CHAPTER 1

Introduction and Global Setting
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The geologic history of the Arabian Shield covers a broad sweep of geologic time from distant beginnings more than 2,000 million years ago to present day processes that are sculpting and changing the rocks and landscape of the shield.  The core of the history covers a 300-million-year period between 850 Ma to 550 Ma during which most of the rocks of the shield developed by processes of subduction-driven island-arc magmatism, sedimentation, and plutonic intrusion, evolving from a region of oceanic crust some few kilometers thick to continental crust some 45 km thick and forming part of one of the largest mountain belts ever created on Earth.  But the history also entails the story of older crust, now entrained in the shield as structurally bounded remnants or reworked and revealed by subtle chemical and isotopic signatures in younger rocks.  And the history continue during the Phanerozoic, dealing with the advance and retreat of shorelines and shallow seas that lapped the shield rocks and covered them with an evolving succession of sedimentary rocks; into more recent geologic times when the rocks that now make up the Arabian Plate were rifted from northeast Africa, partly covered by volcanic lava, and began to subduct beneath the Eurasian Plate; and to the present, when the shield rocks have become subject to the effects of wind and rain, to erosion and downgrading by intermittent drainages, and to human activity of construction, agriculture, and urban development, as well as exploitation of the mineral wealth and water resources contained in deep rocks and near-surface sediments.

......................................................................................................................................................

1.1    Introduction

This book focuses on the composition, structure, development, and mineral endowment of Precambrian rocks exposed in the Arabian Shield, in western Saudi Arabia in the western part of the Arabian Plate.  Its purpose is to describe the rocks and structure of the Arabian Shield from the twin points of view of a local emphasis on geologic features of the shield itself and a wider emphasis on the setting of the Arabian Shield within global Neoproterozoic geologic history.   This purpose is realized here in the Introduction and in later Chapters by discussing major themes.  Such themes include (1) the breakup and reformation of supercontinents; (2) the development of Neoproterozoic suprasubduction, juvenile volcanic-arc and plutonic environments; (3) the convergence and amalgamation of Neoproterozoic magmatic arcs; (4) the deposition of younger Neoproterozoic volcanic and sedimentary basins; (5) structural and tectonic features of the shield ; (6) the metallic-mineral endowment of the shield; and (7)  a consideration of the history of the shield since the end of the Precambrian in terms of continental rifting and the superimposition of Phanerozoic sedimentary and volcanic rocks.  The Introductory chapter reviews some of the general features of the Arabian Shield and describes its global setting in relationship to surrounding areas of Precambrian rocks, the Neoproterozoic East African-Antarctic Orogen, of which it is the northern part, and Neoproterozoic and Phanerozoic plate movements that affected the creation of the shield and its subsequent history.  Chapter 2 gives a historic outline of geologic investigations in the Arabian Shield and of how and when some of the main ideas about the shield developed.  Chapter 3 describes the geophysical framework and crustal structure of the shield.  Chapter 4 discusses the geochronologic and isotopic databases that constrain the geologic history of the shield and refine our interpretation of the growth of the continental crust of the shield.  Chapter 5 reviews mafic-ultramafic complexes that make up the Arabian Shield ophiolites.  Chapter 6 is an overview of the subduction process and describes volcanic arcs and granitoid magmatism in the shield.  Chapter 7 describes Cryogenian and Ediacaran sedimentary and subordinate volcanic basins that are a feature of the history of the shield following amalgamation of the volcanic arcs.  Chapter 8 is a summary of structural belts, shear zones, and sutures.  Chapter 9 reviews the metallic-mineral endowment of the Arabian shield.  Chapter 10 is a synthesis of some of the data presented in the book and an outline of tectonic models for the shield.

1.2    The Arabian Plate

At the present time, the Arabian Shield forms the western third of the Arabian Plate, the twelfth largest and one of the youngest of Earth’s lithospheric plates.  The plate originated ~25 Ma ago as a result of rifting that led to the formation of the Gulf of Aden and Red Sea and the separation of a fragment of the African continent.  The plate measures ~2600 km north-south and ~3000 km east-west (Fig. 1-1).  It is bounded on the west by the Dead Sea transform and Red Sea spreading/rifting axis; on the north by a zone of plate convergence made up of the East Anatolian fault, Bitlis suture, and Zagros collision zone; on the east by the Owen Fracture Zone separating the plate from the Indian Plate; and on the south by the Gulf of Aden spreading axis (Sheba Ridge).  Since its separation from Africa, the plate has rotated anticlockwise and drifted north, currently at a rate of 2-3 cm /year (Bird, 2002).  In the process of northward drift, the plate closed the Tethys seaway and collided with Eurasia.  The northerly zone of convergence is one of transition, ranging from subduction of the Arabian Plate beneath Eurasia in the northeast associated with formation of the Zagros fold-and-thrust belt and ongoing arc volcanism in the Urumieh Dokhtar arc of Iran (Alavi, 2004), to oblique collision in the northwest associated with slip on the East Anatolian fault and post-collisional volcanism in eastern Anatolia (Keskin, 2003).  The margins of the plate are seimsically (seismically)active – dramatically so along the Zagros and Bitlis zones, less so along the other margins.

FIG 1-1 ABOUT HERE ARABIAN PLATE TECTONIC SETTING

Marginal uplift associated with Red Sea and Gulf of Aden rifting and mantle processes operating during the past 25 million years since the onset of rifting have resulted in a gentle tilt of the plate toward the north and east (Fig. 1-2).  Such tilting is a reason why a large expanse of Precambrian basement is exposed in the west.  But tilting may not be the only reason for preferential exposure of the shield because a variety of evidence from geophysical surveys and the study of lower-crustal and mantle xenoliths suggest that an east-west buoyancy differences existed in the Arabian lithosphere since the end of the Precambrian, resulting in a thin to nonexistent Phanerozoic cover in the west and a thick Phanerozoic succession in the east (Stern and Johnson, in press).  

FIG 1-2 ABOUT HERE TOPOGRAPHIC IMAGE OF ARABIAN PLATE

1.3    Arabian Shield: extent, boundaries, and general make up

The Arabian Shield is the surface expression of an expanse of Precambrian rocks that, apart from regions of Cenozoic oceanic crust at its southwestern and southeastern margins, form the crystalline basement of the Arabian Plate.  The basement is exposed in the large outcrops of the Arabian Shield, in the west, and in isolated outcrops in Oman (Fig. 1-3), and extends as continuous basement throughout the central part of the Arabian Plate.  For the purposes of this book, the terms “Arabian Shield” and “shield” refer to the area of exposure of Precambrian rocks; they do not preclude the fact that Precambrian rocks extend away from the margins of the shield beneath Phanerozoic, but are used in a limited geographic sense of an area of outcrop. The Arabian Shield itself is geographically defined by an arcuate unconformable contact between exposed basement and Paleozoic siliciclastic and carbonate rocks on the north, east, and south (Phanerozoic cover), and a mixed fault and unconformable contact between basement and Cenozoic deposits of the Red Sea Basin on the west.

FIG 1-3 ABOUT HERE PRECAMBRIAN OUTCROPS IN ARABIAN PATE

The Arabian Shield chiefly crops out in Saudi Arabia and the geologic history of its Saudi Arabian exposure is the principal focus of this book.  Nonetheless, the Arabian Shield is also exposed in southern Jordan in outcrops that extend across the Saudi Arabian-Jordan border along upland on the eastern border of the Dead Sea valley and, discontinuously, as far north as about lat. 30°40’ N.  In the south, Precambrian exposures of the shield extend across the Saudi Arabian-Yemen border and crop out over areas of about 50 km by 300 km and smaller in the vicinity of Sa’ada and in a roughly triangular area, 350 km on a side, between Sana’a and the Gulf of Aden.  The exposures in Jordan and Yemen are considerably smaller than the main outcrops of the Arabian Shield in Saudi Arabia but they have an important role in augmenting our knowledge of the overall history of the shield, a history that would be diminished if study only focused on Saudi Arabia.  In total, the shield covers an area of more than 725,000 km2, measuring about 1,200 km north-south and 680 km east-west.  Interior parts of the shield are covered by outliers of the Phanerozoic rocks that fringe the shield, by younger deposits of Mesozoic and Cenozoic sedimentary rocks, by Cenozoic lava, and by extensive areas of Cenozoic alluvium and eolian sand (Fig. 1-4).  Because of these covering deposits, totaling about 280,000 km2, the actual surface area of exposed Precambrian rocks within the Saudi Arabian part of the shield area is some 445,000 km2  (Johnson and Al-Subhi,  2007) .

FIG. 1-4 ABOUT HERE MAP OF PHANEROZOIC COVER

North, east, and south of the shield, the Precambrian rocks are covered by a succession of Phanerozoic rocks (the Arabian Platform) that broadly increases in thickness eastward.  Local variations in the thickness of the cover are caused by block faulting and arching of the basement, which occurred at various times during the Phanerozoic, and by the development of unconformities or nondeposition that cut out parts of the succession.  In places along the eastern margin of the shield, the Lower Paleozoic was eroded off up-faulted blocks of basement and the succeeding Unayzah Formation in the Phanerozoic succession was locally deposited directly above the basement. (need reference?) In such places, depending on the amount by which the basement was up-faulted, the thickness of the cover may be reduced by as much as 5000 m.  But at its greatest thickness the Phanerozoic cover is as much as 14 km (Fig. 1-5).  On the west the shield is in fault and local deposition contact with rocks of the Red Sea basin.  The basin developed during the opening of the Red Sea rift and is filled by late Mesozoic to Cenozoic rocks that reflect the history of Red Sea rifting and marginal uplift.  These include thick epiclastic successions of sandstone, siltstone, and periodic conglomerates, a thick evaporite sequence, and minor volcanic rocks.  As in the Arabian Platform, the total thickness of sedimentary rocks in the Red Sea basin varies because of faulting, but reaches (a) thickness of 5 km within a few kilometers west of the boundary with the Arabian Shield.   Outliers of Lower Paleozoic sandstone are present in the northeast and south of the shield, and a trough of Lower Paleozoic sandstones extends onto the shield from the north along a south-southeast-trending structural low that reaches almost to the center of the shield (Khurma Fm?) (schematically indicated on Fig. 1-4, by dashed lines).  Smaller, isolated exposures of Cretaceous-Lower Cenozoic (Fig 4 mentions only Cenozoic) sedimentary rocks cover parts of the shield between Al Muwayh and Turabah, most notably at Jabal Tin and along the valley of Wadi Turabah.  The Cenozoic lava that overlies the shield, characterized by fields of thickly strewn boulders and areas of rugged dissected basalt referred to as “harrat”, is on average 100-m and locally as much as 400 m thick in Harrat Rahat, the largest of the basalt fields (Camp and Roobol, 1989; Daesslé and Durozoy, 1972; Pellaton, 1981;).  The lava varies in age, ranging from 32 Ma in the south of the country to historic eruptions in Harrat Rahat and Harrat Lunayyir, and has erupted because of magma upwelling in conjunction with the opening of the Red Sea.  The most recent Harat Rahat eruption, is described by Arabian chroniclers.  It was a 52-day eruption in 1256 A.D., during which 0.5 km3 of alkali-olivine basalt was extruded from a 2.25-km-long fissure at the north end of the Harrat Rahat lava field, Saudi Arabia. The eruption produced 6 scoria cones and a lava flow 23 km long that approached the ancient and holy city of Madinah to within 8 km (Camp and others, 1987).  Quaternary deposits are conspicuous in the central part of the shield as areas of alluvium, sheets of wind-blown sand, fields of sand dunes, and paleolake deposits; other deposits of Quaternary alluvium and terraces fill drainage channels and spread out from mountain fronts and the Escarpment along the Red Sea coast.  Prominent drainages are Wadi ar Rima and Wadi al Hamd, in the north.  Others, not shown on Fig. 1-4, are drainage systems in the southern part of the shield between Abha, Bishah, and Tathlith.

FIG 1-5 ABOUT HERE DEPTH TO BASEMENT

The Cenozoic lava deposits are part of a system of lava fields extending along the entire western margin of the Arabian Plate (Fig. 1-6).  In Yemen, they are contemporary with volcanic rocks in Ethiopia that are genetically associated with the East African Rift.  Farther north, they are associated with the opening of the Red Sea and development of the Dead Sea transform.  Magmatism during an early phase of Red Sea rifting, prior to eruption of most of the harrats, resulted in the emplacement of northwest-trending Cenozoic dike swarms that intrude the Precambrian rocks of the Arabian Shield in a belt as much as 100 km wide parallel to the Red Sea coast. (need reference?) Bodies of Cenozoic granite are known in Yemen, the southwest corner of the Arabian Plate. (need reference?) Whether similar granites also intrude Precambrian rocks of the Arabian Shield is not currently known, although the extent of existing geologic and geochronologic evidence makes it unlikely that hitherto unrecognized Mesozoic granitoids are present in the shield.

FIG 1-6 ABOUT HERE CENOZOIC LAVA FIELDS

The Precambrian basement of the Arabian Plate is exposed in the shield because Phanerozoic cover in the west of Arabia was possibly originally deposited as a thin to intermittent blanket, unlike the enormously thick cover in the east, and because what cover existed was stripped back as a result of Cenozoic uplift and erosion of the Red Sea rift margin associated with rifting of the Arabian plate from Africa.  Because of rift-margin uplift, the Arabian Plate has a gentle tilt to the east.  The surface of the Plate reaches more than 2,500 m above sea level (asl) along the Red Sea and Gulf of Aden Escarpments, in the west; is between 1,200-1,000 m across much of the Arabian Shield; descends to 900-800 m asl in the central part of Saudi Arabia; it is at sea level in the east; and is below sea level in the shallow waters of the Gulf (Fig. 1-2).

The rocks of the Arabian Shield are almost entirely Neoproterozoic (Plate; Fig. 1-7).  They comprise Cryogenian volcanic, sedimentary, and plutonic rocks that originated in juvenile magmatic arcs at active plate margins; somewhat younger Cryogenian to Ediacaran sedimentary and subordinate volcanic rocks; and vast amounts of Cryogenian to Ediacaran granitoids.  Small amounts of Tonian mafic plutonic rocks crop out in the west-central part of the shield.  Archean and Paleoproterozoic rocks are locally present in the shield at Jabal Khida in Saudi Arabia and between Sa’ana and the Gulf of Aden in Yemen, as They represent tectonic enclaves structurally intercalated with Neoproterozoic rocks or as microplates in local, unconformable contact with Neoproterozoic rocks.  As described more fully during the course of this book later, and particularly in Chapter 10: Synthesis and Tectonic History, the shield rocks are divided into tectonostratigraphic terranes.  The number and locations of the terranes are debated but a consensus agrees that the shield comprises a few large composite terranes and other smaller terranes.  The terrane model used in this book is shown in Fig. 10-2.  The Neoproterozoic rocks developed during a critical episode in Earth history comprising  involving a transition from Late Precambrian to Phanerozoic geologic and evolutionary processes, and during a period that witnessed some of the most important, rapid, and enigmatic changes known in to the Earth’s environment and biota (Stern, 1994).  During this period, metazoan life forms underwent remarkable evolution, some of the most severe glacial episodes known in geologic history extended over or completely covered the globe, continental nuclei underwent relatively rapid movements and realignments, supercontinents broke-up and reassembled, major geochemical changes occurred in the oxygen and iron contents of the atmosphere and oceans, and dramatic variations or “excursions” in stable strontium and carbon isotope ratios affected air and water.  Research about these topics in Saudi Arabia is in its infancy but, because of their excellent exposure and preservation, the Neoproterozoic rocks of Saudi Arabia are a world-class natural laboratory for testing concepts about crustal growth at the end of the Precambrian.  This means that the geologic study of the Arabian-Nubian Shield is not only important in its own right, but is critical for the advancement of geoscientific knowledge benefitting the geosciences community worldwide.  The rocks contain a clear, long-lived record of the operation and effects of Precambrian plate tectonics, provide vivid examples of Neoproterozoic terrane suturing, contain some of the longest shear zones in the world, help to record the temporal and deformational impact of supercontinent reconfiguration at the end of the Precambrian, and provide critical information about igneous, sedimentary, and environmental processes at the Precambrian-Cambrian boundary.

FIG 1-7 ABOUT HERE SIMPLIFIED GEOLOGIC MAP

1.4    Shield and craton

The earliest reference to the Arabian Shield was made by Karpoff (1957) using the French term, “bouchlier bouclier Arabe”.  A shield, in geology, is a large area of exposed essentially stable basement rocks, commonly with a gently convex surface, surrounded by sediment covered platforms (Jackson, 1997).  Primarily, the term has a geographic meaning – an area of exposed crystalline rocks.  The crystalline rocks themselves, of course, extend beyond the limits of the shield, down dip beneath the covering sedimentary strata.  In comparison to other areas of exposed Precambrian rock on Earth, the Arabian shield is of moderate size, but it is important as one of the larger expanses of juvenile Neoproterozoic crust (Fig. 1-8).  Other well-known shields and Archean massifs (Table 1-1) include the Canadian Shield, one of the largest, the Yilgarn block, and the Baltic Shield.  The Canadian Shield covers approximately 5.5x106  km2 and represents more than 1,200 million years of Earth history, as a collage of Archean plates and accreted juvenile arc terranes and sedimentary basins of Proterozoic age that were progressively amalgamated during the interval 2.45 to 1.24 Ga.  The Yilgarn block in Western Australia is a relatively small (650,000 km2) Archean massif within the West Australian shield.  The Baltic shield covers 2.2x106 km2 in parts of Sweden, Finland, and Norway.  It is younger than the Canadian shield and contains rocks ranging from 2.5–3.4 Ga to 900–1700 3.4-2.5 Ga to 1700-900 Ma that were accreted over a period of about 2,500 million years.  The Arabian Shield is special in that it is mostly much younger than other shields.  The Canadian and Yilgarn, for example, not only contain large amounts of Archean rocks but contain some of the oldest rocks on Earth, so old in fact that they predate the Archean and belong to the Hadean.  In contrast the Arabian Shield, and many other areas of Africa, South America, Europe (Wales, Scotland) and the Western seaboard of North America, in contrast, evolved during the Neoproterozoic.

FIG 1-8 ABOUT HERE GLOBAL PRECMBRAIN EXPOSURES

TABLE 1-1 COMPARATIVE SIZES SHIELDS AND CRATONS

A term related to shield is “craton”, except that a craton is a more comprehensive geologic entity than a shield.  Cratons are parts of the Earth’s crust -- specifically areas of Precambrian continental crust -- that have attained stability and have been little deformed for long periods; they commonly form the interior cores of continents, and include both shield and platform (Jackson, 1997).  Thus, the West African craton contains the Tuareg shield and Benin-Nigeria shield; the European craton contains the Baltic shield and Ukrainian shield.  In practice, however, the distinction between shield and craton is not always retained.  Thus, while the region of exposed Precambrian rocks in western Saudi Arabia is most commonly referred to as the Arabian Shield in the geologic literature, some authors use the term Arabian craton (e.g., Rogers and Santosh, 2004).  

1.5    Arabian Plate basement

The Arabian Shield has its largest exposure in Saudi Arabia.  The Arabian Shield in Jordan contains Neoproterozoic volcanic, sedimentary, and plutonic rocks similar to those in northwest Saudi Arabia (Jarrar and others, 2003), whereas the shield rocks in Yemen include Archean gneisses as a well as Neoproterozoic arc rocks (Windley and others, 1996; Whitehouse and others 2001).  Prior to the opening of the Gulf of Aden and Red Sea, of course, these shield-type rocks continued into the Horn of Africa and Northeast Africa, linking the Arabian Shield with its tectonic continuation in the African Plate.

Public domain geophysical data, mainly magnetic surveys, demonstrate that Neoproterozoic structures and formations extend beneath Phanerozoic cover as much as 300 km north and east from the margins of the shield (Johnson and Stewart, 1995).  Farther east, deep drill holes in central Saudi Arabia penetrate deformed and metamorphosed rocks believed to be Precambrian in age.  The El Haba-2 well, on the Summan anticline (or Patform) in central Saudi Arabia, for example, intersects metamorphosed shales dipping as steeply as 70°, and the Khabb-1 hole on the same anticline intersects similar rocks dated at 636-605 Ma.  A deep Burgan well and the Jauf-10 well penetrated steeply dipping metashales, and Ain Dar-196 along the El Nala-Safaniyah (Gharwah) anticline penetrated folded sandstone and shale dated at 671-604 Ma (Al-Husseini, 2000).  The metamorphic rocks at the bottom of the El Haba, Khabb, and Burgan holes are directly below the sub-Unayzah Formation unconformity that cuts out most of the Lower Paleozoic over large parts of central Saudi Arabia so that Upper Paleozoic strata are in direct contact with Precambrian rocks.  The basal rocks in the Ain Dar hole are directly below Cambrian sandstone, below the unconformity that developed over much of the Arabian Shield at the end of the Precambrian.  In Oman, the exposed Precambrian rocks include a metamorphic intrusive assemblage in the Mirbat area and sedimentary rocks of the Huqf Supergroup in the Huqf area and have Cryogenian to Ediacaran crystallization, metamorphic, and depositional ages similar to some of the rocks on the exposed Arabian Shield.  Smaller outcrops of crystalline rocks are known at Jebal Ja’alan and Jebel Akhdar.

It is evident from these exposures, and amply confirmed by geophysical data, that Precambrian rocks extend as “basement” throughout the Arabian Peninsula.  The rocks in western Arabia form the large expanse of the Arabian Shield; those in central Arabian form a crystalline basement beneath the covering Phanerozoic succession; and those in Oman form the most easterly exposures of Neoproterozoic rock in the Arabian Peninsula.  It would appear, moreover, that with the exception of intercalated Archean enclaves in Yemen, and small exposures of Paleoproterozoic rocks at Jabal Khida at the eastern margin of the shield in Saudi Arabia, the Arabian basement is Neoproterozoic.  Despite this, it is not clear whether the Neoproterozoic rocks in Oman have the same provenance or geologic history as those exposed in the Arabian Shield.  Indeed, the Oman basement rocks appear to have a geologic history different to that of the Arabian Shield (Mercol1i and others, 2005) with cessation of magmatism, deformation, and metamorphism by about 700 Ma, followed by a prolonged period of sedimentation (725-540 Ma; Allen, 2007), in contrast to ongoing arc magmatism in the Arabian Shield as late as about 620 Ma.  Furthermore, there is some discussion among geologists about the possibility that the basement in Arabian is made up of three large geologic provinces, with the Oman rocks belonging to an eastern province characterized by northeasterly trends, central Arabia including the Ar Rayn and Ad Dawadimi terranes on the exposed shield belonging to a central province characterized by northerly trends, and the bulk of the shield forming a western province characterized by northerly and northwesterly trends (Fig. 1-9) (see review in Stern and Johnson, in press).

FIG 1-9 ABOUT HERE BASEMENT ARCHITECTURE ARABIAN PLATE

The Proterozoic rocks of western Saudi Arabia, Egypt, Sudan, Eritrea, and Ethiopia, conversely, have an unambiguous lithologic, chronologic, isotopic, geochemical, and structural similarity and clearly belong to a single geologic province.  Prior to Red Sea rifting, these rocks were contiguous, and at varying degrees of detail, structures and formations can be correlated across the Red Sea forming “tie-points” that underpin palinspastic reconstructions of pre-Red Sea rifting relationships (Fig. 1-10).  Correlatable features include continuations of suture zones, for example the Bi’r Umq and Nakasib sutures, and the Yanbu and Sol Hamed sutures.  Banded-iron formations and possible glaciogenic diamictite are uniquely found in broadly adjacent regions of the northwestern Arabian Shield and northern Nubian Shield.  Gneiss belts along the Najd faults in the Ajjaj and Qazaz shear zones continue into Egypt as the Nugrus and Meatiq shear zones.  Kyanite quartzite and kyanite-quartz schist are found in broadly adjacent parts of the southern Arabian Shield and in the Nubian Shield in Eritrea.  Such correlations have been well known for over 50 years and have formed the basis for several comparisons of structural and metallogenic evolution in the Arabian and Nubian Shields (e.g., Delfour, 1976).   More recently, correlations across the Red Sea have been strengthened by the result of detailed structural studies of through going shear zones, and by geochronologic and isotopic research, reaching the point where attempts are being made to correlate specific volcanic and sedimentary rock formations and plutons.

FIG 1-10 ABOUT HERE RED SEA CORRELATIONS

1.6    General age and tectonic setting of the Arabian Shield

As commented above, The rocks of the Arabian Shield in Saudi Arabia are almost entirely Neoproterozoic.   They are, moreover, juvenile, meaning that they were erupted, intruded, and(or) deposited soon after the separation of their source material from the mantle.  Together with their counterparts in the Nubian Shield, in Egypt, Sudan, Eritrea, and Ethiopia, they make up one of the largest expanses of exposed juvenile oceanic Neoproterozoic crust on Earth  (Fig. 1-6) (Patchett and Chase, 2002; Rino and others, 2008).  As described in Chapter 4, a measure of when material separated from the mantle is given by the isotopic characteristics of the rocks, and an effective definition for the extent of the juvenile Neoproterozoic rocks is the area in which Nd-model ages approximate crystallization ages (Stern, 2002).  Additional evidence in support of the general juvenile character of the shield rocks is given by their major and trace-element geochemistry, petrologic characteristics, Sr, Pb, and Hf  isotopic systematics, and by the petrological, geochronologic, and isotopic studies of samples of mafic lower crust and mantle lithosphere brought to the surface as xenoliths in Cenozoic lavas which indicate that lower crust and lithospheric mantle of the region formed during Neoproterozoic time (Henjes-Kunst et al., 1990; McGuire and Stern, 1993).

Not all the rocks in the shield are juvenile, however, for some have evolved isotopic signatures and Nd-model ages significantly older than their crystallization ages, suggesting a large input of old continental material, and others have U-Pb crystallization ages identifying locally exposed pre-Neoproterozoic units.  Such units include granite, gneiss, and schist at the extreme eastern margin of the shield in Saudi Arabia (the Khida terrane, named after Jabal Khida) that yield Paleoproterozoic crystallization ages of about 1600 Ma (Whitehouse and others, 2001), and granite gneiss terranes of Paleoproterozoic-Archean age tectonically intercalated with Neoproterozoic arc rocks in Yemen (Windley and others, 1996; Whitehouse and others, 1998).

As indicated by the simplified geologic map shown in Fig. 1-76, a large part of the Arabian Shield in Saudi Arabia is composed of volcanic, sedimentary, and plutonic rocks of middle Neoproterozoic (Cryogenian) age.  These make up juvenile arc assemblages that represent the earliest stages in shield development.  Basins of younger (late Cryogenian-Ediacaran) volcanic and sedimentary rocks are common in the northeastern shield and late Cryogenian-Ediacaran granitoids dominate parts of the eastern, northern, and northwestern shield.  Early Neoproterozoic (Tonian) plutonic rocks are mapped in the Makkah batholith in the vicinity of Makkah.  The Paleoproterozoic rocks of Jabal Khida are indicated on Fig. 1-7 at the extreme southeastern margin of the shield.

1.7    East African-Antarctic Orogen

The deformed and metamorphosed rocks of the Arabian Shield and their counterparts in the Nubian Shield make up a late Neoproterozoic orogenic belt.  An “orogenic belt”, or “orogen”, is a long tract of rocks affected by “orogeny”, the operation of forces and events leading to a severe structural deformation of the Earth's crust as a result of plate tectonic movements. The word "orogeny" comes from the Greek (oros for "mountain" plus genesis for "birth" or "origin"), and the process is the primary mechanism by which mountains are built on continents.  Orogens develop while crustal plates are crumpled and thickened to form mountain ranges, and involve a great range of structural, metamorphic, and magmatic processes collectively called “orogenesis’.  Broadly contemporary Neoproterozoic orogeny affected rocks along strike south of the Arabian-Nubian Shield, and these rocks together with the Arabian-Nubian shield make up the continental-scale Neoproterozoic East African-Antarctic Orogen (Stern, 1994; Jacobs and Thomas, 2004) (Fig. 1-11), the largest and best exposed tract of juvenile Neoproterozoic crust on Earth.  The orogen extends some 7500 km south from Ethiopia and Somalia, along the eastern margin of Kenya and Tanzania, through the coastal regions of southern Africa, across Madagascar and the western margin of Australia, into the western margin of Dronning Maud Land (Antarctica).  The orogen is defined primarily in terms of the age of its Neoproterozoic-Early Cambrian metamorphism and deformation, not the ages of its constituent rocks, which span the vast period of geologic time from Archean to Neoproterozoic.  The rocks of the Arabian-Nubian Shield, at the northern end of the orogen, are mainly Neoproterozoic; but farther south, in Tanzania and Mozambique, the orogen contains Mesoproterozoic, Paleoproterozoic, and Archean rocks that were intruded and reworked by melting, metamorphism, and deformation during the Neoproterozoic, as well as juvenile Neoproterozoic rocks, a period of orogenesis broadly referred to as the “Pan-African orogeny”.  

FIG 1-11 ABOUT HERE EAST AFRICA-ANTARCTIC OROGEN

The orogen is a large collisional zone fundamental to the amalgamation of Gondwana (Collins and Windley, 2002).  It developed during a Neoproterozoic supercontinent cycle spanning the break-up of Rodinia and the creation of Gondwana (Fig. 1-12; 1-13), a cycle of geologic history that entailed the convergence of disparate cratonic blocks comprising East and West Gondwana and the closure of the intervening Mozambique Ocean by subduction of oceanic crust.  Moderate extension and exhumation in the Arabian-Nubian Shield unroofed granitoid plutons and exposed greenschist- to amphibolite-facies metamorphic rocks.  More intense extension and exhumation farther south, in the classic region of the Mozambique Belt, revealed granulite and eclogite, as did 15-20 km exhumation in the Antarctic extension of the orogen in Dronning Maud Land (Engvik and Elvevold, 2004).    The orogen remained intact until dispersal of Gondwana in the early to middle Jurassic, and is now represented by fragments of Pan-African orogenic-belt rocks preserved in the Arabian, Africa, Australian, and Antarctic plates.  Contemporary Neoproterozoic orogenic belts were present in greater Gondwana at the end of the Precambrian as the result of similar events of crustal accretion (e.g., Bertrand and Caby, 1978;  Grunow, 1998; Abdelsalam and others, 2003)  (Fig. 1-14).

FIG 1-12 ABOUT HERE SUPERCONTINENT CYCLE

FIG 1-13 ABOUT HERE AMALGAMATION GONDWANA

FIG 1-14 NEOPROTEROZOIC BELTS IN GONDWANA 

The Mozambique Ocean–the ocean created by the break-up of the Rodinia supercontinent–was the origination site of the intraoceanic and continental-margin juvenile volcanic arcs that make up the Arabian Shield.  It was closed by a process of subduction and arc-arc collision, which resulted in the suturing and amalgamation of disparate arcs (terranes) and their deformation and metamorphism.  Subsidence of the neocraton newly formed by terrane amalgamation resulted in the formation of post-amalgamation sedimentary and volcanic basins unconformable on the amalgamated terranes.  Anatexis, probably driven by crustal thickening, led to the emplacement of vast amounts of late- to posttectonic granitoids in the shield.  (“Anatexis” is the Latin form of a word derived from Greek meaning "to melt down", and refers to the differential, or partial, melting of middle and lower continental crustal rocks.  Anatexis is particularly involved in the formation of high-grade metamorphic rocks such as migmatite and is a common source of large amounts of late- to post-tectonic granite magma). Ongoing shortening forced the orogen to extend north and south, resulting in tectonic escape, and the collapse and exhumation of the orogen.  

The earliest suggestions that high-grade metamorphosed rocks in East Africa marked the collision zone between East and West Gondwana (Dewey and Burke, 1973) came about following the delineation of the Pan-African Mozambique Belt of Holmes (1951).  Greenwood and others (1980) pointed out that the rocks of the Arabian Shield appear to be the northern extension of a late Precambrian zone of deposition and deformation in the Mozambique Belt.  Berhe (1990) demonstrated that ophiolite-decorated north-trending shear zones extend from Northeast Africa into East Africa, and it is now generally accepted that the Mozambique Belt and the Arabian-Nubian Shield are along-strike correlatives.  The combined orogenic belt was named the East African Orogen (Stern, 1994), but it is now realized that the orogenic belt extends even farther south to include Neoproterozoic deformed belts in Southern Africa and Antarctica.  This larger structure, consequently, is referred to as the East African-Antarctic Orogen (Fig. 1-11).  Ongoing structural, geochronologic, and tectonic investigations permit correlations among widely separated parts of the orogen.  Collins and Windley (2002), for example, recognize tectonic units in Madagascar that can be correlated with units much farther north.  The Antananarivo block of central Madagascar is part of broad band of pre-1000-Ma continental crust that extends north into Somalia and eastern Ethiopia and possibly correlates with the Pre-Neoproterozoic terranes in Yemen and the Khida terrane in Saudi Arabia, forming a crustal block referred to Azania (Collins and Piskarevsky, 2005).  Azania It is sandwiched between two suture zones that are believed to mark convergent zones in the Mozambique Ocean.  The eastern suture connects the Al-Mukalla terrane (Yemen), the Maydh greenstone belt (northern Somalia), the Betsimisaraka suture (east Madagascar) and the Palghat-Cauvery shear zone system (south India).  The western suture extends the Al Bayda terrane (Yemen) through a change in crustal age in Ethiopia to the region west of Madagascar.

The term Pan-African derives from work by Kennedy (1964) who recognized that Africa contains cratons and mobile belts that became clearly differentiated toward the end of the Precambrian into the early Cambrian and referred to the this period as the “Pan-African Thermo-Tectonic Episode”.   The Pan-African was later redefined by Kröner (1984) to encompass a longer period of orogeny between 950 Ma and 450 Ma.  The Pan-African, in this sense, is found in many parts of Gondwana, not just in Africa.   It is a broad term that covers the effects of Neoproterozoic thermal disturbance as well as active deformation and metamorphism, and because the belts of rock that show these effects are known throughout Gondwana the term is commonly modified as the Pan-African and Brasiliano orogenic(mobile) belts.

The East African-Antarctic Orogen is a Pan-African belt because it came into being during the orogenic events that accompanied the ~630-530 Ma collision of East and West Gondwana.  It should be noted, however, that the term refers to the effects of orogeny and that only some, not all, of the rocks involved in the orogenic event are Neoproterozoic in age.  Neoproterozoic rocks make up most of the Arabian-Nubian Shield, are extensively exposed in southern Ethiopia and Kenya, but have limited exposure in Tanzania and Madagascar.  On the western flank of the orogen in East Africa and Mozambique, the East-African-Antarctic Orogen is known as an orogenic event that structurally and metamorphically reworked older rocks in conjunction with the thrust emplacement of Neoproterozoic crust.

From a global perspective, the history of the East African-Antarctic Orogen can be thought of as the history of a cycle of supercontinental break-up and reassembly of the type illustrated in Fig. 1-12.  The cycle began with the rifting of the Rodinia Supercontinent, the all-encompassing global landmass that existed between 900 and ~750 Ma (Fig. 1-15).  Break-up of the supercontinent led to the creation of ocean basins, including the Mozambique Ocean, which is the ocean of primary concern for the story of the Arabian shield (Stern, 1994: Collins and Piskarevsky, 2005).  Evidence of Rodinia rifting is preserved in sedimentary rocks that appear to have been deposited in passive margin and extensional environments in Kenya and Sudan.  The rocks are difficult to date, but are believed to be older than 750 Ma.  Amphibolite-facies mafic and ultramafic rocks in Tanzania are placed in a similar early rift environment as are 790 Ma mafic-ultramafic complexes in Madagascar.  The oldest ophiolitic rocks in the Arabian-Nubian Shield suggest that rift-related igneous activity began about 840 Ma, consistent with the age of the rift-related Arbaat group in Sudan (790 Ma) (Abdelsalam and Stern, 1993; Johnson and others, 2003).   It is likely that small blocks of continental crust separated from larger cratonic blocks of Rodinia during the rifting process, and are the source for Archean and Paleoproterozoic microplates now incorporated into the Arabian-Nubian Shield. 

FIG 1-15 ABOUT HERE RODINIA

The Mozambique Ocean contained possible oceanic plateau (Stein and Goldstein, 1996) and rifted microplates of pre-Neoproterozoic continental crust and, after the onset of subduction, became the site of formation of juvenile arc and back arc terranes (Al-Shanti and Mitchell, 1976; Camp, 1984) marking the next stage in the supercontinent cycle. Direct evidence of Mozambique Ocean crust is not preserved, but the abundance of ophiolitic complexes in the Arabian-Nubian Shield and rare examples in Kenya are significant evidence for the formation of local oceanic basins.  Most ophiolites have a supra-subduction geochemical signature (Church, 1986) and likely formed in arc, back-arc, or fore-arc settings.  They are associated with calc-alkaline and tholeiitic plutons, bonninitic lavas, pyroclastic rocks, and immature volcaniclastic and sedimentary deposits indicative of the onset of subduction.

Subduction-driven convergence of oceanic material within the Mozambique Ocean resulted in the development of ophiolitic nappes, some of which are far travelled, fold-belts, and ophiolite-decorated sutures.  The oldest suture in the Arabian Shield is about 780-760 Ma (the Bi’r Umq); the youngest about 600 Ma (the Al Amar fault zone).  Common greenschist and amphibolite facies assemblages indicate burial to mid-crustal depths (200-800 Mpa; 200-600°C) during orogeny in the Arabian-Nubian Shield but an abundance of granulite exposures in the southern part of the East African Orogen indicates burial to depths of 15-45 km, interpreted as the result of crustal overthickening during continent-continent collision.  The nappe (thrust) structure of the East African-Antarctic Orogen is well known in East Africa, where allochthonous sheets of Pan-African arcs and reworked Paleoproterozoic and Archean rocks are thrust west over Archean footwall (Fig. 1-16) (Cutten and others, 2006; Fritz and others, 2005).   Nappes in the Arabian-Nubian Shield are less well known.  But a large north-directed nappe may be present in the Eastern Desert accounting for the Gerf ophiolite complex 100-200  km north of the Sol Hamed-Allaqi suture.  Smaller, not well-mapped nappes occur in the southern part of the Arabian Shield in the vicinity of Al Marjardah and in the Al Wajh gold district (Johnson and Offield, 1994).  It is likely that thrusting was a more important structure than is apparent in the Arabian Shield.  Oblique transpression and thrusting were common early in the process of terrane amalgamation and arc-arc collision, but the effects are obscured because thrusts were mostly tilted by subsequent rotation and crop out as steeply dipping to subvertical, ophiolite-decorated shear zones.  Such may be the origin of the Bi’r Umq-Tharwah shear zone that forms the suture between the Jiddah and Asir terrane (Blasband, 2006; Hargrove 2006; Johnson and others, 2003; Wipfler, 1996).  Arc-arc collisions between 780-640 Ma gave way to an arc-continent collision at about 630 Ma and eventually to complete amalgamation of the crustal blocks of East and East Gondwana. The resulting orogenic belt comprises composite tectonostratigraphic terranes, arc-arc sutures, post-amalgmation basins, and vast areas of evolved granitoid intrusions.  It shows the effects of multiple periods of folding, shearing, metamorphism, and uplift, and a terminal, end-Neoproterozoic event of orogenic extension, collapse, gneiss dome exhumation, and profound regional erosion leading to the pediplain that characterizes the contact between the Arabian-Nubian Shield and overlying Lower Paleozoic sandstone (Fig. 7-25).

FIG 1-16 ABOUT HERE THRUSTS EAST AFRICA

1.8    Supercontinents

The term “supercontinent” refers to the periodic appearance during geologic time of large landmasses, created by the convergence and amalgamation of older, pre-existing continental cores or cratons welded to flanking belts of deformed and metamorphosed younger rocks.  Strictly speaking the term implies a single landmass.  Such landmasses may have existing between ~1.9-1.8 Ga, 2.9-2.2 Ga, and even earlier (Rogers and Santosh, 2004; Piper, 2003).  The supercontinents that bracket the history of the Arabian Shield are Rodinia, Pannotia, and Gondwana.  The largest supercontinent of all time, Pangea, formed and broke-up during the Phanerozoic.  The supercontinents, by definition, encompass most of the Earth’s landmasses, but in many cases, one or more cratons failed to fully amalgamate and remained as separate plates, isolated from the main continental mass.

The supercontinent cycle–the amalgamation and dispersal of continents–is the converse of the Wilson cycle.  The Wilson cycle, named for J. Tuzo Wilson, one of the leaders in the development of plate tectonics, describes the periodic opening and closing of ocean basins, such as the Paleozoic opening of Iapetus, followed by the Mesozoic opening of the Atlantic.  The supercontinent cycle, alternatively, describes the periodic assembly and breakup of vast landmasses incorporating most or all of the Earth’s plates.  Although the exact mechanism is debated, it is likely that the amalgamation phase of a supercontinent cycle, since at least the Neoarchean, has been driven by plate tectonics, and the dispersal phase may have been driven by mantle plume activity.  Whether plate-tectonics in the sense used to describe present-day plate movements applied to the Archean crust is uncertain.  Other mechanisms may have caused continental material to converge and amalgamate early in Earth history (Condie and Pease, 2008).

The concept that the present-day continents have drifted apart from a larger, more encompassing continental mass, and the corollary that supercontinents existed periodically through geologic time, has a long history.  Over 400 hundred years ago, the Dutch cartographer Abraham Ortelius suggested that Africa, the Americas, and Europe were formerly joined and were separated as a result of floods and earthquakes.  More famously, Alfred Wegner, a German meteorologist and astronomer, published papers and books between 1912 and 1928 arguing that the present-day continents had separated from a single massive supercontinent.  The “opening shot in a revolution that would change the way geologists thought about the earth”, as commented by Rogers and Santosh (2004, p. 3), came with the 1912 publication by the paper Wegner titled “Die Entstehung der Kontinente” (The origin of the continents) in the recently founded journal Geologische Rundschau.  The idea of a supercontinent was not unique because many geologists had noted identical fossils of pants and animals and similar rocks formations in different continents now separated by oceans, and accounted for these relationships in terms of land-bridges that linked the continents but were subsequently submerged.  But Wegner gave the idea substance by presenting detailed evidence of a widespread distribution of Permo-Carboniferous glacial deposits in India, Arabia, Madagascar, Antarctica, Australia, Africa, and South America, of apparent continuity of mountain belts between different continents, and of indications for similar paleoclimate belts in now widely separated regions of the earth and, radically, argued that continents had moved apart.  Notable British and South African contemporaries, such as Arthur Holmes and Alexander Du Toit, supported Wegner’s idea, but many other geologists and geophysicists strongly opposed the concept (as many geoscientists did in the 1960s in regard to the concept of Plate Tectonics because it involved a radical re-thinking of geologic processes) because Wegner could not demonstrate a satisfactory mechanism to move the continents.  As a consequence, universal acceptance of the concept of continental (plate) movements and their periodic convergence as supercontinents did not emerge until the development of Plate Tectonics in the 1960s which provided a framework for thinking about mobility on the Earth’s surface. 

Joining up mountain belts, fossil provenances, and paleoclimate belts is still a valid method of establishing the fit of continental masses, as is the more recent use of geochronologic and isotopic provenances, but the predominant method for recreating the paleogeography of supercontinents through geologic time is paleomagnetism.  Paleomagnetism is used to determine paleopole positions for the various suspected components of the supercontinents and thereby constrain their best fit with each other.  Unfortunately, paleopole data are not always reliable or systematically available for all continents through all of geologic time, and constraints on the configurations and movements of continual fragments during breakup and assembly of supercontinents are commonly weak to highly contentious.  Recent papers debating the geometry and make up of Rodinia and Gondwana, and illustrating some of the problems inherent in the use of paleomagnetic and faunal data, include Cocks and Torsvik (2002); Meert (2002); Condie (2003); Pisarevsky and others (2003); Meert and Torsvik (2003); Meert and Liberman (2004); Gray and others (2007); and Meert and others (2007). 

1.9    Rodinia

The supercontinents relevant to the story of the Arabian Shield are Rodinia, Pannotia, and Gondwana.  The Rodinia supercontinent is a reasonably well known crustal arrangement (Fig. 1-15) that assembled following breakup of an enigmatic Neoarchean-Paleoproterozoic supercontinent.  The existence of a late Mesoproterozoic-middle Neoproterozoic supercontinent was first suggested by Dewey and Burke (1973) to account for 1100-100 Ma Grenville mobile belts present on several continents.  Supporting evidence was the relationships among successions of rocks deposited in passive-margin settings and mafic dike swarms that suggested a late Proterozoic breakup of a larger continent.  However, the primary evidence is paleomagnetic data acquired from many of the continents.  The name Rodinia was given to the supercontinent in 1990 (McMenamin and McMenamin, 1990) after the Russian word rodit (= give birth to).  Rodinia began to form at about 1.3 Ga by the convergence and collision of three or four pre-existing continental masses, and existed as a supercontinent until about 750 Ma.  Early continental collision between the constituent blocks of Rodinia resulted in the Grenville orogeny, now represented by orogenic belts preserved in parts of eastern North America, Amazonia, Antarctica, and Australia.  The supercontinent began to break up between 950 Ma and 750 Ma following collision with the Khalahari, Congo, and Sao Francisco cratons, setting the stage for the creation of the Mozambique Ocean and the onset of arc activity leading to the development of the Arabian Nubian Shield.     

Different reconstructions of the Rodinia exist in the geologic literature depending on the preferred paleopoles used to govern plate locations and the preferred correlations of structures and rocks (tiepoints) between plates: Fig. 1-15 is a classic interpretation, based on work by Daziel (1997) and Torsvik and others (1996) and summarized by Meert and Lieberman (2008).  Details of the how the continental masses were arranged and broke up are debated (e.g., Scotese, 2009; Pisarevsky 2008; Bogdanova and others, 2008; Li and others, 2008), but all models envisage Laurentia (the continental mass that forms the old crust of North America) at the core of the supercontinent, with other cratons on its margin.  The east coast of Laurentia (US, Canada, and Greenland) (present-day geographic coordinates) is adjacent to the west coast of South America (the Rio Plata and Amazonia cratons), and Australia and Antarctica.  This model is referred to as the SWEAT reconstruction (SW US-East Antarctic).  Africa and southeastern South America (Kalahari, Congo, and Sao Francisco cratons) were at a remove from the rest of Rodinia.   In other models (e.g. Pisarevsky and others 2003) Australia is juxtaposition with southwest Laurenita – the AUSWUS arrangement— and Antactica is not a single block.  It is generally agreed that the Congo (Tanzanian)-Sao Francisco (CTSF) land mass was not in contact with Rodinia until the Neoproterozoic, but lay to the west, separated from Rodinia by an ocean.

Intracratonic rifting affected the Rodinia supercontinent from about 1100 Ma onward, although fragmentation of the supercontinent enough to form new ocean crust did not occur for another 250 million years.  The earliest rifting events, perhaps driven by a buildup of heat beneath the vast continental land mass and the impact of mantle plumes on the base of the continental crust, resulted in extension and the eruption of tholeiitic flood basalt in the 2000 km long Mid-continent Rift System (1108-1086 Ma) in Laurentia, and approximately contemporary extension in Baltica and Siberia.  Break-up, in the sense that fragments rifted and drifted away, began about 950 Ma, following collision between the Kalahari and Congo cratons at about 820 Ma and collision of the Congo-Sao Francisco continent with Rodinia at about 750 Ma, and continued to about 550 Ma (Fig. 1-13).  This caused the rifting away of East-Antarctica-Australia-India (proto-East Gondwana) and south China, and enlargement of the Mozambique Ocean, which may have partly long exisisted as ocean between Rodinia and the Kalahari-Congo-Sao Francisco blocks or was newly created by 870-800 break-up of Rodinia, as suggested in Fig. 1-11.   During the early Neoproterozoic, the Mozambique Ocean lay between India, East Antarctica, Kalahari, Congo, and Sao Francisco.  Onset of subduction within the ocean led to formation of the oceanic arcs that dominate the juvenile crust of the Arabian-Nubian Shield.  Subsequent convergence of East Gondwana and the Kalahari-Congo-Amazonia-West African cratons (West Gondwana) closed the ocean and created the Pan-African-Brasiliano orogenic belts, of which the East-African-Antarctic Orogen is the most notable in terms of length and excellence of preservation. 

1.10    Pannotia  

Pannotia was an enigmatic short-lived supercontinent that came into existence at the end of the Neoproterozoic (Fig. 1-17) as a result of the reassembly of fragments of Rodinia (Scotese, 2009).  It was first described by Dalziel (1997) and is alternatively referred to as the “Vendian supercontinent” or “Greater Gondwana” (Stern, 1994) because Gondwana lay at its core.  The assembly of Pannotia was polyphase and extended over a period of about 100 million years, although the exact paleogeographic relationships among its constituent blocks are debated.  The reconstruction illustrated in Fig. 1-17 shows Pannotia centered on the southern pole with the region that eventually became the East African-Antarctic Orogen at a high southern latitude of about 30°S.  Pannotia did not last long before being breaking into the four principal Paleozoic continents Laurentia (North America), Baltica (northern Europe), Siberia, and Gondwana.  But it was during the assembly of Pannotia, partly as a result of the subduction and closure of the Mozambique Ocean in the region between India, Madagascar, East Antarctica, Kalahari, and Congo-Sao Francisco, that the constituent blocks that eventually made up East and West Gondwana converged along the axis of what became the EAAO (Fig. 1-11).  Toward the end of the Precambrian (~560 Ma), Laurentia and Baltica drifted away from Pannotia forming the Iapetus and Tornquist Seas.  The remaining core constituted the Gondwana supercontinent, which survived for millions of years into the Phanerozoic.
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1.11    Gondwana

Gondwana emerged out of Pannotia toward the end of the Neoproterozoic and achieved its final geography by the complete closure of the Mozambique Ocean and the development of the East African-Antarctic Orogen as the suture between the converging East and West Gondwana parts of Pannotia.   Deformation and metamorphism along this suture zone was intense, altering juvenile Neoproterozoic arcs and passive margin deposits and reworking Paleoproterozoic and Archean rocks on the flanks of and beneath some of the Neoproterozoic rocks.  The effects of orogeny at the join between East and West Gondwana were widespread and merged with the effects of deformation and metamorphism in other Pan-African orogenic belts throughout Gondwana.  As is shown in Fig. 1-14, these other orogenic belts form a network that wrap around the cratonic nuclei of the supercontinent.   The West African craton is encircled by the Anti Atlas, Ougarta, Pharusian, Tuargeg, Gorma, and Dahomeya belts on the east, and the Mauretania, Bassaride, and Rokelide belts on the west.  Other orogenic belts in Gondwana include those associated with the closure of an ocean along the southern margin of the Congo craton resulting in the Kuungan, Damran, and Brasiliano orogenies.  The Kuunga (and Lufilian) Orogeny affected the region between the Congo-Tanzanian craton and the Kalahari craton and extended east between the Indian and East Antarctic shields.  The Damran Orogeny affected the southwestern part of the Tanzanian craton and the region between the Congo and Kalahari cratons.

Gondwana itself has been thought of as a geologic entity since the late 1800s, when geologists working in the southern hemisphere realized that the fossil flora and fauna in the Paleozoic strata of South America, South Africa, Madagascar, India, and Australia were very different from that of the northern hemisphere, and that the southern hemisphere continents shared indications of a major Permian glacial event.  Once the concept of continental drift was developed, the various continents in the southern hemisphere came to be considered as pieces of a former single “supercontinent”.  It was named Gondwana Land, then Gondwanaland, and nowadays, Gondwana, after a sequence of nonmarine sedimentary rocks in India named by Medlicott and Blandford (1879) for the ancient empire of the Gonds in central India (Rogers and Santosh, 2004).  This sequence was characterized by the fossil plant Glossopteris, which became the signature fossil of correlative sequences in the southern hemisphere.

It is generally accepted that Laurentia, Baltica, and Siberia were never parts of Gondwana, although they were parts of the immediate preceding supercontinent of Pannotia.  Separation between Gondwana and Laurentia during the Cambrian lead to the development of the Iapetus Ocean and the northern margin of Gondwana faced an ocean – the proto paleo-Tenthys.  The exact timing of the assembly of Gondwana is the subject of ongoing debate, but available data suggest that the process was multiphase, and at least two periods of orogeny affected the region that became the Arabian Shield and EAAO (Collins and Pisarevsky, 2005).  An older period, between about 750-620 Ma, involved the assembly of arc terranes in western Arabia and Northeast Africa and oblique continent-continent collision between a collage of continental blocks including parts of Madagascar, India, and East Africa and east Africa (Kenya-Tanzania).  This resulted in the East African Orogen.  A younger orogeny, 570-530 Ma, resulted from the oblique collision of Australia and part of East Antarctica with the crustal units amalgamated during the East African Orogen.  It was during this timeframe that the Arabian-Nubian Shield was completely amalgamated, with closure of the ocean basin in which the Abt formation and Al Amar arcs formed, a collisional event referred to by Al-Husseini (2000) as the Amar Collision, although Al-Husseini envisages collision occurred between 640-620 Ma rather than the younger  timeframe of 570-530 Ma suggested by more recent geochronology.

1.12    Pangea

Gondwana was a coherent supercontinent by the end of the Precambrian, but soon after began to be affected by subduction along its southwestern margin, and by extension and rifting along its northern and northeastern margin, namely in the area of the Arabian-Nubian Shield.  These changes to the paleogeography of Gondwana were stages in the drift of tectonic plates that led to the formation of the Paleozoic-Mesozoic supercontinent of Pangea that was possibly the largest such crustal unit to ever exist.  During this process, the bulk of Gondwana endured as a coherent crustal block.   Pangea itself existed during the Paleozoic and Mesozoic, attaining its maximum packing at about 250 Ma (Rogers and Santosh, 2004), the name referring to the existence of a supercontinent that appears to have encompassed virtually all the known continental masses in the world (from the words παν, pan, meaning entire, and Γαῖα, Gaea, meaning Earth in Ancient Greek).  The growth of Pangea is not relevant to the deformational and metamorphic orogenic history of the EAAO, but is crucial to understanding the post-orogenic history of the EAAO.  The assembly of Pangea provides a global framework to explain Paleozoic extension and rifting that affected Gondwana and specifically accounts for Cambrian extension that controlled the early Paleozoic phase of Najd faulting and the development of salt deposits in rift basins in eastern Arabia, India, and Australia.  The history of Pangea likewise gives an explanation for Ordovician glaciation in Saudi Aabia, and accounts for the presence of Gondwana fragments (peri-Gondwana terranes) in Eurasia and North America.

A possible model for Pannotia breakup, the survival of Gondwana, and the eventual formation of Pangea is illustrated in diagrams adopted from Rogers and Santosh (2004) and shown in Fig. 1-18.   At about 580 Ma (Fig. 1-18A), Pannotia was in the process of completing assembly and starting to break up with convergence in the Mozambique Ocean leading to the assembly of East and West Gondwana.  Concurrent drift away of Laurentia from of South America lead to the development of the Iapetus Ocean.  By 550 Ma (Fig. 1-18B), Gondwana assembly was virtually complete, and Laurentia and Baltica existed as separate continents.  During the Ordovician (Fig. 1-18C), Gondwana was in a high southern hemisphere position at or close to the South Pole (hence the Ordovician glaciations known in Saudi Arabia) and the Avalonian and Cadomia peri-Gondwana terranes had separated from Gondwana and were about to collide with North America and Baltica (Europe).  The Cimmerian continent was probably attached to Arabia and India and began to drift away in the middle Permian-Triassic.  By 250 Ma (Fig. 1-18D), Pangea had come into existence–Gondwana was in the southern hemisphere; Arabia was at mid-latitudes and Antarctica was positioned over the South Pole;  Laurentia and the Precambrian regions of Eurasia had moved into the northern hemisphere; the Avalonian and Cadomian peri-Gondwana blocks had collided with eastern North America and southern Europe;  and the Cimmerian terranes were rifting away from Gondwana.
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Pervasive break-up of Pangea, driven by mantle-plume activity, began in the Early-Middle Jurassic (Bumby and Guiraud, 2005) with the opening up of the Atlantic Ocean, followed in the Cretaceous by the separation of Africa, South America, India, and Antarctica/Australia.  In Africa, the break-up of Pangea was associated with extensional or transtensional stresses that propagated south from the divergent Tethyan margin of Gondwana (Bumby and Guiraud, 2005; Catuneanu et al., 2005) and led to the formation of basins and deposition of the Karoo sediments and the emplacement of a mantle-plume related mafic-dike swarm.  Following the break-out of India, Africa was left as a remnant continent.  During the past tens of millions of years, however, even the African continent has been affected by the inexorable plate-tectonic movements of the Earth’s surface and convection in the mantle.  It is in the process of breaking up, with the separation of the Arabian Plate starting at about 30-25 Ma, and active extension along the East African Rift, which will likely lead to the separation of east Africa from central Africa.  A similar process may even be at work in Arabia, with extension along the axis of the larger Cenozoic basalt fields in western Arabia, the Makkah-Madinah line evidenced by a north-trending zone of volcanic vents and fissures along the axis of the erupted basalts.     

1.13    Limits of the Arabian Shield

Geographically, the margins of the Arabian Shield are unconformable contacts with Phanerozoic rocks on the north, east, south, and west.  However, the rocks of the shield do not stop at these contacts, but extend down dip beneath the Phanerozoic of the Arabian Platform.  As a consequence, a fundamental question debated for many years is how far juvenile Neoproterozoic “shield-type” rocks extend beyond the margins of the exposed shield.

The growing geochronologic and isotopic data set for Precambrian rocks in Arabia and Northeast Africa goes a long way to helping to resolve this issue of the Neoproterozoic continental accretion rate by providing greater insight into the definition of what is meant by the “margins of the Arabian-Nubian Shield” and its possible location.  Details of geochronology and isotopic systematics of the shield are given in Chapter 3 but, anticipating some of these details, the general results are shown in Fig. 1-19.  As shown in the figure, juvenile Neoproterozoic crust extends throughout most of the exposed Arabian-Nubian Shield.  A western margin of the composite Arabian-Nubian Shield is reasonably well defined by contacts with the Saharan Metacraton in the vicinity of the Nile; a more enigmatic southeastern margin is inferred in Somali, Ethiopia, and Yemen; but the eastern and northern margins are unknown.  Some authors (e.g. Shackleton, 1996) draw a boundary between juvenile shield rocks and East Gondwana along the line of the Afif terrane, but the evidence is not definitive and an eastern margin for the shield in this location is debated.
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The western margin of the Arabian-Nubian Shield is the contact with the Saharan Metacraton (Abdelsalam and others, 2002), a region of high-grade gneisses, migmatites, and supracrustal rocks in northern Africa between the Nubian Shield, on the east, the Tuareg shield, on the west, and Congo craton, on the south, with which it may have collided ~640-580 Ma (Collins and Pisarevsky, 2005).  The metacraton is largely covered by a Phanerozoic succession that thickens toward the present-day Mediterranean Sea, and basement rocks crop out only in scattered discontinuous exposures.  Geochronologic and isotopic data indicate that the metacraton is heterogeneous, comprising pre-Neoproterozoic crust that was intensely remobilized by deformation and intrusion during the Neoproterozoic as well as Neoproterozoic juvenile material (Kuster and others, 2008).  The basement rocks are referred to as a “metacraton” because the region acted neither as a classic stable craton nor as a classic mobile belt during the Neoproterozoic orogenic cycle that created the Arabian-Nubian Shield, the Tuareg shield, and the other Neoproterozoic orogenic belts present in Gondwana.  Previous names for all or parts of these basement rocks are the Nile craton (Rocci, 1965), Saharan-Congo craton (Kroner, 1977), Eastern Sahara craton (Bertrand and Caby, 1978), and Central Sahara ghost craton (Black and Liégeois, 1993), but the term Saharan Metacraton is gaining general acceptance. The oldest known rocks in the Saharan Metacraton are Archean charnockite (2617±221 Ma, Rb-Sr age; Klerkx and Deutsch, 1977) at Jebel Uweinat at the border between Egypt, Sudan, and Libya and Archean-Paleoproterozoic gabbroic anorthosite immediately east of Uweinat (2629±3 Ma, 2063±8 Ma; Sultan and others, 1994).  Most of the rocks in the metacraton have strongly negative εNdt values and Archean to Mesoproterozoic Nd model ages (Harms and others, 1990).   Its contact with the Arabian-Nubian Shield is exposed in northern Sudan where the Atmur-Delgo belt is thrust southeast over pre-Neoproterozoic basement of the Bayuda Desert.  The Atmur-Delgo belt was formed by the opening and closing of an aulocogen-like oceanic re-entrant extending west from the Mozambique Ocean, and represents the westernmost exposures of the contiguous Nubian Shield.  The contact continues along the eastern side of the Bayuda Desert, where pre- to very early Neoproterozoic crust composed of >900 Ma biotite-muscovite gneiss, biotite-garnet schist, and mica schist, amphibolite, and hornblende gneiss (the Rahaba-Absol terrane) belonging to the Saharan Metacraton, are overthrust from the northeast and east by 800-900 Ma high-grade metamorphic rocks belonging to the Nubian Shield (Küster and Liégeois, 2001; Küster and others, 2008).  To the north, a contact is inferred between the Bir Safsaf-Gebel el Asr area and the Ediacaran granites of Aswan.  The Bir Safsaf-Gebel el Asr area consists of tonalitic and granitic gneiss that probable had early- to middle Proterozoic protoliths but yield Neoproterozoic Rb-Sr whole-rock ages and were intruded by 560-620 Ma I-type granitoids.  They represent pre-Pan-African basement rocks of the Saharan Metacraton that were extensively reworked during the Neoproterozoic.  The Aswan exposures consist of late Neoproterozoic granite.  The granite has elevated radiogenic lead contents and the granites may have had input of continental material, but in other respects they are typical Nubian Shield Ediacaran granites. 

The eastern margin of the Arabian-Nubian Shield is less well established.  Basement in northern Somalia includes high-grade polymetamorphic units of paragneiss, migmatite, felsic orthogneiss, amphibolite, marble, and kyanite-quartzite, and lower-grade volcanosedimentary sequences intruded by gabbro and syenite (Kröner and Sassi, 1996).  The rocks are divided into complexes, five of which are mainly derived from sedimentary protoliths and two are mostly plutonic in origin.  207Pb/206Pb dating of single zircon xenocrysts using the evaporation method indicates that the western part of this basement consists of remnant Paleoproterozoic and Mesoproterozoic crust dating between ~1820 Ma and ~1400 Ma, Neoproterozoic Pan-African granites, and Neoproterozoic supracrustal deposits (Qabri Bahar, Mora, and Abdulkadir complexes).  These rocks were affected by Pan-African deformation and metamorphism dated between ~840 Ma and ~720 Ma and together make up a basement of strongly reworked pre-Pan-African crust and younger Neoproterozoic crust.  Similar rocks occur in the Harar region of eastern Ethiopia, and appear to be present in the Burr are of southern Somali (Kroner and Sassi, 1996).   Low- to very-low-grade metasedimentary and metavolcanic rocks in the eastern part of the Somalia basement (the Inda Ad and Mait complexes), in contrast, are interpreted as entirely late Neoproterozoic supracrustal rocks that were deformed and intruded by granites between ~630 Ma and 500 Ma.  Overall, the data suggest that the basement in Somalia and eastern Ethiopian is a collage of Archean to Paleoproterozoic continental crust reworked during the Neoproterozoic and Neoproterozoic volcanic, sedimentary, and intrusive rocks.  The collage is located between typical juvenile rocks of the Arabian-Nubian Shield to the west and other juvenile Neoproterozoic rocks to the east.  Unfortunately, the contact between continental and juvenile rocks on the northwest is concealed by the Phanerozoic rocks of Ethiopia; the contact on the east is more precisely located at the contact between the Inda Ad/Mait complexes and the Qabri Bahar complex (Kroner and Sassi, 1996). 

A similar composite crustal domain is present in the Arabian Peninsula in southern Yemen and is reasonably correlated with the Somalia basement as parts of a formerly continuous crustal unit, now separated by rifting in the Gulf of Aden.  The composite character of the Yemen basement is demonstrated by U-Pb dating and Nd and Pb isotope data (Whitehouse and others, 1998; Whitehouse and others, 2001; Windley and others, 1996), which indicates that the exposed rocks are a collage of low-grade island-arc Neoproterozoic terranes and early Precambrian gneissic terranes that were re-worked during the Neoproterozoic.  The Al Mahfid terrane has belts of migmatized orthogneiss containing amphibolitic dikes of several generations alternating with two generations of supracrustal rocks.  Gneiss samples are characterized by highly negative εNd0 values ranging from -19.3 to -39.8, late Archean Nd model ages (~2.7-3.0 Ga), U-Pb SHRIMP Neoproterozoic ages of about 750 Ma for zircon grains as well as zircon rims, and late Archean SHRIMP ages of about 2.5 Ga for some cores and individual grains.  The data suggest that the Al-Mahfid terrane contains old continental crustal material between ~2.94-2.55 Ga, was affected by a major magmatic event at ~2.55 Ga that generated gneiss, by metamorphosed during the Neoproterozic, as recorded by zircon rims of  ~900 Ma and 760 Ma, and intruded by 760 Ma granitoid sheets.  The Abas terrane consists of amphibolite-facies orthogneiss and rhyolitic, schistose, and amphibolitic supracrustal rocks.  Samples have Nd model ages of 1.3-2.3 Ga and negative present-day εNd0  values ranging from -18.2 to -5.0.  U-Pb single zircon SHRIMP dating gives preferred results of 754±13 Ma for a granite orthogneiss and 765±16 Ma for a foliated gray gneiss, and reveals a single 2.6 Ga zircon core.  It appears therefore that the Abas terrane also had input of late Archean material, although but to a lesser degree than the Al-Mahfid terrane, and underwent similar Neoproterozoic metamorphic reworking and the emplacement of ~760 Ma granitic sheets.  The Al Bayda terrane, situated between the Abas and Al Mahfid terranes, contains greenschist-grade island-arc volcanic rocks and ophiolites.  Granitoids and diorite yield Nd model ages of 2.87 Ga-2.00 Ga, but basalt dikes have Ar-Ar ages of 700-600 Ma, and the terrane is interpreted as a juvenile Pan-African arc.  The old model ages may exist because the arc rocks assimilated substantial amounts of ancient crust or the arc itself contains fragments of older continental material.  The easternmost basement rocks exposed in Yemen (the Al Mukalla terrane) are believed to be an entirely juvenile Neoproterozoic volcanic arc.  Contacts between the terranes in southern Yemen are major structural discontinuities and they are interpreted as an alternation of early Precambrian gneissic domains and late Proterozoic island-arc domains that were accreted together to form an arc-gneiss collage contemporary with accretionary events in the main part of the Arabian-Nubian Shield.  Strictly speaking, the collage does not define an eastern margin of the shield because the continental domains could well be far travelled allochthons or rifted fragments of older crust adrift in the Mozambique Ocean.  However, the significant population of ancient zircons obtained from a wide range of rocks in different locations across this collage, and indications that even the Neoproterozoic Al-Bayda terrane may be underlain by ancient material suggests that the Yemen exposures had significant Archean sources and may be in proximity to continental crust.  With regard to correlations across the Gulf of Aden, the Bayda and Al-Mukalla terranes have counterparts in the juvenile Neoproterozoic rocks of the Mait and Abdulkadir complexes, and the Al-Mahfid terrane correlates with the Qabri Bahar-Mora complexes (Whitehouse and others, 1998, 2001).

Speculation about an eastern margin of Arabian-Nubian Shield-type juvenile Neoproterozoic rocks in Saudi Arabia focuses on the geologic significance of the Khida and Ar Rayn terranes and requires consideration of the provenance of the Precambrian rocks intersected in drill holes on the Arabian Platform and exposed in Oman.  The Khida terrane is a triangular area at the eastern margin of the exposed shield.  It was first suspected on the basis of common lead studies, which indicated that rocks in the eastern part of the Arabian Shield have a component of older continental lead in contrast to rocks elsewhere in the Arabian Shield that have lead of oceanic character.  These two classes of lead isotopes were designated Type I, for juvenile oceanic leads, and Type II for continental leads (Stacey and others, 1980).   The Type II leads have radiogenic 207Pb/204Pb and 208Pb/204Pb characteristic of evolved continental crust.  Subsequent lead studies indicated that particularly evolved continental leads, termed Type III by Stoeser and Stacey (1988), were concentrated in a small region of the eastern Arabian Shield.  The same region yielded a Paleoproterozoic U-Pb age for granodiorite at Jabal Khida (Stacey and Hedge, 1983) and a suggestion of Paleoproterozoic zircon in garnet-sillimanite gneiss farther west (Stacey and Agar, 1985), although the Stacey and Hedge Paleoproterozoic age from Jabal Khida is now revised to a Neoproterozoic age (see Chapter 6 for details).  On this basis, it was proposed that evolved pre-Neoproterozoic continental crust underlay the region and it was termed the Khida microplate (Stacey and Agar, 1985), Khida basement (Stoeser and Stacey, 1988) and Khida terrane (Stoeser and others, 2001).   The early lead isotope work that outlined the terrane is supported by ongoing geochronology work, which indicates the presence of intact Paleoproterozoic rock at the surface (Whitehouse and others, 2001; Stoeser and others, 2001).  Elsewhere in the terrane, the surface rocks are mostly Cryogenian arc assemblages and late Cryogenian to Ediacaran granites, but they contain lead isotopes indicating a significant input of continental material.  It has become commonplace to suggest similarities between the Khida terrane and the continental terranes in Yemen (Windley and others, 1996; Whitehouse and others, 1998, 2001), which that implies that the Khida terrane is part of a block of continental crust that appears to extend from Somali along the eastern side of the exposed shield.  Stoeser and Frost (2006) propose, in fact, that the Khida terrane is the northwesternmost portion of an Arabian Craton underlying the central and southern part of the Arabian Peninsula and was part of the East Gondwana continent.  Collins and Pisarevsky (2005) treat the same rocks as part of a belt of Archean and Paleoproterozoic crust in the eastern part of the East African Orogen in Madagascar, Somalia, Ethiopia, and the Arabian Plate, referred to as Azania.

Farther north in the Arabian Shield, in the Ar Rayn area, northeast of the Khida terrane, the rocks have Neoproterozoic crystallization ages but a complex isotopic signature that may be interpreted with more than one result.  The Nd, Pb, and Sr isotopic data collectively suggest that the crust of the northeastern part of the exposed Arabian Shield is somewhat more evolved than the juvenile oceanic crust that characterizes the shield to the west (Stoeser and Frost, 2006).  It may be that the mantle and lithospheric source region for magmatic melts in the northeastern shield were enriched relative to the west or that the eastern arc terranes were contaminated by continental cratonic material at the time of magma generation.  Support for the latter interpretation is provided by the presence of Archean and Paleoproterozoic zircon xenocrysts in a wide variety of rocks across the region (see Chapter 4 for details).  Furthermore, the arc-rocks of the Ar Rayn terrane, the easternmost terrane of the exposed Arabian Shield, have geologic, structural, and metallogenic characteristics analogous to an Andean continental-margin arc (Doebrich and others, 2007).  On the basis of variations in the magnetic anomaly patterns across the eastern margin of the shield Johnson and Stewart (1995) proposed that a continental block, perhaps part of East Gondwana, lay beneath the Arabian Platform east of the Ar Rayn terrane.  Such a continental block would fit with the geologic and metallogenic data described by Doebrich and others (2007), except that Doebrich and his colleagues envisage the Ar Rayn arc lay above a subduction zone dipping beneath a continental block made up of terranes in the shield to the west.  Another geologic feature that needs to be considered is that the Ar Rayn terrane and the associated Ad Dawadimi terrane appear to coincide with a prominent magnetic contact and boundary between the structural pattern observed over most of western and southern shield (the main region of juvenile Neoproterozoic crust in western Saudi Arabia) and the structural pattern in the basement of the Arabian Platform (Stern and Johnson, in press).  This boundary marks the leading, westward edge (a suture?) of a crustal block marked by the Ar Rayn terrane but possibly underlying much of central Arabia (Al-Husseini, 2000).  The boundary is consistent with the presence of a crustal block beneath central Arabia that is different to the crust making up the main part of the Arabian Shield, but whether such a block is pre-Neoproterozoic is doubtful.  

The northern limit of Neoproterozoic juvenile crust in western Arabia is likewise unresolved.  Exposures of typical shield rocks extend as far north in Jordan as lat 30°40’ N.  North of this limit, the crystalline basement is concealed by Phanerozoic cover.  However, as far as can be determined, crystalline basement extends as far north as the Bitlis-Zagros.  Lower crustal and upper mantle xenoliths collected from Cenozoic basalt over the Arabian Shield and in Jordan and Syria are consistent with the presence of Neoproterozoic basement throughout the region (Stern and Johnson, in press) and there is some geophysical evidence that the Ad Dawadimi and Ar Rayn terrane, and the crustal boundary they represent, project north to the Bitlis zone (see, for example, Sharland and others, 2001).

1.14    Peri-Gondwana domains

At the present time the Arabian Plate is in contact with Eurasia along the Bitlis-Zagros collision zone, and a simple interpretation would suggest that this contact is a natural northern limit for Neoproterozoic juvenile crust of the type found in the Arabian Shield.  Paleogeographic considerations, furthermore, would suggest that the northern edge of the Arabian Plate was the effective limit of juvenile crust throughout the Phanerozoic because during the Phanerozoic Arabia was located close to the northern margin of Gondwana, and juvenile rocks of the Arabian-Nubian Shield at the northern end of the East African-Antarctic Orogen continuously faced an open ocean.  However, the situation is complicated because the ocean at the northern margin of Gondwana was affected by Wilson cycles that successively opened and closed as many as three oceans and blocks of Gondwanan crust were rifted off from Gondwana and accreted to Eurasia.  Thus, the full history of the northern end of the Arabian-Nubian Shield must be sought in allochthonous inliers in the Alpine-Himalayan mountain belt, not at the Bitlis-Zagros zone (Zakariadze and others, 2007).

The exact details of the history of these allochthonous massifs, referred to as peri-Gondwana terranes, is not fully known and many questions and problems remain (see reviews by Cocks and Torsvik, 2002; Ruban and others, 2007; Torsvik and Cocks, 2009).  Along the northeastern margin of Gondwana, the allochthonous massifs originated as a series of fringing units that made up a narrow strip of crust, a ribbon-like continent, referred to as the Cimmerian Plate; crustal units that originated from the northwestern and western margins of Gondwana are referred to as Avalonian and Hun (Cadomian) domains (Fig. 1-20).  These units were separated from Gondwana through episodes of extension and rifting entailing the detachment of Gondwana crustal blocks and their transfer Eurasia and Laurentia (Fig. 1-21).  Avalonian fragments were detached from Gondwana during the Early Ordovician; Hun (Cadomian) blocks and the ribbon-like Hun Supercontinent were detached during the mid-Silurian.  The Cimmerian terranes separated during the middle Permian-Triassic from Gondwana, which was by then part of Pangea, as the ribbon-like Cimmerian Supercontinent (Ruban and others, 2007).  The mechanism of detachment and incorporation into Eurasia reflects a complex history of plate movements during the late Precambrian and Phanerozoic and involves the completion of the break-up of Rodinia, the break-up of parts of Gondwana, and the assembly and break-up of Pangea (Nance and others, 2002; Neubauer, 2002).

FIG 1-20 ABOUT HERE PERIGONDWANA DOMAINS

FIG 1-21 ABOUT HERE TECTONIC EVOLUTION OF HUN (CADOMIAN) TERRANES

The existence of detached Gondwanan crust in Laurentia and Eurasia has been suspected for many decades but is now known with confidence on the basis of geochronologic, isotopic, tectonothermal, and paleontologic investigations along the eastern margin of North America, the Alpine belt of southern Europe, the Balkans, Turkey, and interior Iran (e.g., Nance and Murphy, 1996; Friedl and others, 2000; Zeh and others, 2001;Kalvoda, 2001; Murphy and Nance, 2002).    

The peri-Gondwana terranes that may have originated closest to the present day Arabian-Nubian Shield are in the Transcaucasian Massif of Georgia, as well as the Carpathians, Balkans, and Iran in the Eurasian Plate, and parts of Greece, and Turkey in the Anatolian Plate.  The Transcaucasian rocks include Neoproterozoic-Early Cambrian ophiolites and magmatic-arc assemblages made up of metabasalt, gneiss, and migmatite, and a gabbro-diorite-quartz diorite intrusive suite dated between 804 Ma and 540 Ma.  They define a Neoproterozoic-early Cambrian island arc complex that is reminiscent of arc rocks in the Arabian-Nubian Shield.  The arc rocks were detached from Gondwana during the early Paleozoic, during rifting along a Gondwanan passive margin, became involved with a subduction zone dipping north beneath a southern margin of Eurasia, and were part of the southern Eurasian continent by the Early Carboniferous (~350 Ma) (Zakariadze et al., 2007).   Peri-Gondwana domains that may have originated from crust similar to that of the Arabian-Nubian Shield are exposed in many parts of Iran (Stöcklin, 1968; Hassanzadeh and others, 2008).   At the present time, these rocks are northeast of the Zagros Thrust and tectonically belong to the Eurasian plate, but may originally have been extensions of Gondwana, transferred to Eurasia as part of the rift-separation of the Cimmerian plate from Gondwana.  Ediacaran-Cambrian granites in southeast Turkey, in the Anatolian Plate, have U-Pb crystallization ages of 545 Ma and 531 Ma (Ustaömer and others, 2008).   They are contemporary with other granites in western Anatolia and northwest Turkey, and to crustal rocks in Iran.  The tectonic setting of these rocks is debated.  Ustaömer and others (2008) infer that the magmatic units and their host rocks are fragments of an active Andean-type margin bordering the northern margin of Gondwana, perhaps an eastward extension of Hun (Cadomian) activity.  The Andean-type margin reflected subduction along the northern margin of Gondwana during the Early Paleozoic and following its final accretion.  Ruban and others (2009), conversely show no subduction zone along this part of Gondwana during the Lower Paleozoic and treat the Middle East region as part of the passive margin of Gondwana until the middle Permian-Triassic when Cimmeria started to rift away causing the opening of the  Neo-Tethys Ocean.

Peri-Gondwana terranes in Central and Western Europe and in eastern North America, represent crustal blocks detached from the oceanic margin of West Gondwana (Amazonia and West Africa).  Among these crustal blocks, Avalonian terranes originated as 1.3-1.0 Ga and 750-650 Ma juvenile crust (magmatic arcs) during subduction along the margin of West Gondwana, and Cadomian type terranes originated by the recycling of 2-3 Ga ancient crust of West Africa.  Avalonian terranes are now recognized in Mexico, the Carolinas, New England and Newfoundland in North America, and in parts of Bohemia (Central Europe).  Following subduction driven collision, they were accreted to Gondwana about 650 Ma, were separated subsequently from Gondwana during the Early Ordovician, and were accreted to the eastern margin of Laurentia during the Late Ordovician-Early Silurian (Nance and others, 2002).  Cadomian type crustal units are found in Spain and southern France, North Amorica, Central and Eastern Europe (Neubauer, 2002; Murphy and others, 2004).  The Cadomian terranes in North America are characterized by predominantly negative εNd values and yield Sm-Nd crustal model ages of 1.9-1.0 Ga (Nance and Murphy, 1996).  These isotopic features are similar, for example, to the Eburnian granitoids of the West African basement (Nance and Murphy, 1996).  The western Avalonian terranes, in the New England, Nova Scotia, and Newfoundland, in contrast, have strongly positive εNd values and yield 1.1-0.8 Ga depleted mantle model ages.  The Nd evolution of West Avalonia does not overlap the evolution of the Cadomian terranes, consistent with their inferred derivation from basements of differing ages. 

Cadomian terranes are present in Spain (the type are of Cadomia), Amorica or Brittany (France), the Bohemian Massif, and in the Alps and Carpathian Mountains.  Because the Pan-African rocks that make up the domains are massifs within the larger Hercynian/Varascan and Alpine orogenic belts and have been affected by polyphase deformation and metamorphism, it is sometime difficult to distinguish the Pan-African rocks.  The Cadomian domain in the Ossa-Morena zone of Southern Spain comprises a ~600 Ma volcanic arc that developed outboard of western Gondwana (Eguiluz and others, 2000).   The arc contains metabasalt, volcaniclastic successions, and a gabbro-diorite intrusive suite.  The rocks went through stages of backarc extension, tectonic inversion, crustal thickening, and cratonization, before being detached from Gondwana by continental rifting that transferred the Cadomian Pan-African rocks to the Hercynian/Variscan belt of southern Europe.  A similar history applies to Cadomian elements in Central and Eastern Europe–volcanic arcs formed at a subduction zone dipping beneath the margin of Gondwana, were affected by Early Paleozoic rifting and back-arc spreading, and were transferred to the northern margin of Paleo-Tethys and incorporated in new orogenic belts in Europe (Neubauer, 2002).

....................................................................................................................................................

The identification of peri-Gondwana domains throughout Eurasia and the eastern North American continent is a reminder of the dynamic nature of the Earth’s crust, and sets the scene for the chapters that follow in this book.  The Arabian Shield originated at active margins in the Mozambique Ocean; was assembled by the convergence of island arcs and continental blocks; and was affected by near and distant plate-tectonic driven orogenies.  Since the Oligocene, rifting has separated the Arabian Shield from its extension in the Nubian Shield; and collision along the Bitlis-Zagros zone marks the onset of what may well be the eventual incorporation of the Arabian Shield into Eurasia.  The Arabian Shield is the product of the dynamic Earth; what follows are some of the details of this dynamic creation.
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