been invaded and/or blanketed by those of later
episodes. In this way, similar rock types and associations would be produced at about the same time in arc systems that were then widely separated.
Conversely, similar rock types and associations would be produced in the
same arc system at different times. With this temporal and spatial community
of character, long-range stratigraphic correlations are hazardous and radiometric data on magmatic events cannot be given regional connotation. No
detailed evolutionary picture of an individual arc has emerged although work,
primarily in Saudi Arabia, has allowed a timetable of stratigraphic, tectonic
and magmatic events to be erected (Fitch, 1978, tables 1 and 2) that can
also be applied in Egypt and the northeastern Sudan. In Table 15-1a grossly
simplified version of this stratigraphic table is presented to provide a time

TABLE 15-1
Rock types of the Arabian-Nubian Shield (Largely after Fitch, 1978, tables 1and 2 and Brown and Jackson, 1979)
Age (Ma)

Post
Pan-African

Rock types
Plutonic

Volcanic

Sedimentary

Alkaline and peralkaline
granites characterized by
high Ti, Zr, Nb, U, Th

Alkaline and
peralkaline trachytes
and rhyolites

Terriginous arkoses and
shallow water shales

_-_

500-600

Upper
Pan-African

Calc-alkaline granites
and granodiorites with
low Ti, Zr, U , Th and
very low Nb

600+70

Middle
Pan-African

Calc-alkaline diorites
and granodiorites

c.1000

_-----

Lower
Pan-African

Gabbros diorites,
granodiorites

1200?

Inferred tectonic
setting

Comments and other
data

Continental

Continental character of
region established; all
magmatism of "withinplate" variety

Diachronous end of destructive margin process

Conglomeratic and
Continental with
arenaceous units with
margins of Andean
granitic and rhyolitic
type
clasts. Stromatolitic
limestones
Major break, regional unconformity, change in composition of magmatism

Regionally extensive,
unmetamorphosed and
structurally undeformed
silicic volcanic and
plutonic rocks.

Rhyolites, dacites,
trachytes and andesites

Calc-alkaline andesites
and basaltic andesites
with subordinate
rhyolitic and dacitic
units

Greywackes and minor
arkoses. Stromatolitic
limestones and shallow
water shales

-

Numerous mature
intra-oceanic island
arcs. Major
stratigraphic and
regional breaks
suggest complex
evolution of several
arcs

c. 600Ma emplacement
of ophiolitic complexes
c. 800 Ma emplacement
of ophiolitic complexes
Complexely deformed
and metamorphosed to
green-schist facies
c. 1000 Ma emplacement
of ophiolitic complexes

Distinct structural, compositional and metamorphic break: arc collision (orogenesis a t c. 960Ma)
Low-K basalts and
basaltic andesites

Immature greywackes,
cherts, shales, occasional
limestones

Numerous immature
intra-oceanic island
arcs

-

-

--

- -~

Sparce and highly
deformed outcrops.
Metamorphosed mainly
to amphibolite facies
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framework for this assessment of Upper Proterozoic plate-tectonic processes.
As shown on Table 15-1 the Pan-African of the Arabian-Nubian Shield
can be divided into three major divisions; these are here termed the Lower,
Middle and Upper Pan-African, respectively. The oldest rocks in the Lower
Pan-African 1000--1200 Ma age range are highly deformed and metamorphosed but are comparable in composition to those from present-day
immature intra-oceanic island arcs. Then, following a distinct stratigraphic,
tectonic and compositional break at about lOOOMa, the 400 million years
between 1000 and 600Ma saw the development during the Middle PanAfrican of numerous maturing intra-oceanic island arcs. That these arcs
collided at various times is indicated by the emplacement of ophiolite
complexes at 1000, 800 and 600Ma and also by several phases of compressional deformation. By 600 Ma it seems that most of the Middle Pan-African
arcs had coalesced into a unified continental mass. But the continuation of
calc-alkaline magmatism during the 6.00-500 Ma Upper Pan-African indicates
the presence of a subduction zone beneath at least part of the region. Finally,
at or about 500Ma ago, alkaline and peralkaline magmatism with clear
within-plate geochemical characteristics had replaced the previous calcalkaline associations throughout the entire region. This is taken as indicating
the attainment of true continental character, the end of subduction zone-destructive margin processes and the end of the Pan-African phase of continental evolution. The field, petrographic and geochemical characteristics
and the plate-tectonic significance of the three divisions of the Pan-African
and the post-Pan-African magmatic products will be briefly reviewed before
a regional tectonic and petrogenetic appraisal is attempted. Because a comparison will be made between Pan-African magmatic products and those
produced at or above ocean-ocean and ocean-continent subduction zones
in the present plate-tectonic cycle, it is appropriate to identify the primary
geochemical characteristics of “orogenic” (destructive margin-subduction
zone) magmatic products.
Orogenic associations are characterized by volcanic rocks varying in
chemical composition from basic to acid. The island-arc tholeiite association
of immature island arcs is dominated by basaltic rocks with tholeiitic characteristics, (e.g. Fe-enrichment in an AFM diagram) whereas in the calc-alkaline
association of more mature island arcs and continental margins, andesites
and dacites and rhyolites are the major rock types. Calc-alkaline‘andesites
are oversaturated intermediate rocks with 55-63% S i 0 2 , relatively high
A1,03 (c. 15-1996) moderate alkalis ( N a 2 0 K 2 0 = 4-7’76) and calcium
contents (CaO = c. 5-6%) and showing no Fe-enrichment trend in an AFM
diagram. In addition to these major element characteristics, orogenic associations have distinctive trace element abundances such as low Nb, Y, Zr, U
and Th compared with other volcanic associations (Pearce and Gale, 1977;
Pearce and Norry, 1979). The plutonic calc-alkaline association is of

+
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gabbro-tonalite-granodiorite-granitein which tonalites and granodiorites
are dominant. Such intermediate calc-alkaline associations can be readily
distinguished geochemically from anorogenic (within-plate) alkaline and
peralkaline granitic associations. All magmatic rock types, except those produced by post Pan-African within-plate activity, are “orogenic”. Also, it is
assumed, because no detailed studies have proved otherwise, that the PanAfrican volcanic rocks are the surface expression of the same processes that
produced the plutonic masses.
FIELD, PETROGRAPHIC AND GEOCHEMICAL DATA

In working upwards through progressively younger Pan-African lithostratigraphic units, the wide variety of local formation and group names will
be avoided as far as possible and attention concentrated on describing the
main rock types and associations, their composition, age, tectonic setting and
plate-tectonic implications. But, just what is the base of the Pan-African
succession? In southwestern Saudi Arabia, Egypt and the Sudan, thick
sequences of siliceous gneisses derived from sedimentary quartzites occur
beneath metavolcanics with “arc” affinities. These quartzites are thought
to represent a passive margin sedimentary wedge flanking the Archaean
to Lower Proterozoic Nile craton (see Fig. 15-1). So far, no older (i.e.
> 1200 Ma old) basement has been positively identified northeast of this
zone and all rock types formed in the following 600-700Ma have calcalkaline affinities and are believed to have formed over Upper Proterozoic
ocean crust.
Lower Pan-African

There is little direct geochronological evidence to support the proposal
(see Table 15-1) that the Lower Pan-African had a time span of 200Ma
between 1000-1200Ma ago. Indeed, opinions differ as t o whether these
sequences represent the oldest formations or are facies equivalents of younger
ones that have been more intensely deformed and metamorphosed than
elsewhere (Schmidt et al., 1973; Greenwood et al., 1976; Fitch, 1978;
Brown and Jackson, 1979). There are few radiometric dates that fall unequivocally in this time span and there is no precise isotopic control over
the proposed age range. That the Lower Pan-African exists as a*separate
entity is best deduced from field and compositional evidence. Brown and
Jackson (1979), summarizing field evidence from the southern part of the
Arabian Shield, state categorically that there is a distinct structural, compositional and metamorphic break between overlying more siliceous, less
metamorphosed and relatively undeformed formations and the oldest
sequences here allotted to the Lower Pan-African.
Thick sequences (> 12,000m) of basalts and basaltic andesites with
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intraformational basic greywackes and subordinate carbonate and cherts
form the main surface rock types in this division. These were invaded by
c. 1000 Ma old composite gabbroic-dioritic batholiths with ( 87 Sr/86Sr), ratios
of 0.7029 (according to Fleck e t al., 1979, the recalculated ages are 818938Ma with initial ratios of 0 . 7 0 2 3 - 0 . 7 0 3 0 , e d . ) . In the sediments there
are no clasts of K-feldspar and no sign of terrigenous input, and Greenwood
et al. (1976) envisage an immature, oceanic island arc with adjacent depositional basins as the most likely tectonic setting. Higher up the sequence
sediments replace volcanics as the dominant rock type, and as there are few
compositional differences between them it is likely that the sediments were
derived by the rapid erosion of an adjacent, now underlying, volcanic arc.
In support of the immature arc setting Greenwood et al. (1976) and
Greenwood and Brown (1973) quoted the limited amount of analytical
data then available (e.g. Jackaman, 1972) which indicated that the basic
volcanics of this lowest group are compositionally similar to the presentday, immature island-arc tholeiites of Jak& and Gill (1970). Since that time
samples of Lower Pan-African diorites-granodiorites have been analyzed
for major, trace and rare earth elements (Nasseef and Gass, 1977; Gass, 1977).
In Fig. 15-2, a TiOz :Zr plot regarded by Pearce and Norry (1979) and
Pearce (1980) as the most realistic geochemical discriminator between arc
and within-plate magmatic products, all Lower Pan-African specimens so
far analyzed plot in the arc field. Although the fields on Fig. 15-2 have been
defined on present-day extrusive rocks and many of the Pan-African specimens are plutonic and have been metamorphosed to the amphibolite facies,
the compositional variation along the fractionation trend due t o crystal
accumulation and related processes would still keep them within the arc
field. Metamorphic processes at these facies should not affect the abundance
of either TiOz or Zr.
So, although the evidence is circumstantial, it is sufficient to suggest that
the oldest Pan-African rocks are products of immature island arcs. There is
no evidence yet on the number of arcs or where they (it) were on the surface
of the Upper Proterozoic earth.
Middle Pan-African

Between the Lower Pan-African just described and the Upper Pan-African
which began at or about 600-670Ma, fall the bulk of rocks forming the
Arabian-Nubian Shield. These are here allotted to the Middle Pan-African
and despite the great number of identifiable individual formations, plutonic
complexes and tectonic events, the entire division can be simply described.
Plutonic rocks of dioritic-granodioritic-graniticcomposition form between
50 and 60% of the outcrop and have been emplaced into a host of andesiticdacitic-rhyolitic eruptives and cannibalistic sediments derived therefrom.
Stromatolitic limestones and chert horizons are widespread but quantitatively
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Fig. 15-2. a. Plot of Ti02 against Zr for Pan-African igneous rocks. Compositional field
for present-day volcanic rocks from island arc. ocean ridge basalts (ORB) and withinplate settings are after Pearce (1980). b. Graph depicts the variation of Ti and Zr abundance in Pan-African igneous rocks with time. Note the progressive increase in Zr whereas
Ti remains relatively constant.

minor components. Gradually, the composition of the volcanic host became
more siliceous, changing from andesitic through dacitic to rhyolitic, Volcanic
types range from subaerial lavas, welded tuffs, breccias and agglomerates to
water-lain ashes. There is rapid lateral and vertical variation in rock type
which is characteristic of strato-volcanoes. Both Delfour (1975) and
Greenwood et al. (1976) have suggested that these rocks were formed on the
flanks of emergent volcanic island arcs. The sediments derived from these
volcanic edifices range from fluviatile conglomerates to finer-grained
arenaceous and argillaceous deposits laid down in shallow marine conditions.
Commonly, the original sediments were reworked by turbidity currents
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and, in places, more than 1 0 000 m of sediments were deposited in subsiding
basins.
This simplified description takes no account of local complexities. Rapid
lateral and vertical facies change in sediments and the impersistence of compositional and textural volcanic rock types laid down under both subaerial
and shallow marine conditions, provide ample criteria for erecting geological
formations. Because local changes are many and complex, they often overshadow more significant regional variations. Nevertheless regional variations
show through. For instance, in Saudi Arabia, there seems to be a regional
N-S lateral variation from a northern, dominantly sedimentary zone, through
a dominantly volcanic zone to a southern zone where sediments again predominate. Similarly, in the northeastern Sudan Gass (1955) and Neary et al.
(1976) record that tracts of dominantly volcanic rocks give way laterally
to, and interdigitate with, mainly sedimentary sequences of virtually
identical composition. Generally, deposition seems t o have been reworked
intermediate and acidic volcanoclastics in shallow elongate basins. The
environment was undoubtedly that of active volcanic arcs emerging from
shallow peripheral seas.
Invading the Middle Pan-African volcanic-sedimentary sequences are
numerous syn- and post-kinematic diapiric plutons of dioritic and granodioritic composition. As with the volcanics, these plutonic rocks tend t o
become more siliceous with decreasing age. Originally, it was thought that
these plutons were emplaced during and after well-defined orogenic phases.
Recently, however, it has been shown that in the southern Arabian Shield
at least (Cooper et al., 1979) there was essentially an episodic continuum
of plutonism. In Fig. 15-3, taken from the works of Cooper et al. (1979),
Hashad (1980) and Fleck et al. (1976), the ages of various plutonic masses
are plotted. The regularity of events throughout the 660-820Ma period is
evident. With relatively few reliable radiometric dates available, it seems
more likely that the gaps in Fig. 15-3 are due t o lack of isotopic data rather
than significant pauses in plutonism.
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Fig. 15-3. Schematic representation of the age ranges of the Lower, Middle and Upper PanAfrican and post-Pan-African activity in the Sudan, Egypt and Saudi Arabia. Vertical ticks
are Rb-Sr whole-rock isochron dates determined mainly for plutonic bodies. Note the
continuum of activity and the seemingly diachronous change from one division to another.
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Another feature of Middle Pan-African magmatism is the spatial distribution of the plutons. Although initial impression on studying regional
geological maps is of a random distribution, closer inspection suggests that
many plutonic bodies lie in linear zones. Particularly clear examples of such
zones are shown in Fig. 15-4a, b. In the southern Arabian Shield (Fig. 15-4a;
R.amsay et al., 1979) and in the northeastern Sudan (Fig. 15-4b; Neary et al.,
1976) there are N-S and NE-SW trending zones about 50 km wide where
granitic masses are markedly more abundant than elsewhere.

I A

B

Coastal Plain Sediments

Sedimentary sequences

Younger Granites

Volcanic sequences

Older granites

Fig. 1 5 - 4 . a, b and c. Geological sketch maps showing granitic plutons in parts of Saudi
Arabia and Sudan. Figures a and b depict linear Pan-African trends. Figure c' is a WNWESE section across Figure b showing t h e postulated relationship of plutons t o volcanoclastic and sedimentary sequences.

Ramsay et al. (1979), in discussing the granitic zones of the Arabian
Shield and other Middle Pan-African zones characterized by metamorphic
grade or sedimentary/volcanic type, emphasize that although boundaries
are approximate and arbitrary, the zones do represent discrete identifiable
geological entities. Just what these zones or provinces represent in terms of
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geological processes is less clear - rifted sedimentary basins separated by
Andean-type magmatic zones, and eroded ensimatic island arcs with granitic
plutons flanked sequentially by volcanic rocks and reworked volcanoclastic
sediments have been proposed. Here, the last explanation is preferred and an
example of this relationship occurs in the northeastern Sudan (see Fig.
15-4b, c).
The Middle Pan-African was a period of numerous maturing ensimatic arc
systems subsequently swept together by plate-tectonic processes to form, by
the end of the division, larger “protocontinental” masses. As arcs matured
through geological time the magmatic products became progressively more
siliceous and (” Sr/86Sr)iratios ripeneci from 0.7028 to 0.7035 (according to
Fleck e t al., 1979, the initial ratios of the 660-82OMa old-intrusives vary
between 0.7025 f 5 and 0.7035 f 7, e d . ) , although all are calc-alkaline and
on both a Nb :SiOz (Gass, 1979) and on the T i 0 2 :Zr plot (Fig. 15-2) clearly
fall in the volcanic arc magma field of Pearce (1980). In this model the
original arcs were preserved whilst the intervening oceanic lithosphere was
subducted. Occasionally, however, fragments of oceanic lithosphere were
caught up between colliding arcs and these are preserved as ultramaficmafic complexes of ophiolitic character (as defined by the 1972 Penrose
Ophiolite Conference) that occur in zones across the region (Bakor et al.,
1976; Gass, 1977; Frisch and Al-Shanti, 1977; Rehaile and Warden, 1978;
Shanti and Roobol, 1979). So far about ten such ophiolite masses have been
identified in Saudi Arabia, a further six to eight in the Egyptian Eastern
Desert and two to three in the northeastern Sudan. Geochemical studies
indicate that some of these bodies are probably fragments of oceanic lithosphere originally formed beneath back-arc marginal seas (Bakor et al., 1976).
Although no reliable radiometric dates have yet been published on these
ophiolite masses, structural relationships with dated formations suggest
that there are at least three emplacement ages at c. 1000, 800 and 600Ma
(see Table 15-1)and therefore three phases of arc collision.

Upper Pan-African
On Table 15-1 the time span of the Upper Pan-African is given as 670600 to 600-500Ma; a diachronous period up to 170Ma long. The base
of the division is readily recognizable as unmetamorphosed and relatively
undeformed silicic volcanics and related sediments which overlie older formations with marked angular unconformity. A comglomerate of regional
extent is usually the basal unit and stromatolitic limestones occur as minor
comrronents with interbedded high-energy fluviatile and shallow-water clastic
sediments. Both syn- and post-kinematic calc-alkaline granites and granodiorites have been emplaced into the volcanic-sedimentary host.
Extensive tracts of these volcanic rocks occur in the northern part of the
Arabian Shield, the Egyptian Eastern Desert and the northeastern Sudan
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where they are commonly preserved in down-faulted blocks. They seem t o
be absent in the south where the level of erosion is deeper. Rock types are
mainly subaerial pyroclastics with ash-fall and flow units much more abundant than lavas. Extensive welded tuff units are particularly conspicuous
and their unmetamorphosed character enables multiple eruptive components
of a single cooling unit t o be identified. Rock types present are mainly
rhyolites and rhyodacites with subordinate andesitic flows.
Plutonic rocks of the Upper Pan-African are mainly calc-alkaline granites
or granodiorites. In a detailed study of a small area in western Saudi Arabia
Nasseef (1971) and Nasseef and Gass (1977) were able to identify three synkinematic and one post-kinematic phases falling in the range 610--525 Ma.
Of the four magmatic episodes the last, post-kinematic, phase dated at
525 5 20Ma was the most voluminous. These findings are in general agreement with earlier and more extensive investigations by Fleck et al. (1976)
based on K-Ar mineral studies. In the southern part of the Arabian Shield
Fleck and his co-workers identified a major magmatic phase between 610
and 510 Ma with a major pulse between 610 and 540 Ma and minor episodes
at 535 and 510 Ma. (According to Fleck et al., 1979, recalculations of these
data and new measurements change the duration of this phase to 610650Ma with the main pulse a t 620-645Ma ago, ed.). For the Egyptian
Eastern Desert Hashad (1980) reports an age range of 675-450 Ma for the
Younger or Red Granites with maximum activity between 676 and 500 Ma,
peaking at 600Ma ago. A similar 600Ma maximum is reported for the
northeastern Sudan by Neary et al. (1976)(see Fig. 15-3).
Within the Upper Pan-African (87Sr/86Sr)iratios range from 0.7032 to
0.7093. When plotted on a lime/alkaline index most of the Upper PanAfrican rocks are calc-alkaline although only marginally so; some on A1203:
K 2 0 N a 2 0 content are marginally peralkaline. However, the trace element
abundance (e.g. Nb : Si02 and Ti : Zr plots) has distinct characteristics of
arc magmatism. This indicates that one or more subduction zones were
active under the region, although the lack of metamorphism and deformation, other than block faulting and gentle folding, suggests that a welldeveloped, coherent and rigid sialic crust had been developed by this time.
This contention is supported by the abundance of high-energy terrestrial
and shallow-water arkosic sediments indicating a high-standing continental
mass.
Just when the division ends presents problems for, in many respects, the
region already had a continental character though with active subjacent
destructive margin or margins. What can be deduced geochemically is when
the subduction stopped. This change in tectonic setting is marked by the
diachronous but well-defined order of magnitude increase in magmatic
products of Nb, Y, Zr, U and Th. Although not strictly accurate, it is convenient to use the terms calc-alkaline and peralkaline in identifying this
change in chemical composition. Pearce and Gale (1977) suggest that the
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Nb content of peralkaline granites is high because the mantle source in such
“within-plate” settings has been enriched in this element by migrating C 0 2rich fluids or interstitial melts. They argue that since Nb is not a hydrophyllic element, and since it is likely to be compatible with residual mineral
assemblages in subducted oceanic crust, the enrichment of Nb is unlikely to
occur in normal arc magmas. The incoming of peralkaline magmas that are
taken to mark the end of the Pan-African cover a wide time span. In the
extreme north of the Arabian Shield, adjacent to the Gulf of Aqaba, two
peralkaline granites have been dated at 600 24Ma (Stoesser and Elliott,
1979) and 591 5 8Ma (Baubron et al., 1976; recalculated with new decay
constant, ed.) respectively, whereas farther south in Saudi Arabia, east of
Jeddah, the calc-alkaline Taif granites are dated at 514 k 20Ma (Nasseef
and Gass, 1977; recalculated with new decay constant, ed.). In the northeastern Sudan two markedly peralkaline masses date at 500Ma (Neary et
al., 1976) whereas farther north in Egypt Hashad (1980) records that calcalkaline activity continued until 500Ma ago but by 450Ma peralkaline
magmatism was well established. The obvious interpretation of these data
is that subduction beneath the region stopped earlier in some areas than in
others. But whether this was along one zone or whether there were several
zones that stopped at various times is as yet unknown. It is, however, pertinent to note that once established, peralkaline magmatism occurred at
widely spaced intervals throughout the Phanerozoic.

*

PLATE-TECTONIC CONSIDERATIONS

Progressive cratonization of island arcs by processes analagous to those
operating above present-day subduction zones is now widely accepted as
the best hypothesis for the evolution of the Arabian-Nubian Shield. Within
this generalized framework several attempts have been made to identify
individual Pan-African arc systems on criteria such as zones of maficultramafic (ophiolite) masses (Bakor et al., 1976; Gass, 1977 and 1979;
Frisch and A1 Shanti, 1977), regional variations in geochemistry (Greenwood
and Brown, 1973;Gass, 1977; Gass and Nasseef, in press), zones of distinctive
metamorphic and/or lithological character (Ramsay et al., 1979) and zones
of characteristic mineralization (Al-Shanti and Roobol, 1979). The identification of arcs by these criteria alone is of dubious validity. For instance,
although several mafic-ultramafic masses have been confidently identified
as ophiolites as defined by the 1972 Penrose Ophiolite Conference (Bakor
et al., 1976; Shanti and Roobol, 1979) and display back-arc ocean-floor
geochemistry, it is by no means certain that these “ophiolite” zones accurately mark the sutures between arc systems. In the present SW Pacific
arcs, ophiolites are preferentially emplaced along back-arc margins, but most
Tethyan ophiolites are markedly allochthonous and have been moved tens,
if not hundreds of kilometres during obduction. All Pan-African ophiolites
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so far identified have tectonic contacts and Shackleton et al. (1980)
believe that the numerous mafic-ultramafic masses of the Egyptian Eastern
Desert have been moved so far that the identification of linear ophiolite
zones or sutures in that area is unjustified. Nevertheless, in Arabia the sutures
may be more trustworthy and their position, tentatively marking arc margins,
is shown on Fig. 15-5. Similarly, recent work on modern arc systems reveals
that the supposedly simple relation between chemistry and depth to the
subduction zone (>K, > Sr, < Rb: cf. Hutchinson, 1975),is not so simple.
Variations along arcs are proving to be as great as, if not greater than, those
across them. So, attempts to identify Pan-African arc systems from compositional variation must be distinctly suspect. Indeed, the variation of
subduction zone models proposed, single easterly dipping (Greenwood and
Brown, 1973), multiple easterly dipping (Gass, 1977), single westerly dipping
(Schmidt et al., 1978), proves this point and emphasizes that at the present
time there are insufficient data to justify this approach.
However, a simple arc system that has been eroded to near sea-level should
have a plutonic core invading a zone of eruptive products that are in turn
flanked by cannibalistic and shallow-water sediments. Of these features the
plutonic core is the most likely to be preserved. Study of existing geological
maps suggests that several linear granitic zones of appropriate dimensions
exist in both Africa and Arabia. Traces of these zones, thought to mark arc
axes, are plotted on Fig. 15-5, the inset rectangles in this figure identify two
granitic zones shown in more detail in Fig. 15-4a, b. These granite zones
seem to be best developed in the northeastern Sudan but elsewhere the
extensive cover of Recent sediments and Tertiary volcanics leave major gaps,
and subsequent deformation, such as that due to the Nadj Fault System in
Saudi Arabia, present complications. Also, geochronological control is poor
and the age of the granite zones is not known. It could be anticipated that
such zones of magmatic activity would, once estabIished, focus subsequent
plutonism, So, plutons of varying ages could well be channelled along the
same “hot” axial zones. Although it is premature to place too much reliance
on these granitic zones, their abundance does reflect the complexity of the
Pan-African arc system and their dominantly N-S orientation coincides
with that of many ophiolite zones and, broadly, with the structural trend
lines also shown on Fig. 15-5.
In Fig. 15-6 the evolution through time of the arc systems from immature
to mature arcs and finally to continental conditions is depicted in cartoon
form. The broad stages in evolution are well documented but the passage
from Lower to Middle Pan-African is temporally vague and that between
Middle and Upper Pan-African is diachronous. Similarly, the final stages in
cratonization, marked by the switch from calc-alkaline to peralkaline magmatism, occurred earlier in some areas than in others. The line drawn on
Fig. 15-5 is that of Stoesser and Elliot (1979) and separates 500---600Ma
Arabian peralkaline (to the east) from calc-alkaline products (to the west).
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Fig. 15-5. Regional sketch map showing the disposition of mafieultramafic complexes
(marking the approximate position of arc sutures), linear granitic zones (possible arc
axes) and basement structural trends. The Red Sea has been closed t o a Pre-Miocene
position.

Seemingly subduction was still active west of this line whereas it had ceased
to the north and east. There is no evidence as t o which way this last subduction zone was inclined.
So far the data presented have come from northeastern Africa and Arabia.
But can the arc cratonization model be applied t o the Pan-African or Upper
Proterozoic elsewhere? It is evident from the literature that in West Africa
the Upper Proterozoic along the western margin of the West African Archaean
to Lower Proterozoic craton has arc characteristics in parts (see also Caby
et al., this volume, Chapter 16, ed.), and genetic models presented by others
€or the western Hoggar (Caby, 1970; Bertrand and Caby, 1978; Caby and
Leblanc, 1973), Mali (Black et al., 1979), southern Morocco (Leblanc,
1976; see also this volume, Chapter 17, ed.), Tibesti (Ghuma and Rogers,
1978; Pegram et al., 1976) and Nigeria (McCurry and Wright, 1977; McCurry,
1976) have been, or can be, interpreted on an island-arc cratonizationaccretion model such as that presented here. Indeed, the indications are that
this model is also applicable t o western and northern Ethiopia (Gilboy,
1970; Chater, 1971; Kazmin, 1976; De Wit and Aguma, 1977, De Wit and
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Fig. 15-6. A cartoon depicting stages in the development of the Arabian-Nubian Shield.
(a) depicts the situation in the Lower Pan-African with many immature arc systems. By
Middle Pan-African times (b) the arcs have matured and coalesced but have not attained
continental dimensions. By Upper Pan-African times (c) the arcs have coalesced into
continents but these still overlay subduction zones and magmatic activity had calcalkaline affinity. Figure (d) depicts the post Pan-African (500-600 Ma) situation. When
the continent was fully developed, subduction had ceased and magmatism was peralkaline and of within-plate affinity.

Chewaka, 1978). Elsewhere in Africa the situation is less clear, The Mozambique
and Damara belts could be ensialic features or, for the Mozambique belt,
Proterozoic continent-continent
plate collisions seems more likely
(Shackleton, 1979; Kroner, 1979). Nevertheless, despite these uncertainties,
the inescapable conclusion, based on Arabian-Nubian Shield data, is that
plate tectonics and destructive margin processes essentially similar to that
of the present day, operated between 1200-500 Ma ago in northern AfricaArabia and were probably responsible for the formation of c. 5 x 10' km3
of continental crust in the Upper Proterozoic.
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