CHAPTER 6
Magmatic arcs and plutons
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Nearly two thirds of the rocks exposed at the surface in the Saudi Arabian part of the Arabian Shield consist of magmatic rocks.  They make up belts of volcanic rocks and calc-alkalic intrusions identified as the arcs that constitute the bulk of juvenile crust in the shield, and vast arrays of granitic plutons that characterize late-to posttectonic events in the shield.  The magmatic rocks of the shield are one of the main records of crustal growth in the Mozambique Ocean, are unambiguous examples of the results of Precambrian plate tectonics, are dominant elements in the architecture of the Precambrian basement of western Saudi Arabia, and are the host to polymetallic sulfide, gold, silver, tin, tungsten, rare-earth-element, chromium, titanium, and PGM mineral occurrences.  
…………………………………………………………………………………………………

Magmatic rocks, those that result from the formation of magma and its emplacement in the crust as volcanoes, volcanic-derived sediment, sills, dikes, plutons, and batholiths, are the dominant feature of the Arabian Shield.  They include the oldest and youngest rocks in the shield, encompass volcanic arcs and posttectonic plutons, and range from relatively unevolved basalts to highly-evolved specialized granites.  The magmatic rocks have figured significantly in the models for the growth of the Arabian Shield since the earliest recognition that most of the older magmatic rocks are the result of magmatism above subduction zones and represent juvenile additions to the crust. They are the result of magmatism at active margins during the process of arc convergence and collision and are exemplified by tholeiitic to calc-alkaline volcanic and tonalite-trondhjemite-granodiorite (TTG) plutonic assemblages typical of island arcs.  Subsequent magmatism in the shield comprised large volumes of granite, reflecting a petrologic and tectonic transition from TTG to plagioclase- and alkali-feldspar- rich granitoids, and the effect of genetic processes such as melting of thickened post-collisional continental crust, residual subduction, and alkaline A-type magma generation under conditions of within-plate extension during the terminal orogenic events associated with the creation of the Arabian-Nubian Shield.  Similar to the ongoing worldwide debate about granitoid origins, however (Pitcher, 1993; Young, 2003; Bonin, 2007), the precise mechanisms of magma generation in the Arabian shield, the relationship between magma generation and tectonic environments, and the nature of the association between temporal variations in granitoid lithologies and stages in the orogenic development of the Arabian Shield are not settled.  Key issues involve the extent to which the granitoids originated by fractional crystallization of mafic magmas, or partial melting of juvenile lower crust (Jarrar and others, 2006); the relationship between felsic rocks and co-magmatic mafic alkaline suites; and the petrogenetic significance of adakitic magmatic rocks that are being increasing recognized in the shield.   Related questions concern the extent to which magmas were generated in a subduction setting or formed in within-plate extensional settings.  A resolution of this debate depends on the greater acquisition of information about detailed chemistry and isotopes composition, more systematic robust age dating, and a more refined understanding of the structural setting of plutonic rocks in the shield.      
 Magmatic rocks constitute about 60 percent of the exposed shield in Saudi Arabia.  Of this number, more than 40 percent consists of plutonic rocks (Table 6-1) and about 20 percent (or two-thirds of the layered rocks) consists of volcanic and volcaniclastic formations (Johnson and Al-Subhi, 2007).  Among the plutonic rocks, granitoids predominate (26 percent), of which most are granite (monzogranite and syenogranite) (15 percent).  Plagioclase-rich granitoids (granodiorite) make up nearly 8 percent of the shield, and evolved alkali-feldspar granite nearly 3 percent.  The intermediate and mafic plutonic rocks cover together about 14 percent, with tonalite and trondhjemite making up 6.7 percent, dioritic rocks 5.5 percent and gabbroic and syenitic rocks just over 2 percent.  Arc-related volcanic and plutonic assemblages crop out throughout the shield (Fig. 6-1), but are particularly abundant in the south and west.  Granitic batholiths and plutons, on the other hand, dominate the northwestern, northeastern, and eastern parts of the shield (Fig. 6-2), and gneisses characterize the southeastern part of the shield (Fig. 6-3) and northwest-trending faults of the Najd fault system.  To place these percentages in context, granitoids are the most abundant rocks in the Earth’s upper crust, forming about 86 volume percent of the upper continental crust.  Granite also occurs in small amounts in the lower continental crust, oceanic crust, upper mantle, and meteorites (Bonin, 2007).  
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The literature on magmatic rocks in the Arabian Shield is very large.  The objective of this chapter is not to give details about all the magmatic rocks of the shield, but to focus on selected areas where reasonably uptodate information is available and to highlight particular issues and outstanding questions.  The section on Arabian Shield Arc Rocks includes, for completeness, brief comments on most arc assemblages but particular arcs are selected for more extended discussion covering both extrusive and intrusive arc components.  The section on Plutonic Rocks focuses on late- to posttectonic intrusive systems in the shield.
It has long been known that the felsic plutons in the Arabian Shield can be divided into an older “calcalkalic series” of late Tonian-Cryogenian diorite, quartz diorite, tonalite, trondhjemite, and granodiorite and a younger group of Cryogenian-Ediacaran granites (Brown and Jackson, 1960; Greenwood and others, 1973; Stoeser and Elliott, 1980; Ramsay and others, 1986).  The older series typifies the juvenile magmatic arcs–the product of subduction ; the younger granites typify late- to posttectonic plutons that were emplaced subsequent to typical island-arc formation.  In terms of ages, the late- to posttectonic plutons are mostly Ediacaran in the north of the shield and late Cryogenian to Ediacaran in the south.  The reason for this granite diachroneity is not certain, but it may reflect an earlier cessation of subduction, orogeny, and magma generation in the south than in the north because of earlier scissor-like convergence of East and West Gondwana in the south than the north (Kusky and Matsah, 2003).  This explanation is not, however, fully satisfying because farther south in the EAAO, in Madagascar and Tanzania, orogeny (metamorphism, deformation, and magmatism) continued until as late as ~520 Ma (Collins, et al., 2001) in an area where a scissor-like convergence should have already frozen subduction.

6.1    Subduction

The fundamental juvenile magma-producing regions on Earth are (1) hot spots, created by mantle plumes, (2) mid-ocean ridges, associated with plate separation and mantle upwelling; and (3) asthenospheric mantle melting in the hanging wall of subducting crust.  The initial applications of plate tectonics to the shield in the 1970s noted the similarities between the volcanic, volcaniclastic, and sedimentary assemblages and associated pre- and syntectonic intermediate plutonic rocks and Cenozoic subduction-related magmatic arcs described from the Circum-Pacific “Ring of Fire” (Al-Shanti and Mitchell, 1976).  Studies of mafic-ultramafic complexes and their identification as ophiolites led to models of back-arc basin development in arc complexes (Bakor and others, 1976).  Examination of the structural relationships among ophiolites and belts of volcanic rocks led to the concept that the shield is divided into segments by ophiolite zones or sutures, with the implication that the shield is built up of generations of juxtaposed volcanic arcs (Frisch and Al-Shanti, 1977).  A large body of geologic information has been acquired in the shield during the subsequent 30 years, resulting in detailed knowledge about ophiolites, sutures, volcanism, and plutonism.  It is remarkable however, that many of the issues considered by the early workers are still problems today, such s questions about the number of subduction zones that created the shield rocks, the direction of dip of the subduction zones, the trajectories of arc convergences, and the tectonic interpretation of regions such as the Abt formation, which has been interpreted as both a forearc and back-arc, begging the question that, if a forearc, where is the arc it relates to.
There has also been, concurrently, a vast increase worldwide in knowledge about the subduction process and its expression in magmatic rocks.  This, in turn, provides the basis for more refined interpretations of the rocks of the shield, a better understanding of the tectonics of the shield, and the beginning of answers to outstanding questions and problems.  Important reviews of subduction and associated magmatism are by Harris and others (1986), Hamilton (1988, 1995), Bebout (1996), and Condie and Pease (2008), and the reader is referred to these for details about the historic background to the development of plate tectonics.  Much of the following paragraphs are based on Stern (2002).
Subduction zones are the descending limbs of mantle convection cells (Fig. 6-4).  It is now understood that the driving force moving lithospheric plates is not “push” from mid-ocean ridges where mantle is upwelling, but the gravitational “pull” of relatively cool, and therefore dense, oceanic lithosphere sinking into the mantle.  It is also now appreciated, furthermore, that oceanic lithosphere does not slide down a fixed slot but that oceanic slabs sink more steeply than the inclinations of the Wadati-Benioff seismic zones which define transient positions of the slab (Hamilton, 1995) with the result that subduction hinges roll back into oceanic plates.  Subduction zones extend deep into the Earth.  The progress of the sinking slab can be traced by planar arrays of earthquakes sources (Wadati-Benioff zone) that dip away from the trenches where oceanic crust begins to subduct and extend down to about 670 km or the limit of brittle conditions.  Tracing subduction zones to greater depths can be done using seismic tomography based on the acquisition of seismic velocity information from ray paths that cross the depths of the Earth’s mantle to compile a three dimensional model of relative velocity.  Regions of anomalously fast velocity correspond to the positions of cooler subducted slabs within the mantle, and regions of slow velocity to the warmer mantle above and below.  In this way subducted lithosphere can sometimes be traced to the mantle/core boundary at a depth of about 2885 km.
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Subduction is a process–the sinking of oceanic lithosphere into the mantle.  The result are complex thermal, chemical, kinematic reactions that are expressed at surface by plate movements, the creation of distinctive topography on the ocean floor and adjacent land, and the generation of magmatic arcs.  There as several interrelated ways of categorizing subduction zones and arcs.  One approach is to focus on the character of the converging plates, leading to the well known, three end-member convergent-margin classes of oceanic-oceanic convergence, oceanic-continental convergence, and continental-continental convergence (Fig. 6-5).   Transform faults–another important type of plate boundary shown in Fig. 6-5–are not associated with arc formation.  Transcurrent faults are associated with granite magmatism, however, because the steeply inclined deep-reaching shear zone may tap and provide pathways for the ascent of magmas generated by some unrelated subduction process or by melting as a result of crustal thickening induced by the shearing (Hutton and Reavy, 1992).  Divergent margins, not illustrated here, are the site of magma emplacement at mid-ocean ridges and in back-arc basins because of mantle upwelling. 
FIG 6-5 ABOUT HERE PLATE MARGINS
Another approach to categorizing subduction zones is to examine the strain regimes manifested behind a magmatic arc.  These regimes may be dominated by extension leading to the development of back arc basins with rifting or even sea-floor spreading, or dominated by shortening characterized by compressive folding and thrusting.  Seven strain classes are defined by Jarrard (1986), ranging from class 1, the most extreme extensional environment, to class 7, a stongly compressive environment.  A third classification is based on the age and inclination of the subducting material, distinguishing between old, relatively cool, and therefore dense lithosphere that sinks rapidly into the mantle and creates a steep, Mariana type subduction zone, and young, relatively thin, hot, and buoyant lithosphere subducting as a Chilean type with a shallow dip.  Mariana-type subduction zones are strongly extensional (strain class 1) but Chilean-type subduction zones are strongly compressive (strain class 7).  Yet another type of classification of subduction zones is into A- and B-type.  In A-type subduction, continental crust "attempts" to become subducted usually beneath another continental plate.  Because of the low density of continental material, it is generally more difficult to subduct compared to the oceanic crust, and will have a tendency to "rebound" isostatically.  In B-type subduction, the more common type of subduction, and the type that generated the arcs of the Arabian Shield, oceanic crust is subducted beneath a continental or another oceanic plate.

Oceanic crust is typically about 6 km thick and composed of MORB and diabase, underlain by gabbro and gabbro equivalents, with varying amounts of ultramafic rocks.  During the course of subduction the oceanic crust carries water, the presence of which is the most important factor in the eventual generation of new magma, and incompatible trace elements deep into the mantle, where they are recycled.  Sediment on the oceanic crust may also be carried into the mantle, and may be the ultimate source of unusual enrichments and other chemical signatures such as 10Be, K, Sr, Ba, and Th found in arc lavas.   As the subducted slab descends, it is compressed and heated and its mineralogy and volatile contents change and be expelled.  Details of these changes are not well known, but one type of change suggested by laboratory experiments is the modification of olivine (a major component of the oceanic upper mantle) into its high pressure, hydrated polymorph, wadsleyite, at depths shallower than 410 km, then into ringwoodite, and from ringwoodite to perovskite deeper than about 660 km.  A related transformation is the alteration of serpentinite into olivine, orthopyroxene, and water which results in a large density increase and the release of water to facilitate other chemical reactions and induce melting.  Some models envisage that water is released from the downgoing slab continuously to a depth of about 70 km for hot slabs to more than 300 km for cold slabs–the greater depth for the cold slab because of the longer time required for heating.  Other models infer that pressure-sensitive dehydration reactions release water from the subducted slab at specific depths so that water escape is punctuated.  The critical effect of water release is to induce melting, first in the subducted slab itself, and then in the overlying asthenosphere (Fig. 6-6).
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During the early development of plate tectonic theory, it was thought that arc magmas resulted from melting of the slab by frictional heating at the slab/overlying asthenosphere interface.  Later geophysical, geochemical, and isotopic research indicated that most melting (and therefore magma generation) was of mantle peridotite.  Slow subduction of young (<10-20 Ma) warm crust may create conditions under which the crust itself melts, producing adakites, but this is seen as an exception.  The main site of melting is in the mantle wedge, namely that part of the asthenosphere overlying the subduction zone where volatiles released from the downgoing slab mix with the convecting mantle and generate magma and fluids.  A common terminology for this process is the “subduction factory”, referring to the interaction between sinking slab, rising fluids, and moving mantle.  The general parameters of the process are reasonably well known, but many issues are the subject of debate and ongoing research.  Unknowns include the mechanism by which fluid moves from subducted slab across and up through downwelling mantle; the changes to fluid composition that take place during this passage from slab to melt zone; and the mechanism by which subsequent melts rise to the surface.  One factor that is known is the countercurrent set up in the corner of the mantle wedge as a result of “induced convection” resulting from asthenospheric mantle moving with the sinking plate.  Thought by some to be the effect of mechanical drag on the mantle by the downgoing slab, it is now considered to be the effect of cooling and an increase in viscosity in the hanging wall mantle causing the mantle wedge close to the slab to be strongly coupled with the slab.
Finite-element modeling (Davies and Stevenson, 1992) and information about temperatures in the mantle and slab provide by seismic tomography suggest that the temperature profile beneath typical arc volcanoes reaches a maximum of 1000-1100° C at about 80 km then decreases to a minimum at about 120 km as the subducted slab is approached because the slab is cooler than that surrounding mantle (Fig. 6-4).  This means that temperatures are high enough for mantle melting only at a depth of about 80 km, or about 40 km above the subducted slab.  The geometry of the subduction zone shown in Fig. 6-4 means that the region of melting is some 120 km away from the point at which subduction commences.  This distance, referred to as the “arc-trench gap”, varies with the dip of the subducting slab between 100 km and several hundred km; a mean global figure is 166±60 km (Gill, 1981).  An extreme situation arises when the angle of subduction, which is normally about 30°, become very shallow , on the order of 5°.  This is referred to as “flat subduction”.  Flat subduction is operating at several locations on Earth at the present time, such as subduction of the Nazca plate beneath South America, and is believed to have operated in the past, for example during Larimide time (Late Cretaceous) when most of western USA may have been underlain by a subducted slab.  The effect is to enlarge the arc-trench gap by hundreds of kilometers, shifting the site of arc magmatism a long way from the trench.  Another effect may be to couple the slab and overriding plate so as to engender deformation far away from the subduction zone.  Whether flat subduction ever occurred during the history of the Arabian Shield has not been investigated, but is unlikely because known situations of flat subduction are at arc-continent convergent zones.

The surface expression of subduction and melt generation is the arc-trench complex; the “arc is the nurseries where the building blocks of continental crust develop, and trenches define the future sutures where these blocks will be assembled” (Stern 2002, pg. 3-24).  The specific structure of the arc-trench complex depends on whether they are caused by interactions between oceanic plates (intraoceanic or primitive arcs) or between oceanic and continental or continental and continental plates (Andean-type or continental margin arcs).  Oceanic arcs are typically 20-35 km thick (top to bottom), a four to five fold increase of typical young oceanic crust (6 km), whereas Andean-type arcs may be up to 80 km thick, twice the thickness of normal continental crust.  Thickening is the result of shortening and magmatic underplating.  Arcs typically have lifespans of 40-100 million years, and average 97 km wide (d’Ars and others, 1995).
A mature arc can be divided into three parts (Fig. 6-4; 6-6).  The forearc is the region that lies between the trench and the magmatic front (MF in Fig 6-4)–the boundary between low heat flow in the forearc and high heat flow in the arc.  In some arcs, in situations where the sediment on the incoming oceanic plate is more than 400-1000 m thick, the forearc broadens by the addition of material scraped off the downgoing slab and develops an accretionary prism (the Abt formation on the Arabian Shield, for example, is described by some authors as an accretionary prism).  Where sediment is thinner this does not occur.  Accretionary forearcs reflect high sediment input adjacent to or near continental margins.  They form thick forearc basins that may be thickened by underplating of subducted sediment in addition to the frontal accretion of thrust bound packages of sediment.  Nonaccretionary forearcs develop where sediment supply is low, distant from continents.  An important recent insight is that the crust in nonaccretionary forearcs resembles normal oceanic lithosphere and developed at about the same time as initiation of subduction.  Importantly, nonaccretionary intraoceanic forearcs are the closest analogues to supra-subduction zone ophiolites that have been found in any modern geologic environment (Bloomer and others, 1995) and provide an important model for Arabian shield ophiolite origins, as described in the previous Chapter 5 on Mafic-ultramafic complexes, and a setting for the generation of boninitic lavas.
The magmatic arc above the subduction zone can be thought of as a linear array or ribbon of magmatic (plutonic and volcanic) rock created by coalescing point sources of magma.  The resulting structure comprises interfingering volcanic edifices intruded, in the core of the magmatic ac, by plutons and batholiths from underlying differentiating magma chambers (Fig. 6-6).  The back arc is the region behind the magmatic arc, farthest from the subduction trench.  Structure and magmatism in the back arc depends on strain class.  Active extension (strain class 1) is associated with rifting and even seafloor spreading with the emplacement of volcanic rocks and underlying gabbro very similar to that found in mid-ocean ridges.  In high strain back arcs (strain class 6 and 7), crustal shortening and compression lead to the development of fold-thrust belts.

6.2     Arc magmatism

As mentioned above, the principle tectonic settings from the generation of juvenile additions to the crust by the movement of magma to the surface are arcs, mid-ocean ridges, and hotspots.  Magmatic rocks that crystallize in these three environments have particular petrologic, chemical, and isotopic characteristics that distinguish the magmatic products and allow them to be differentiated.  These differences result from the differing mobilities of ions in aqueous fluids.  Elements having large ionic radius, called LILE, or large-ion lithophile elements such as K, Rb, Cs, Sr, Ba, Pb, and U, are transported in such fluids and are quite mobile.  Another group of elements, referred to as high field strength elements (HFSE), are less mobile.

Magmas in arc settings are derived from the partially molten zone above the subducting oceanic crust, and rise as diapirs up through the convecting asthenosphere.  Water carried in the descending slab is released as dense aqueous fluids from the subducted sediments, crust, and serpentinite.  These rise into the overlying asthenospheric mantle where the water forms hydrous phases of mantle peridotite and lowers the melting temperature of the mantle.  Melts form in the partially molten region shown on Figs. 6-6; 6-7, and once sufficient melt is generated to overcome the downward motion of the convecting mantle, coalesce into diapirs of partially melted mantle that rise upward.  The partially melted mantle material ponds at the base of the crust as mafic underplating.   Low pressure fractionation of the mantle peridotite and mafic magma rising to higher levels in the crust, fractionating and assimilating adjacent material, create the typical fractionated and commonly porphyritic and wet arc lavas, characterized by olivine, pyroxene, hornblende, and plagioclase phenocrysts.  Because the crust and lithosphere tend to remain fixed vertically above the region in the mantle that is melting, the magmatic process leads to crustal thickening.
FIG 6-7 ABOUT HERE MAGMATIC PRODUCTS OF SUBDUCTION

Based on their alkali (soda + potash) and silica contents, volcanic rocks fall in one of two main groups referred to as subalkaline or alkaline rocks.  Furthermore, because they are so common, the subalkaline rocks are divided on the basis of their iron content into the iron-rich tholeiitic series and the iron-poor calc-alkaline series.  Subordinate divisions include boninitic and shoshonitic suites, and a special type of arc lava, adakite.  The tholeiitic group characterizes oceanic ridges and the ocean floor and is typified by mafic igneous rocks such as basalt or its plutonic equivalent, gabbro; the calc-alkaline series is characteristic of the volcanic regions of the continental margins (convergent, or destructive, plate boundaries). 
Boninite is a mafic extrusive rock high in both magnesium and silica typically formed during the early stages of subduction by the melting of metasomatised mantle.  The rock is named for its occurrence in the Izu-Bonin arc south of Japan.  It is characterized by extreme depletion in incompatible trace elements that are not fluid mobile (e.g., the heavy rare earth elements plus Nb, Ta, Hf) but variably enriched in the fluid mobile elements (e.g., Rb, Ba, K).  Boninite is found almost exclusively in the fore-arc of primitive island arcs and in ophiolite complexes thought to represent former fore-arc settings.  Boninitic mafic rocks are reported from the Jabal Tays ophiolite by Al-Shanti and Gass (1983) and Cox (2009).    
Adakite, in contrast, when first identified, was believed to be the result of direct melting of subducted crust, rather than being derived indirectly from the region of partially molten mantle above the subducted slab as other arc lavas.  Adakitic melts are unusual also because it is believed that they travel upward to the surface through as much as 100 km of mantle without reacting with or being altered by the mantle.  Adakite was first recognized in the Aleutian Arc (Kay, 1978) and named for a group of silica-rich, type of dacite, lesser andesite, sodic rhyolite, and plutonic rocks characterized by high Sr/Y and La/Yb ratios, and steep REE patterns indicating equilibration with an eclogite (garnetiferous) residue after melting of subducted oceanic crust (Defant and Drummond, 1990).  It was believed by early workers that subduction of young hot lithosphere was critical for the generation of adakite, but it is now known that felsic lavas in equilibrium with garnet may also form by melting or fractionation at the base of thickened arc crust, not only by slab melting (Smithies, 2000).  Adakite may also form in arc settings where unusual tectonic conditions can lower the solidus of older slabs (Castillo, 2006).  Currently, the term “adakite” includes a range of arc rocks derived from pristine slab melt, or adakite-peridotite hybrid melt, or melt derived from peridotite metasomatized by slab melt, and the rocks form a continuum with normal calc-alkaline series rocks (Fig. 6-8).  Adacitic rocks are currently reported in the Arabian Shield as serpenitized dunite close to gabbro in the Jabal Wask ophiolite (Ahmed, 2003), as a TTG intrusive suite at the Jabal Tays ophiolite (Cox, 2009), as a diorite, granodiorite, and granite assemblage with very high Sr/Y ratios in the Al Amar arc in the Ar Rayn terrane (Doebrich and others, 2007), as TTG and volcanic assemblages along the Bi’r Umq suture zone, where an origin by partial melting of the slab is favored  (Hargrove, 2006), and rare adakitic rocks in the Wadi Shwas area of the Asir terrane.   The Bi’r Umq adakitic rocks define a belt 25-50 km south of the suture, suggesting a petrogenetic control such as distance from the fossil trench or above the fossil subducting slab.  An adakitic TTG suite in the Birbir magmatic arc, western Ethiopia, is believed to have formed from a granulitic residue, specifically by water-undersaturated and dehydration partial melting of garnet amphibolite in the pressure and temperature ranges of 8-12 kbar and 800-1000°C.  The depth range of partial melting suggests that the source of the Birbir TTG was newly underplated basaltic crust (Wolde and Core-Gambella Geotraverse Team, 1996).  A similar origin is envisaged for adakitic plutonic rocks in the 640-620 Ma Nakfa intrusive complex, northern Eritrea.  In the absence of subduction of young lithosphere at ~630 Ma (arc volcanism in northern Eritrea occurred around 800-850 Ma), a granulitic lower arc crust is considered the most probable source of the Nakfa granitoid rocks (Teklay and others, 2001).
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The identification of adakite represents a significant progress in the study of arc magmatism because it has enhanced our understanding on the fate of the oceanic slab after it has been subducted into the mantle, and hence the issue of crustal recycling at convergent margins.  More importantly, in the context of a book on the geology of the Arabian Shield, adakite is genetically linked to the majority of known Cu-Au mineralization worldwide.  It is therefore of great interest to economic geologists.  An important compilation of information about the relationship between adakites and gold was compiled by Thiéblemont (2000) and other geologists with the French Bureau de Géologiques et Minières during the course of preparing a review of the geology, tectonics, and metallogeny of the Arabian Shield  (http://gisarabia.brgm.fr), as a plot of locations where rocks of adakitic affinity are associated with gold mineralization (Fig. 6-9).
FIG 6-9 ABOUT HERE BRGM ADAKITIC ROCKS AND ARABIAN SHIELD GOLD  
 6. 3    Actualistic Models for Arabian Shield Arcs 
Contemporary and Cenozoic arc systems provide constraints on modeling arc systems in the Arabian Shield.  One such constraint concerns the size of volcanic arcs in the shield.  Although it cannot be assumed that Neoproterozoic subduction zones had identical dimensions to their modern counterparts, the typical 166 km arc-trench gap, 97 km arc width, and 20-35 km thickness of oceanic arcs are criteria to be considered when interpreting volcanic terranes in the shield.  The Asir terrane, for example, is made up of as many as four structural belts containing arc lavas, volcaniclastic rocks, and midcrustal plutons.  Each belt is 75 to 100 km wide, which is a reasonable dimension if each belt represents an individual arc.  But if the Bidah and Shwas belts, for example, were to be interpreted as parts of the same volcanic arc, their combined width of 150 km would suggest a structural doubling up of an arc.  Another constraint concerns the 40-100 million year lifetime of typical modern and Cenozoic arcs.  Where maximum and minimum age estimates are available, the Arabian Shield arcs would appear to have mostly formed over time periods of 20 to 80 million years (Table 6-2), making them similar to modern arcs.
TABLE 6-2 ABOUT HERE ARCS IN THE SHIELD   
Finally, tectonic models of the Arabian Shield that envisage many separate arcs are readily mimicked by the present day tectonic setting of the Southwest Pacific (Fig. 6-10).  In an area of approximately 6000 km north-south and 6000 km east-west, the interactions between 5 major plates–North American, Eurasian, Philippine, Pacific, and Australian–have created twelve or more active subduction zones.  In some locations, subduction zones form subparallel structures on either side of island chains, as on either side of the Philippines and along the Solomon arc.  In other cases, one subduction zone branches from or joins another, as in the system around Japan.  Some subduction zones are undergoing rapid roll back; others have flipped during the course of 10 or 20 million years, subducting in one direction and later switching to subduct in the opposite direction. All are expressions of the dynamic character of Earth’s lithospheric plates and the convecting mantle.

FIG 6-10 ABOUT HERE SW PACIFIC SUBDUCTION ZONES

The Japanese subduction zones extend 5000 km from the Kuriles in the north to the Philippine Sea in the south.  They are divided in two parts.  The East Japan Arcs include the Kurile, NE Honshu, Izu-Bonin, and Mariana subduction zones, where the Pacific Plate is subduction beneath the North American and Philippine Plates.  The West Japan Arcs include the SW Honshu, and Ryuku subduction zones.  Along this system the Philippine Plate is subducting beneath the Eurasian Plate in the south and the Eurasian Plate is subducting beneath the North American Plate in the north.  The classic trench-volcanic arc-back arc system along the Mariana arc contains the deepest point on the Earth's surface, in the Challenger Deep (-11,000 m).  Subduction initially began at about 50 Ma. A volcanic island arc had formed by the Late Middle Eocene (~44 Ma) and then rifted in the Late Eocene to Early Oligocene. Subsequent spreading, from 29 Ma to 15 Ma, propagated north and south creating the Parece Vela back-arc basin.  At ~9 Ma the arc again rifted, and seafloor spreading in the Mariana Trough back-arc basin, beginning at ~5 Ma, rafted away the remnant arc. Along its northern section, most of the active arc volcanoes are subaerial; south of 16°N they are all submarine.  The central Mariana system is distinctive because the subducting plate is near vertical and back-arc basin spreading is active.  The Solomon Arc is a double system of islands flanked on either side by subduction zones (Tregoning and others, 1998).  Southwestward subduction of the Pacific Plate created the North Solomon Islands in the Eocene-Early Miocene.  Collision of the Java Plateau with the Solomon Arc about 25-20 Ma caused subduction to stop, but subduction may have resumed in the Mid Miocene.  About 10 Ma there was a polarity switch and subduction jumped to the south where the Australian Plate began to subduct northeastward, thereby creating the southern chain of islands.
The Philippines records the superimposition of ancient and present-day collision and subduction zone complexes, with northern Luzon evidencing the initiation of the Early Miocene Manila trench and east-dipping subduction following cessation in the Late Oligocene of west-dipping subduction along the proto-East Luzon trough.  Accretionary complexes in the region developed as a result of converging and rotating plate movements (Yumul and others, 2003).  The Sunda Arc is a classic curved arc system extending 6000 km from Myanmar in the northwest along the southern coast of Indonesia to Irian Jaya in the southeast.  The Indian and Australian Plates are subducting north under the Sunda and Burma Plates, small plates that flank the larger Eurasian Plate. Subduction varies from nearly perpendicular off Java to highly oblique near Myanmar and the thickness of sediments entering the subduction zone ranges from greater than 5 km in the northwest to less than 1 km in the southeast Moore and others, 1980).  Subduction began in the Mesozoic, with these plates subducting beneath the Tethys Ocean.  The system has formed the volcanic islands of Sumatra, Java, the Sunda Strait, and the Lesser Sunda Islands. A chain of volcanoes forms the topographic spine of these islands. Tomographic imaging reveals seismic anomalies beneath the Sunda island arc, Indonesia, that suggest that the lithospheric slab penetrates to a depth of at least 1500 kilometers.  Sediment fed into the Java trench at its northern end is coming from the Bengal Fan, which in turn is fed by sediment derived from the Himalaya via the Ganges and Brahmaputra rivers.  This implies that detrital grains incorporated in sedimentary rocks along the Sunda arc and potentially being assimilated by rising magmas were conceivably derived from sources as much as 4000 km away.  
The Southwest Pacific reveals the complexity of subduction.  Subduction is occurring in many different locations and has been continuing for varying lengths of time for the past 50-30 million years.  Subduction has created broadly contemporary volcanic assemblages that in terms of geologic time are coeval, but from a mapping point of view have different lithologies, structures, and geologic histories and are not correlative.  Subduction may switch polarity or jump, so that arcs may have a subduction zone on either side.  In other cases, subduction is temporarily interrupted or stopped by the attempt to subduct oceanic plateaus.  The application of this complex system as a model for the Arabian Shield is self-evident.  In size, the SW Pacific is possibly similar to what the Mozambique Ocean was; 10,000 km wide (Stern, 1994).  Its system of multiple broadly contemporary subduction zones and converging large and small plates provides a mechanistic model to create the collage of volcanic arcs that make up the Arabian Shield. The variety of mineral deposits generated throughout the SW Pacific system provides models for the VMS, epithermal gold, mesothermal gold, tin, tungsten, and other minerals found in the Arabian Shield. Structural variations along the Pacific subduction zones are preeminent reminders that the trajectory of plate convergence across a trench may range from perpendicular to oblique, setting up a variety of compressional to transpression strain environments in the arc, that the dip of subduction zones may vary from shallow to near vertical, and that subduction zones may be slow moving to rapidly moving depending on the rate of slab sinking and hinge roll back setting up compression or extensional regimes across the arc (Hamilton, 1988, 1995).    
6.4      Khida terrane

The oldest magmatic rocks in the Saudi Arabian part of the Arabian Shield are in the Khida terrane, a subunit of the Afif composite terrane in the east central part of the shield (Fig. 6-11).  The origin of these rocks is not certain, but it is convenient to describe them here in this chapter because they are a critical tectonic unit in the creation of the early Arabian Shield crust that is otherwise dominated by typical arc assemblages.  The Khida terrane is approximately a triangular region with its base at the eastern edge of the shield and its tip some 350 km to the northwest.  Most of the terrane consists of middle to late Neoproterozoic volcanic-arc rocks of the Siham group (described separately below) and the Haml granite batholith.  However, the terrane is uniquely differentiated by Paleoproterozoic granite, anorthosite, and gneiss that crop out at Jabal Khida at the edge of the shield (Fig. 6-11) and by the distribution of elevated Pb isotopes, elevated initial Sr ratios, strongly negative Nd initial ratios, and Paleoproterozoic Nd model ages.  The isotopes are measured in samples from Neoproterozoic surface exposures but imply an underlying expanse of Paleoproterozoic crust (Stoeser and Frost, 2006).  As described in Chapter 4, the Pb isotopes, referred to as Type III, have high 208Pb/204Pb and 207Pb/204Pb ratios.  The ratios are measured in samples of feldspar that crystallized during the Neoproterozoic, but the high ratios indicate that the lead in the feldspars was derived from evolved continental material.  The Jabal Khida area is poorly exposed and existing mapping incompletely delineates the exposures of old rocks; a preliminary geologic map of the Jabal Khida area is shown by Stoeser and others (2001).  It should be noted that not only are the old rocks of the Khida terrane imperfectly known, but ongoing geochronology has revised some earlier stratigraphic interpretations (Whitehouse and others, 2001; Stoeser and others, 2001).  New dating particularly impacts the interpretation of a granodiorite in the region.  The granodiorite was originally dated by Stacey and Hedge (1984) (sample Z-103) and interpreted as either (1) a ~1.7 Ga intrusion or (2) a Neoproterozoic intrusion with a Paleoproterozoic source.  However, redating of the rock indicates that it crystallized at 756±6 Ma (Whitehouse and others, 2001, and D.B. Stoeser, oral communication, 2001) and is unequivocally Neoproterozoic.  Its ~750 Ma age makes the granodiorite contemporary with the Siham arc farther west in the Afif terrane, but the granodiorite is important in the history of geologic research in the Arabian Shield because it originally drew attention to the Jabal Khida area as a site of potential old continental crust.  Age revisions also impact the interpretation of schist and gneiss mapped by Thieme (1988) and Agar (1985) (Surayhah complex, Kabid gneiss) as Paleoproterozoic (2.3 Ga, 2.05 Ga, 1.77 Ga).  New U-Pb information shows that they are actually Neoproterozoic rocks.  The rocks contain Archean and Paleoproterozoic zircons, which affected the conventional dating results and gave spurious old ages, but the rocks contain zircons dated 850-800 Ma, which imply a Tonian-early Cryogenian emplacement age for the now metamorphosed rocks.

FIG 6-11 ABOUT HERE MAPS OF THE KHIDA TERRANE

The oldest rocks in the Jabal Khida area are felsic gneiss assigned to the south Libab gneiss.  Samples of the gneiss contain zircon grains with 2.4-2.1 Ga cores and 1.9-1.75 rims, indicating early Paleoproterozoic protoliths and later overgrowths.  The gneiss is intruded by the Muhayil suite (~1.67 Ga) but went through a period of deformation and metamorphism that generated its gneissic fabric prior to the Muhayil magmatic event.  Most overgrowth rims are dated at about 1800 Ma, which is taken to be the age of the metamorphic event.   The Muhayil granite (originally identified as charnockite by Agar and others, 1992) is a coarse-grained biotite-rich quartz-poor, weakly orbicular meta-alkali feldspar granite.  It is dated at 1675±11 Ma, 1660±10 Ma, and 1668±10 Ma (D.B. Stoser, oral communication, 2001).  The Muhayil meta-anaorthosite is a medium to coarse-grained meta-leuco gabbro.  Soeser and others (2001) consider the granite and anorthosite to be cogenetic and report them as the “first example of an anorthosite-alkali granite… suite…in the Arabian Shield” of the type “common in the Paleoproterozoic elsewhere in the world” (pg. 193).   Schists and gneisses dated at 850-800 Ma extensively crop out along the northern margin of the Khida terrane, adjacent to the Ar Rika fault zone, and as roof pendants in the late Cryogenian-Ediacaran Haml batholith.  They represent a pre-Siham igneous, sedimentary, and metamorphic event in the eastern part of the shield, broadly contemporary with the Makkah arc in the Jiddah terrane and the rocks in the Bidah-Shwas belts in the Asir terrane.  Metasedimentary schists and gneisses yield many Type III lead samples (Fig. 6-11B), contain detrital zircons ranging from 2.6-2.4 Ga and 1.9-1.65 Ga, and have late Archean to late Paleoproterozoic T(DM)  model ages (Fig. 6-11C), indicating erosional derivation from older continental sources such as the Muhayil suite.  Considerable further work is required to accurately delineate the extent of exposed continental crust in the Khida terrane.  The present southwestern boundary of the terrane is an isotopic contact between Type III and Type II/Type I leads (Stoeser and Frost, 2006).     

6.5      Arabian Shield Neoproterozoic Arcs

Arc systems in the Arabian Shield range in age from ~870 Ma to ~625 Ma (Table 6-2).  Some are fragmentary because of reworking or overlap by later arcs and disruption by faulting; some have lost most of their supracrustal volcanic and volcaniclastic portions because of exhumation and erosion; others are virtually obliterated by younger sedimentary and volcanic basins or engulfed by younger granite batholiths.  As described in Chapter 4, the arc rocks record mostly juvenile additions of mantle material to the Arabian crust, although systematic variations in isotope compositions as well as incidences of zircon inheritance, point to variations in the extent to which more evolved continental material entered the arc systems.  Petrologically the arc rocks typically belong to the calc-alkaline basalt-rhyolite series of lavas and a gabbro-diorite-tonalite-trondhjemite-granodiorite (TTG) series of plutons, although there are local exceptions and there is an increasing recognition that arc rocks have adakitic and rare boninitic affinities. 
All arc systems in the shield, to varying degrees, are deformed and metamorphosed.  They are affected by moderate to intense, multiple folding and shearing and are metamorphosed in the greenschist and, locally, amphibolite and granulite facies.  Nonetheless, primary textures are sufficiently preserved in most arcs to identify the protolith lithologies and conventional volcanic, volcaniclastic, and plutonic rock names are widely used in Saudi Arabian geologic reports about the arcs.

The following sections briefly describe representative arcs in the shield dividing them by terrane, commenting on size, character of exposure, lithology and stratigraphy, geochemistry, and tectonic setting as information allows.  For reference purposes, the reader should refer to the terrane model used in this book illustrated in Fig. 10-2. 
6.6     Arcs in the Asir Composite Terrane

Bidah belt

Arc assemblages in the western part of the Asir composite terrane crop out in a north-trending structural zone referred to as the Bidah belt.  Higher-grade volcanosedimentary rocks crop out in the Al Lith area to the west, which may or may not be part of the same arc system that formed the Bidah belt rocks.  The Bidah belt is about 75 km wide and 300 km long and comprises metasedimentary rocks, subordinate metavolcanic rocks, and extensive plutons of mafic to intermediate calc-alkaline rocks assigned to the Buwwah suite (Johnson, 2005).  The complexity and lack of consensus about the stratigraphic terminology for the layered rocks are described by Johnson and Kattan (2008); an important review and new map of the northern part of the belt was prepared in 1989 by BRGM (Béziat and Donzeau, 1989).  Metasedimentary rocks include shale, phyllite, quartzite, ferruginous quartzite, limestone, and wacke.  The volcanic rocks are greenschist-facies basalt, andesite, dacite, and rhyolite flows and tuffs.  Amphibolite, mica schist, and paragneiss are developed where the rocks are strongly metamorphosed.  The assemblage is interpreted by Ramsay and others, 1981) as deposited in a marine basin near an oceanic island arc, but fed with continental-derived quartzofeldspathic distal turbidites.  The concept of a continental source for quartzofeldspathic detritus in what appear to be otherwise typical intraoceanic arc assemblages is a recurring theme in the literature on the geology of the southern shield.  It is mentioned in regard to the Mahanid formation in the southeastern part of the Asir terrane (White, 1985) and the high-Al, quartz-rich, kyanite-bearing Sadiyah formation metasediments of the Al Lith area (Pallister, 1986).  Pallister, for example, models the Sadiyah formation as deposited in a back arc basin developed between the arc rocks of the Bidah belt, referred to as the “Baish volcanic-arc complex” in Fig. 6-12, and a continental crust composed of the African craton.   This model is somewhat unrealistic however, because arc assemblages of the southern Sudanese, Eritrean, and Ethiopian parts of the Nubian shield intervene between the Bidah-Al Lith area and any possible continental crust, for example of the Saharan Metacraton (Fig. 1-19), and no isotopic or inherited zircon data support  the notion of an older component in these rocks (see Fig. 4-6).  The plutonic rocks in the Bidah belt constitute a typical TTG suite, ranging in composition from diorite to granodiorite with local gabbro (Marzouki and others, 1982).  They crop out as elongate, metamorphosed plutons that were deformed together with and are structurally conformable with the enclosing supracrustal rocks.  The mafic-intermediate plutons extend throughout the Bidah belt and include the Dhara, Bidah, Thurrat (Tharad), Shaqqah, and Baljurashi (Biljurshhi) plutons.  All rocks in the belt are strongly deformed. The layered rocks show at least two generations of folds and strong mineral and intersection lineations; the plutonic rocks are locally foliated or altered to mylonitic gneiss and, where sheared, have well-developed S-C fabrics.  The layered rocks are not directly dated.  The plutonic rocks are imprecisely dated by Rb-Sr methods, but the most reliable results suggest crystallization ages of 855 to 815 Ma (Late Tonian to early Cryogenian) (Johnson, 2006).  An Rb-Sr age of 901±37 Ma for the Bidah pluton and a young Rb-Sr age of 744±22 Ma for the Thurrat pluton (Marzouki and others, 1982) are suspect as too old and isotopically disturbed, respectively.   A major sinistral shear zone–conventionally referred to as the Bidah fault zone–traverses the axis of the belt, and VMS polymetallic deposits and gold-bearing quartz veins are abundant along and west of the shear zone.
FIG 6-12 ABOUT HERE PALLISTER MODEL SADIYAH FORMATION

Information about the geochemistry of the arc rocks of the Bidah area is given by Jackaman (1972), Ramsay and others (1981), Roobol and others (1983), Marzouki and others (1982).  Ramsay and others (1981) note a possible bimodal distribution of volcanic rock compositions with a concentration between 45-55 percent SiO2 and other samples >68 percent SiO2 (Fig. 6-13A).  The Bidah suite is compositionally quite immature, and mostly plot in the tholeiite field of the alkali-silica diagram, although Jackaman concluded that they were calc-alkaline tholeiites.  The Bidah lavas have very high Na2O:K2O ratios and plot with a high-soda trend on a CaO-Na2O-K2O diagram, equivalent to trondhjemite (Roobol and others, 1983).  On the AFM diagram, samples mostly plot in the tholeiite field and show marked Fe-enrichment (Fig. 6-13B).  They lavas also plot in the fields of calc-alkaline basalt and low-K tholeiite on the empirical discrimination diagrams of Pearce (1976) (Fig. 6-13C, D).  With regard to their trace elements, Bidah belt metavolcanic rocks are depleted in Nb, Zr, Ti, Rb, Ba, and Sr, and enriched in Cu relative to most common volcanic rocks (Ramsay and others, 1981).  Trace elements tend to be more stable than major elements during metamorphism.   On a Ti/100-Zr-Y*3 diagram, samples plot in the fields of calc-alkaline basalt and MORB (Fig 6-13E).
FIG 6-13 ABOUT HERE BIDAH BELT VOLCANIC ROCKS PLOTS

The plutonic rocks are mainly medium- to coarse-grained hypidiomorphic, and weakly porphyritic (Marzouki and others, 1982), but differ in details on their lithology and chemistry.  The Thurrat pluton, in the eastern part of the Bidah belt, comprises gabbro, diorite, quartz diorite, tonalite, granodiorite, and trondhjemite, although only tonalite and trondhjemite samples show up on the An-Ab-Or diagram in Fig. 6-14A.  The Bidah pluton is predominantly tonalite and granodiorite with subordinate gabbro, diorite, and quartz diorite.  Dike rocks plot in both tonalite and trondhjemite fields.  Chemically, both plutons have a wide range of SiO2; 48-67 percent for the Bidah pluton; 51-72 percent for the Thurrat pluton (Marzouki and others, 1982), although the Thurrat pluton is more alkaline, more sodic, and less potassic than the Bidah pluton.  On an AFM diagram, both plutons plot with a calk-alkaline trend (Fig. 6-14B).  The two plutons have similar lithophile trace elements in their mafic components except Rb is considerably more abundant in the Bidah rocks (Marzouki and others, 1982).   In the more felsic components, Zr, Nb, and Y are greatly enriched in the Thurrat pluton relative to the Bidah rocks.  Four samples analyzed for rare-earth elements show poorly fractionated, similar patterns (Fig. 6-14C), with CeN/YbN ratios of between 1.5 and 3.2, except the felsic Thurrat pluton sample which is considerably more enriched that the other samples, and has a marked Eu negative anomaly indicating fractional crystallization of plagioclase in the source magma.   In summing up the geochemical features of the plutonic rocks, Marzuki and others (1982) conclude that they were emplaced in an immature intra-oceanic island arc setting, particularly in view of the relative abundances of trondhjemite in the plutons that have island-arc affinity of the type outlined by Arth (1979).
FIG 6-14 ABOUT HERE BIDAH PLUTONIC ROCKS PLOTS                                                 
 Shwas and Tayyah belts and An Nimas batholith

The Shwas and Tayyah structural belts are early Cryogenian assemblages of supracrustal greenschist- and local amphibolite-facies volcanic and sedimentary rocks that flank, and are intruded by, the An Nimas batholith, one of the largest calc-alkalic intrusions in the southern part of the shield.  They have a combined width of about 100 km, and north-south strike-length of over 400 km, extending from Harrat Nawasif to the Yemen border.  The An Nimas batholith consists of gabbro, diorite, tonalite, trondhjemite, and granodiorite and is directly dated at 815-795 Ma.   Rb-Sr ages of 721±55 Ma and 666 Ma obtained from Shwas belt volcanic rocks (Bokhari and Kramers, 1981) are in conflict with the batholith ages, and are possibly reset.  Four samples from the belt give a 143Nd/144Nd vs. 147Sm/144Nd model age of 757+256 Ma, which would appear to support the 721 Ma Rb-Sr result, but the geologic significance of the Nd-Sm results is uncertain.  Together, the supracrustal and intrusive rocks make up the An Nimas terrane of Stoeser and Frost (2006).  All the rocks are cut by north-trending dextral and sinistral shear zones, some of which enclose small lenses of serpentinite.

The Shwas belt, west of the batholith, and east of the long-lived Ablah extensional structure, includes andesitic, dacitic, and rhyolitic flows and pyroclastic rocks, abundant volcanic wacke, and subordinate conglomerate and marble.  A recent revision of the stratigraphy of the Shwas belt and clarification of its relationship to adjacent rock units is presented by Donzeau and Béziat (1989).   The belt is notable for VMS-gold deposits, two of which, Al Hajar and Jadmah, particularly their upper supergene weathered zones, are mining projects of Ma’aden.  In conjunction with a geochemical study of a limited part of the Shwas belt between Wadi Shwas and Wadi Surgah, Bokhari and Kramers (1981) divided the rocks into the Shwas formation in the west and the Surgah formation in the east.  Both formations consist of steeply east-dipping to vertical north-south striking volcanic and volcaniclastic rocks that have undergone greenschist facies metamorphism.  The contact between the formations is a fault and their stratigraphic relationship is unknown, although the presence of rhyolite dikes and plugs within the Surgah formation but not the Shwas formation is interpreted by Bokhari and Kramers to indicate the Surgah is the older of the two.  The Surgah formation comprises pillow lavas, agglomerates, tuffs and volcaniclastic sediments ranging from basalt to rhyolite in composition.  The Shwas formation is mostly andesitic to dacitic volcaniclastic deposits.   The Surgah formation exhibits a tholeiitic differentiation trend (Fig. 6-15A) characterized by high Fe concentrations in the andesites and some basalts, whereas the Shwas formation has more of a calc-alkaline fractionation trend (Bokhari and Kramers, 1981).  The basalts and andesites of the Shwas formation have rather uniform Fe/Mg ratios, and their Ni and Cr concentrations are lower and less variable than those in the Surgah formation.   Concentrations of incompatible trace elements in the Surgah basalts are very low, similar to present-day MORB and island arc tholeiites; Shwas formation basalts and andesites have higher concentrations of the type found in calc-alkaline rocks.   Y contents are low in both formations, even in comparison to MORB, and the felsic volcanic rocks (SiO2>57 percent) have low Sr/Y ratios between 3 and 8, other than one sample of andesite dike that has a ratio of 56, which indicates an adakitic affinity for the sample.  Surgah formation samples are depleted in chrondrite-normalized light-REE, and show a positive Eu anomaly for basalts and a negative anomaly in rhyolite (Fig. 6-15B) indicating differing degrees of plagioclase fractionation in the melts.  Shwas formation samples have greater abundances of REE than the Surgah formation and show a slightly enriched light-REE pattern but mostly lack a Eu anomaly.  The low REE abundances and positive Eu anomalies of the Surgah formation basalts possibly reflect an interaction of their magmas with a plagioclase cumulate component.  Otherwise, the volcanic rocks of the Surgah and Shwas formations resemble present-day tholeiitic and calk-alkaline suites.  Bokhari and Kramers (1981) treat the presence of a tholeiitic differentiation trend from basalt to rhyolite and the spatial association of tholeiitic and calc-alkaline rocks as strong evidence of emplacement in an island arc.  The volcanic rocks have strongly positive εNd of +7.5 to +8.9 (Bokhari and Kramers, 1981) indicating no contribution from evolved sources.
FIG 6-15 ABOUT HERE SHWAS DATA  
The Tayyah belt, east of the An Nimas batholith, contains rocks similar to the Shwas belt, but has particular concentrations of pillow basalt that identify discrete volcanic centers.  Along Wadi Baysh, in the southern part of the belt, a thick succession of tholeiitic basaltic flows and spilitic pillow basalt intercalated with minor discontinuous beds of wacke, chert, schist, and marble is the reference area for what is referred to in the literature on the shield as the Baish group.  Sedimentary rocks elsewhere in the belt include quartz-sericite schist, quartz-biotite schist, carbonaceous slate, quartzite, wacke, phyllite, limestone, and dolomite.  Apart from small copper showings in the Bisha-Loralon area (Ransom, 1981; Smith, 1981), the Tayyah belt does not appear to host significant sulfide deposits, but the belt has a concentration of gold-bearing quartz veins in sheared rocks close to the An Nimas batholith.  The sheared rocks are part of the locally serpentinite-decorated Tabalah-Tarj shear zone along the east side of the batholith. 

 Khadra belt and Tarib batholith

The Khadra belt consists of strongly deformed greenschist and amphibolite-facies volcanic and sedimentary rocks, and diorite, tonalite, and granodiorite of the Tarib batholith.  The rocks make up the Al Qarah terrane of Stoeser and Frost (2006).  The supracrustal layered rocks, directly dated by an Rb-Sr isochron at 746 Ma, and the batholith, directly dated by the U-Pb method at 732 Ma and 727 Ma, constitute a middle Cyrogenian volcanic arc, and are considerably younger than the early Cryogenian arc assemblages found in the Bidah, Shwas, and Tayyah belts.  The arc assemblage discontinuously crops out because it is extensively intruded by syntectonic orthogneiss emplaced during the Nabitah orogeny, so that original relationships are disrupted and obscure.  The Nabtiah orogeny arc formation in the region.  The belt is bounded by the Junaynah fault zone on the west and the Nabitah fault zone on the east, a region about 75 km wide and 425 km long. 

The layered rocks include andesite, dacite, pillow basalt, subordinate rhyolite, mafic and felsic tuffs, volcaniclastic wacke, polymict conglomerate, carbonaceous siltstone, shale, marble, and chert.  Amphibolite is present along shear zones and at contacts with granitoid intrusions.  The belt, as well as the Tathlith terrane east of the Nabitah fault zone, are intruded by syntectonic granite, reflecting syntectonic magmatism during the Nabitah orogeny at 680-640 Ma (Stoeser and Stacey, 1988).   Mineralization in the Khadra belt is limited to gold-bearing quartz veins, the Ishmas-Tathlith gold district; magmatic-arc deposits, such as VMS occurrences, are not known.

 Malahah belt 

This belt of rocks, in the southeastern corner of the Asir terrane, is important as a host for massive pyrite-pyrrhotite at Wadi Wassat, the largest sulfide body known in the Arabian Shield (180 Mt pyrite and pyrrhotite), polymetallic VMS deposits at Al Masane and Farah Garan, nickel-rich sulfides at Wadi Qatan, copper-zinc mineralization at Kutam, and a scatter of gold-bearing quartz veins.  The layered rocks are not directly dated, but are intruded by the Tarib batholith (732-727 Ma) and are therefore older than about 730 Ma.
The Malahah belt is a region of complex geology, with large and small isoclinal folding, and numerous north-trending shear zones.  Greenschist-facies metamorphism dominates, but locally, paraamphibolite, paraschist, and paragneiss are present.  In the northeast, basaltic and andesitic flows, breccias, agglomerate, and tuffs interbedded with volcaniclastic wacke, sandstone, conglomerate, and shale are common.  Their trace-element geochemistry suggests that they were generated by oceanic mantle plume volcanism at a possible oceanic rift (A.A. Bookstrom, written communication, 1993).  They host the pyrite-pyrrhotite Wadi Wassat deposit and nickel-rich sulfides at Hadbah.  The southern and western parts of the basin contain abundant dacitic flows and pyroclastic rocks and diabase sills and dikes, felsic pyroclastic and volcaniclastic rocks, largely metamorphosed to quartzofeldspathic sericite schist and chlorite-sericite schist, pyritic carbonaceous wacke and shale, and thick sequences of volcaniclastic wacke with polymict volcaniclastic conglomerate.  The trace-element chemistry suggests that this part of the Malahah basin was generated as a suprasubduction volcanic arc, and it is these rocks that host the polymetallic Al Masane VMS deposit and copper-rich Kutam deposit.

6.7    Tathlith Terrane

The Tathlith terrane is a crustal block east of the Nabitah fault zone.  It is underlain by metavolcanic and metasedimentary rocks assigned by Johnson (2005) to the As Sha’ib group, and by large plutons of syntectonic gneiss.  The layered rocks are not directly dated but their age is constrained by the ages of intrusions.   Flowerdew et al. (2004) report pre-, syn-, and posttectonic intrusions between 660 Ma and 640 Ma, earlier workers reported intrusive ages between 698 Ma and 666 Ma (Stoeser and Stacey, 1988; Cooper and others, 1979), and Johnson et al. (2001) report SHRIMP zircon ages from gneiss of between 640Ma and 650 Ma.  The assemblage is regarded here as middle Cryogenian, and on the basis of its lower εNd(t) values (Flowerdew et al., 2004) and higher metamorphic grades than adjacent rocks, is treated as a distinct tectonostratigraphic terrane.  The layered rocks are mostly isoclinally folded, high-grade amphibolite and paragneiss but greenschist-facies volcanic and sedimentary rocks occur close to the Nabitah fault zone.   The high-grade rocks include hornblende-quartz-feldspar granofels and paragneiss, iron-stained felsic and amphibolitic schists, amphibolite, metatuff, calc-silicate and quartzitic rocks, marble and dolomite, magnetite-bearing cordierite-pyroxene granofels, cordierite-quartz granofels, variably sericitized and chloritized quartz-feldspar granofels, and leucocratic biotite-quartz-feldspar schist and graphitic schist.  The rocks are extensively migmatized in proximity to bodies of orthogneiss and younger granite.  The low-grade rocks include mafic volcanic units and mixed volcanic and sedimentary rocks.  Orthogneisses include strongly foliated granodiorite and monzogranite with subordinate diorite and tonalite.  The terrane is notable for the Ash Sha’ib (Jibal Shiqayb) Zn-Cu prospect contained in a thin succession of quartzofeldspathic gneiss, cordierite-pyroxene hornfels, dolomitic marble, magnetite-cordierite-pyroxene-plagioclase hornfels, wollastonite-calcite “skarn”, and other high-grade sedimentary rocks.  Riofinex (1979) interpreted the prospect as originally disseminated and massive sulfides in shale bands later modified by regional and contact metamorphism.  Sangster and Abdulhay (2005) question this interpretation and suggest the prospect may be a VMS-deposit hosted by sedimentary rocks but rooted in mafic volcanic rocks.  Gold is not reported from Ash Sha’ib but is widespread elsewhere in the terrane as a wide scatter of small gold-bearing quartz veins.
6.8     Arcs in the Jiddah Terrane

The Jiddah terrane contains a fragmentary arc in the south, represented by plutonic rocks of the Makkah batholith and disparate flanking volcanic rocks, and a younger complexly evolving plutonic-volcanic system along its northern margin with the Hijaz terrane, the Bi’r Umq suture.
Makkah batholith

The Makkah batholith is a term formalized by Johnson (2006) to cover the older plutonic rocks in the Makkah region between the Ad Damm fault and the Fatima fault.  On the Makkah quadrangle geologic map (Moore and Al-Rehaili, 1989) the plutonic rocks mainly belong to the Milh and Sharqah complexes, assigned to the Makkah suite (Johnson, 2006), and the somewhat younger Ju’ranah and Shamiyah complexes.  Roof pendants of gabbro, metagabbro, and amphibolite are scattered across the plutonic rocks, and greenschist to amphibolite-grade volcanic and volcaniclastic layered rocks flank the plutonic rocks along the southern side of Wadi Fatima. Some rocks in the Makkah suite are dated between 817 Ma and 678 Ma by Rb-Sr and K-Ar methods (Fleck, 1985), but the results are unreliable because of metamorphism and deformation.  A cluster of twelve zircons from gabbro collected in Makkah yield a reliable weighted-mean concordant SHRIMP U-Pb age of 858±1.5 Ma, which is interpreted to be a crystallization age (Kennedy and others, in press).  A Tonian age for the Makkah batholith suggested by this SHRIMP gabbro date is consistent with the age of correlative granodiorite, tonalite, and trondhjemite in the Erkowit batholith in the Haya terrane, Sudan, which yield U-Pb zircon ages of 870±5 Ma, 854±9 Ma, 852±30 Ma (Kröِner and others, 1991; Reischmann and others 1992).  Prior to Red Sea opening, the Erkowit pluton would have been located as little as 100 km southwest of the Makkah batholith.  Together, these dates define the batholithic rocks on either side of the Red Sea as ~870-850 Ma, or upper Tonian, making them the oldest dated Neoproterozoic rocks in the composite Arabian-Nubian Shield.  The Makkah suite includes diorite, gabbro, quartz diorite, and tonalite.  The rocks are fine- to medium grained, but locally pegmatitic, and extensively foliated and mylonitized.  Diorite-gabbro layering is common in the Sharqah complex.  Tonalite has a granular, well-foliated gneissic texture, with well-segregated layers of mafic and felsic minerals; it commonly grades into biotite-amphibole schist and, on the scale of meters, is interlayered with paraamphibolite and quartzofeldspathic schist.  Gabbro is fine- to coarse-grained, and intercalated with anorthosite and norite.  The Ju’ranah and Shamiyah complexes are more evolved and contain tonalite, granodiorite, and minor monzogranite.
The layered rocks flanking the plutonic rocks along Wadi Fatima are typical of those expected in a volcanic edifice overlying a magmatic core.  They are assigned to the Zibarah group (Moore and Al-Rehaili, 1989; modified by Johnson, 2006), but metamorphism to the greenschist to amphibolite facies, isoclinal folding, and in places strong shearing, make stratigraphic reconstruction difficult.  Lithologies include massive, well-layered, and schistose basalt, andesite, and mafic tuffs; subordinate dacite, rhyolite, greenstone, and greenschist.  Metasedimentary rocks include sericite-chlorite schist, chlorite schist, and quartz-feldspar-sericite-chlorite schist, and locally cross-bedded and ripple-marked sandstone, massive wacke containing pebbles and small cobbles of greenstone, and pebble to small-boulder conglomerate, and marble.
Overall, the Makkah batholith and flanking layered rocks are interpreted as a deeply eroded arc, exposing a large portion of its plutonic core.  Chemical, modal, and normative data demonstrate that the Milh complex has a tholeiitic to calc-alkaline composition.  The Shamiyah complex has a trondhjemitic as well as calc-alkaline differentiation trend and plots in the fields of trondhjemite, tonalite, and granodiorite (Fig. 6-16) (More and Al-Rehaili, 1989).  Lavas in the Zibarah group are calc-alkaline and subordinate tholeiitic, and are interpreted as products of a maturing island-arc (Tawfiq and Al-Shanti, 1983).  Unfortunately, no trace-element or isotopic data are available to refine this generalized tectonic setting.
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Bi’r Umq suture zone
Arc rocks in the northern part of the Jiddah terrane crop out south of the Bi’r Umq suture, but are considered here, following Hargrove (2006) together with similar rocks along and north of the suture.  The suture zone is the contact between the Jiddah and Hijaz terranes that possibly formed in response to south-directed subduction (Camp, 1984) although there ares difficulties with this model, as discussed below.  It trends 250 km southwest from Bi’r Umq north of Jabal Sayid to the Jabal Tharwah area in the Rabigh area close to the Red Sea, and continues a further xxx km across the Nubian Shield in Sudan as the Nakasib suture (Johnson and others, 2003).  The arc assemblages are extensively discussed by Kemp and others (1982), Jackson and others (1984), Camp (1984, 1986), Huckerby (1984), Afifi (1989), Hargrove (2006), Johnson and others (2003).  They are geologically important in the Arabian Shield because: (1) relatively more information is available about their lithostratigraphy, geochemistry, and geochronology that for most other arcs in the shield; (2) they reflect middle Cryogenian accretionary processes and are part of the oldest suture zone documented in the shield; (3) together with equivalents in Sudan, they make up the best documented example of Precambrian plate tectonics in the world; and (4) they are host rocks to major epithermal gold (Mahd ahd Dhahab) and VMS (Jabal Sayid, Ariab district) deposits. 

The arc assemblage south of the Bi’r Umq suture includes volcanosedimentary rocks of the Arj, Mahd, and Samran groups and plutonic units of the Dhukhr and Hufayriyah tonalites, the Kamil suite, and syntectonic gneisses of the Qudayd suite.  Within, and north of, the Bi’r Umq suture are basalts and pelagic sediments of the Birak group and plutonic rocks of the Rabigh suite.  The obducted Bi’r Umq (838-831 Ma) and Jabal Tharwah (~780 Ma?) forearc-basin ophiolites complete the arc assemblage (for details of the ophiolites, see Chapter 5).  As described in Chapter 9, the rocks are polydeformed, particularly the layered units, metamorphosed in the greenschist to amphibolite grade, and involved in southeast-directed thrusting, and dextral shearing.  The rocks represent a lower to middle Cryogenian arc system that operated over a 60 million year period between about 825 and 745 Ma.  Within this overall event, two pulses of magmatism are evident (Table 6-2) (Fig. 6-17).  The older, referred to as M1 (Hargrove, 2006) operated between 825 Ma and 800 Ma; the younger, referred to as M2, between 785 Ma and 745 Ma.  The Qudayd suite comprises syntectonic tonalite gneiss exposed in four domes along the trend of the suture.  The suite was emplaced in two phases associated with suturing of the Jiddah and Hijaz terranes; the older (about 782 Ma) possibly coincided with early thrusting; the younger (751-747 Ma) coincided with subhorizontal dextral shearing along faults in the suture zone.  Deformation on the Nakasib suture in Sudan ended by the time of emplacement of undeformed plutons at 754 Ma and 740 Ma (Abdelsalam and Stern, 1989).  A minimum age for deformation on the Bi’r Umq suture in the Arabian Shield is given by an undeformed megadike (the Nukhu and Missir dikes) that intruded the Samran group at 700 Ma.
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M1 assemblage

The M1 event is represented by the Birak group (~812 Ma) and its associated Rabigh suite intrusions (807-800 Ma), north of the suture, and the Nida formation (the lower of three formations in the Samran group), the Arj group (undated), Dhukhr tonalite (816-803 Ma) and the early part of the Kamil suite (800 Ma), south of the suture.  Overall, the plutonic rocks include leucocratic, medium-grained mesozonal biotite-hornblende tonalite and trondhjemite, with subordinate granodiorite, diorite, gabbro, and granite, and constitute a typical TTG suite.  M1 supracrustal rocks are dominantly basaltic-andesite and subordinate dacitic-rhyolitic lavas and volcaniclastic rock interlayered with coarse- to fine-grained epiclastic rocks, carbonate and chert. A maximum age limit on M1 (825 Ma) comes from zircons inherited in the Shayban formation, which are interpreted as derived from a local plutonic source, possibly an unrecognized part of the Kamil intrusive suite (Hargrove, 2006).  They are interpreted as a transition from proximal to more distal volcanic facies, reflecting submarine deposition in either rift or immature island-arc settings.

The Dhukhr suite, which crops out in the Dhukhr and much of the Furayhah batholiths in the vicinity of Mahd adh Dhahab and Jabal Sayid, is mostly tonalite, with subordinate granodiorite, gabbro, and trondhjemite (Kemp and others, 1982).  It has conventional U-Pb zircon ages of 811±4 Ma and 816±3 Ma (Stoeser and Stacey, 1988; Calvez and Kemp, 1982), and a SHRIMP U-Pb age of 813±10 Ma (Hargrove, 2006).  A younger SHRIMP age of 803±7 Ma may reflect a minimum age for a young phase of the suite or lead loss.  The Dhukhr intrusive suite is unconformably overlain by the Mahd group, and is the source of clasts in the basal conglomerate in the Mahd group, features indicating that the Dhukhr rocks were deformed, uplifted, and eroded prior to deposition of younger supracrustal rocks.  The Arj group, which hosts the Jabal Sayid and Umm ad Damar VMS deposits, is not directly dated, but it is intruded by Hufayriyah tonalite and is therefore at least as old as 781 Ma (Hargrove, 2006).   The Kamil suite extends along the southern flank of the Bi’r Umq suture and continues nearly 75 km to the south, where it may represent a young phase of the Makkah batholith (More and Al-Rehaili, 1989).  It is predominantly tonalite (the oldest phase), diorite, and trondhjemite (the youngest phase).  Rb-Sr dating in the 1970s and 1980s outlined an age range of 769±39 Ma to 709±164 Ma and an old mineral age of ~965 Ma (Fleck and others, 1979; Fleck, 1985; Aldrich and others, 1978).  The 965 Ma age is similar to the 945 Ma are reported from the Bustan complex (Rabigh suite) north of the suture (Al-Shanti and others, 1983).  However, no other Tonian crust of this age is known in the Arabian Shield and they are not accepted here as reliable, even though they are extensively cited in the literature as evidence for early Tonian onset of terrane formation in the Arabian Shield.  Recent SHRIMP dating of Kamil suite hornblende diorite (Hargrove, 2006) gives more reliable crystallization ages of 800±6 Ma and 772±6 Ma and is the basis for dividing the suite to the M1 and M2 magmatic events.  The Nida formation comprises basalt to basaltic-andesite lavas, mafic lapilli-ash tuffs, tuff breccia, volcaniclastic debris-flow deposits, and minor micaceous quartzite and marble, in part representing distal volcanic deposits.   It is mostly fine grained and has a bulk composition of basalt to andesite (Skiba and Gilboy, 1975).  In regions of higher metamorphic grade, the formation crops out as quartzofeldspathic schist and amphibolite-grade quartz-garnet-plagioclase-hornblende (amphibolite) schist and gneiss and quartzofeldspathic schist and gneiss.  The Nida formation is intruded by rocks belonging to the older phase of the Qudayd gneiss and is therefore older than ~800 Ma (Hargrove, 2006).
The Birak group, along and north of the Bi’r Umq suture includes massive and pillowed basaltic to andesitic lavas, sheeted mafic dikes, lesser felsic lavas, tuffs, fine-grained siliciclastic rocks, marble, and chert (Labunah and Suri formations).  They are interpreted as a passage from a deep-oceanic facies below to a shallower-marine facies above (Camp, 1986), reflecting a transition from an immature island arc or rift setting to a more mature system.   Higher in the Birak group are conglomerates or breccia, fine-grained clastic rocks, shale, lesser marl, and limestone, passing up into basalt to andesitic and subordinate dacitic to rhyolitic lavas and volcaniclastic rocks (Qahah and Milhah formations).  The Rabigh suite, which comprises the plutonic rocks associated with the arc rocks of the Birak group, include tonalite, trondhjemite, quartz diorite, granodiorite, gabbro, and monzonite.  The suite is divided into the Hajar, Bustan, and Shufayyah complexes.  Tonalite from the Bustan complex has a conventional U-Pb age of 807±8 Ma (C. Hedge, cited as personal communication in Camp, 1986) and tonalite in an outlier of the complex has an Rb-Sr whole-rock isochron age of 800±75 (Al-Shanti and others, 1984).  The Bustan tonalite intrudes the Labunah and Suri formations, constraining their age as older than ~807 Ma.  The Milhah formation is intruded by Rabigh suite gabbro dated at 715 Ma (Aldrich and others, 1978), and the Qahah formation is intruded by a gabbro dated at 812±23 Ma (Hargrove, 2006).  Another gabbro that intrudes the Qahah formation is dated at 854±15 Ma (Hargrove, 2006), but this is unexpectedly old, and its significance is uncertain.

M2 assemblage

The M2 magmatic event is represented in the Bi’r Umq-Mahd adh Dhahab area by the Hufayriyah tonalite (780-760 Ma), the Bari granodiorite (776 Ma), the subvolcanic Ramram intrusive complex (760 Ma), and the Mahd group (772-769 Ma).  To the southwest, it comprises the bulk of the Kamil intrusive suite (772-769 Ma and the Shayban formation (777-771 Ma), the middle of three formations in the Samran group.   Deformation, uplift, and denudation of the plutonic and supracrustal units south of the suture occurred during the apparent 15 million year gap in igneous activity between M1 and M2, and resulted in a major unconformity at the base of the Mahd group that was possibly reinforced by glaciation prior to deposition of the Mahd group and marked by the diamictite described in Chapter 7 (Stern, 2006).  Another period of deformation, uplift, and denudation affected the plutonic and supracrustal rocks during M2, creating the M2a and M2b subdivisions recognized by Hargrove (2006) and causing intraformational unconformities within the Samran group in the Samran-Shayban area and between the Mahd and Ghamr groups in the Mahd adh Dhahab area.  In general, the M2 plutonic rocks are also a TTG suite, characterized by tonalite, trondhjemite, and diorite, with subordinate granodiorite, gabbro, and quartz monzonite, similar to the M1 rocks, but have a greater proportion of trondhjemite than the M1 suite.  M2 supracrustal rocks range from basaltic to rhyolitic lavas, pillow lava, and hydroclastic breccias, fine- to coarse-grained epiclastic rocks, carbonate, and chert.  The M2 supracrustals shows a northward transition toward the Bi’r Umq suture from proximal (near shore submarine and subordinate subaerial) to more distal (submarine) facies with respect to three paleovolcanic centers identified south of the suture; two in the Samran-Shayban area (Roobol, 1989) and one at the Ramram caldera (Hargrove, 2006).

The Mahd group, the host for epithermal gold mineralization at Mahd adh Dhahab and Lahuf, consists of felsic and basaltic-andesitic volcanic and volcaniclastic rocks with subordinate epiclastic deposits.  Felsic rocks are most common in the lower part of the group as quartz keratophyre tuff, lapilli tuff, breccia, and thick layers of ignimbrite.  Above are basaltic to andesitic breccia and tuff and andesite intrusions.  Toward the top are epiclastic breccias and conglomerates, sandstone, siltstone, and local limestone.  The group is directly dated by Rb-Sr whole-rock isochrons of 772±28 Ma (Calvez and Kemp. 1982) and 772±36 Ma (Huckerby 1984), by a conventional U-Pb age of 769±5 Ma (Calvez and Kemp, 1982) obtained from Ramram complex granophyre that may be an intrusive equivalent to Mahd group lavas, and by a SHRIMP age of 777±5 Ma (Hargrove, 2006), suggesting that the group is overall about 777-770 Ma.  The Hufayriyah tonalite and subordinate subordinate quartz diorite, trondhjemite, gabbro and minor pyroxenite are directly dated at 760±10 Ma (Calvez and Kemp, 1982) and 781±8 Ma (Hargrove, 2006).  The Shayban formation is a volcanic-volcaniclastic sequence possibly as much as 20 km thick that in places consists of coalescing volcanic edifices developed in a submarine environment (Roobol, 1989; Hargrove, 2006).  The formation is economically important as the host to a VMS deposit at Jabal Baydan and a sheared VMS deposit(?) at Jabal Shayban.  It includes andesitic to felsic volcaniclastic rocks, locally pillowed basaltic-andesite lavas, felsic lavas, lithic arenite and conglomerate.  Lava flows and domes, near-vent pyroclastic deposits, and intrusive rocks define volcanic centers; green chlorite-rich phyllitic to schistose metatuff and volcaniclastic metasandstone are distal deposits (Roobol, 1989).  The Shayban formation has a reliable SHRIMP crystallization age of 771±4 Ma (Hargrove, 2006) and contains inherited zircons of about 825 Ma suggesting a nearby early Cryogenian protolith, perhaps an early phase of the Kamil suite (Hargrove, 2006). 
Chemistry and isotopes

In terms of chemistry and isotopic compositions, rocks belonging to the M1 magmatic event have strongly positive εNd (+6.3-+7.2) and Nd model ages that approximate their crystallization ages (Hargrove, 2006), and are clearly juvenile additions to the crusts.   M1 plutonic rocks show a nearly continuous range from 48 weight percent SiO2 (gabbro) to 78 (high-silica granite).  M1 volcanic rocks have a similar from 48 percent SiO2 (basalt) to 80 percent (high-silica rhyolite) although rocks in the lower range (basalt to andesite) predominate (Hargrove 2006).  All M1 plutonic and volcanic rocks are subalkaline, and most are metaluminous.  They are evolved with Mg# = 73 for the plutonic rocks and 70 for the volcanic rocks, and have similar predominantly calk-alkaline differentiation tends (Fig. 6-18A, 6-19A).  On a K2O-SiO2 variation diagram, M1 plutonic rocks plot equally in the low-K and medium-K series, whereas all but one M1 volcanic rocks plot in the low-K series (Fig. 6-18B, 6-19B).  M1plutonic and volcanic samples show strong REE fractionation, and have chondrite-normalized REE patterns and N-MORB-normalized trace-element patterns consistent with subduction-related magmatism in a convergent-margin setting (Hargrove, 2006).  M1 plutonic rocks, furthermore, have a strong adakitic affinity (Fig. 6-8).
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M2 plutonic and volcanic rocks have a similar chemistry to M1 rocks.  The plutonic rocks range from gabbro to high-silica granite, and define a bi-modal distribution with modes at 52-56 and 66-78 weight percent SiO2.  Volcanic rocks range from basalt to high-silica rhyolite. With concentrations in the weight-percent SiO2 ranges of 50-58, 64-68, and 72-78.  Most M2 plutonic and volcanic rocks are metaluminous and nearly all exhibit a calc-alkaline differentiation trend (Fig. 6-18A, 6-19A) apart from some M2 volcanic samples that cross into the tholeiitic field.  Plutonic rocks have a mean Mg# = 43 and lavas a mean Mg# = 42, indicating that M2 magmas were evolved.  M2 plutonic rocks have a spread in the low-K and medium-K fields similar to M1 plutonic rocks (Fig 6-18B), but M2 lavas extend into the high-K and shoshonitic fields (Fig. 6-19B).  Their REE and trace-elements patterns resemble those of M1 rocks, and are likewise consistent with origins in a subduction zone.  The highly-mobile elements and LREE are enriched and HREE and HFSE are relatively depleted.  A strong subduction signal is shown by enrichment in Ba, K, Pb, and relative depletion in Nb-Ta (Hargrove, 2006).
Summary

Overall, samples of M1 and M2 plutonic and volcanic rocks shows chemical characteristics similar to igneous rocks produced in modern intra-oceanic arc settings: they are subalkaline, largely metaluminous, have dominantly calc-alkaline differentiation trends, belong largely to the low-K and medium-K series, and exhibit enrichment in LREE and high fluid-mobile elements and relative depletion in HREE and most HFSE, including strongly negative Nb-Ta anomalies.  Numbers of samples, additionally, show an adakitic affinity (Fig. 6-8).  Granitoids (plutonic rocks with weight percent SiO2 >57) plot on standard tectonic discrimination diagrams as mostly homogeneous populations in the fields of volcanic-arc granites (Fig. 6-18C, D).  The tectonic setting of M1 and M2 volcanic rocks, in contrast is somewhat more ambiguous.  On the TiO2-Zr diagram, mafic lavas (<57 percent SiO2) overlap the fields of island-arc basalts and within plate basalts, and show a similar spread on the Zr/Y-Zr diagram as well as extending into the MORB field and extending into regions not defined by any of the common modern basalt types (Fig. 6-19C, D).  On the Zr-Ti/100-Y*3 diagram (Fig. 6-19E) mafic volcanic samples from the M1 and M2 events overlap the fields for within-plate basalts, MORB, and island-arc tholeiites.  Similar heterogeneity is reported by Johnson and others (2002, 2003) for the Mahd group and by Abdelsalam and Stern (1993) for broadly correlative volcanic rocks along the Nakasib suture in Sudan (Arba’at group).  Abdelsalam and Stern (1993) interpret the Arba’at group lavas as the record of rifting in a pre-existing crust and argue that their anomalies tectonic setting shown by geochemistry reflects the interaction of rift-related magmas with older arc crust.  A similar environment for volcanic rocks in the Jabal Sayid-Mahd adh Dhahab is evidenced by intra- and interformational angular unconformities and abundant heterolithologic epiclastic deposits, suggesting deposition in an extensional, rifted arc setting (Kemp, 1982; Camp, 1986; Afifi, 1989).  In line with this interpretation, Hargrove (2006) proposes that the ambiguous affinities of some of the lavas along the northern margin of the Jiddah are consistent with a Wilson-cycle type of setting, with magmas generated above a subduction zone, either by flux melting of asthenosphere beneath an arc or decompressional melting during rifting, or a mixture of both processes, interacting with older crust.  The result would be lavas that have trace-element signatures transitional between island-arc and rift-related lava.  The more homogeneous volcanic-arc signature of the plutonic may be because the plutonic magmas were generated by the main subduction event, whereas the volcanic magmas may more subtly record the effect of intermittent interruption by minor rifting, extension, uplift, and denudation.  The direction of subduction during the convergent stage of a Wilson cycle along the Bi’r Umq suture is not fully established but is likely to be southward as modeled by Camp (1984).  This would be consistent with the migration of magmatism evident between the Makkah batholith and the Bi’r Umq suture, perhaps because of roll back and a northward shift of the arc-trench gap , and consistent with the southerly vergence of thrusts along the suture and at the base of the Bi’r Umq and Jabal Tharwah iophiolties.
 6.9    Arcs in the Afif Composite Terrane

Siham arc

The Siham arc occupies much of the southern and southwestern parts of the Afif composite terrane.  It consists of middle to upper Cryogenian basalt, andesite, rhyolite, shale, lithic sandstone, conglomerate, quartzite, and marble assigned to the Siham group (750-685 Ma) intruded by many plutons of arc-related monzogranite, granodiorite, granodiorite-tonalite gneiss, tonalite, diorite and gabbro.  The arc assemblage is considerably disrupted by post-arc, late Cryogenian-Ediacaran monzogranite and syenogranite (Haml batholith and equivalents), and by shearing and transcurrent faulting.  The supracrustal rocks are notable because they are the only arc assemblage in the shield for which a three-dimensional model has been described in some detail (Agar, 1985).  Variation in thickness and proportions of the volcanic and sedimentary rock types in the various areas where the Siham group is exposed suggest a transition from a deep-water setting in the west to a shallow-continental margin in the east, and the group is modeled by Agar (1985) as an arc-assemblage deposited above an east-dipping subduction zone.  An ophiolite-decorated shear zone (the Hulayfah-Ad Dafinah-Ruwah suture) defines the western margin of the Siham arc, coincident with the western margin of the Afif terrane, and a serpentinite-decorated shear zone extends along the axis of the main outcrop of the Siham group.  The Siham group and associated plutons are host rocks to mesothermal gold deposits and a smaller number of base-metal occurrences, such as Sha’ib Lamisah VMS deposit.

The supracrustal rock succession, in the west, begins with an andesitic unit passing up into a basaltic unit (Fig. 6-20).  The andesitic unit consists of porphyritic and amygdaloidal andesitic flows intercalated with subordinate dacite and rhyolite.  Samples plot in the trondhjemite field of Phelps (1979) and the active continental-margin field of Roobol and others (1983).  The overlying basalt comprises vesicular and porphyritic and mafic tuffs intercalated with fine-grained siliceous tuffs and tuffaceous siltstone and rare rhyolite.  The basaltic lavas span the calc-alkaline and tholeiitic boundary on the AMF diagram (Fig. 6-21) and have affinity with lavas in active continental margins (Agar, 1985).  The Lamisah shale extends through the western part of the Siham group above the basalt.  It is fine-grained, highly fissile, black carbonaceous shale with disseminated pyrite, interbedded with subordinate graphitic siltstone and sandstone, tuffs, cherts, and marble.  These rocks host sulfide mineralization, for example at Sha’ib Lamisah, a distal exhalative volcanogenic VMS type of deposit (Elsass and others, 1983; Sangster and Abdulhay, 2005).  Higher lithologic units in the west of the group include rhyolite and conglomerate.  Eastward, the proportion of clastic beds increases and their facies changes.  The basal andesite and basalt thin to nothing; the carbonaceous shale units become calcareous; chert disappears; and marble increases from lenses to thick beds.  In the far east, interbedded marbles and quartzites directly overlie already metamorphosed and deformed schist and paragneiss of the Kabid formation, and both andesite and basalt are absent.
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Arc-associated plutonic rocks in the Siham group include ultramafic and mafic bodies in the Lamisah shale, and calk-alkaline intrusives of the Jidh suite.  The ultramafic rocks consist of layered sill complexes and thin sheet-like bodies emplaced in the shale.  Peridotite and dunite have been identified, although most ultramafic rocks are extensively serpentinized and deformed.  Some may have been tectonically emplaced along the Lamisah thrust.  The mafic bodies are sills of gabbro and diorite.  Chemically, these ultramafic-mafic units have the chemical signature of ophiolite, and have affinity with some of the basalt in the Siham group (Agar, 1985); they may represent a syn-subduction oceanic crust of the type found in forearc settings.   The calc-alkaline rocks range in composition from quartz-diorite to granodiorite, but tonalite predominates.  They were emplaced at a relatively high level in the Siham arc, whereas calc-alkaline rocks associated with the subsequent deformation phase of the arc were emplaced at deeper levels (Agar, 1985).  The stratigraphy and paleogeography of the Siham group suggest that it was deposited at a continental margin above an east-dipping subduction zone.  An active arc existed in the west and exposed continental crust, part of the Khida terrane, was in the east.  The age of the group is not well constrained.  Doebrich and others (2004) reports a SHRIMP age of 685±3 Ma for rhyodacite porphyry in the Ad Duwayhi area, but Agar and others (1992) concluded that Siham-arc magmatism ranged from 750 to about 695 Ma.  Possible Siham-arc related intrusive rocks are as old as 756±6 Ma (Whitehouse and others, 2001) with clusters of ages between 756-746 Ma and 706-696 Ma and already metamorphosed Siham-group rocks are intruded by the Naim complex (746(10 Ma; Agar and others, 1992), suggesting that part of the group is older than 745 Ma.  It is treated here as middle Cryogenian, between 750 Ma and 685 Ma.  Subduction presumably continued until stopped during the Nabitah orogeny (680-640 Ma) at the time of collision between the Afif terrane and terranes to the west and the development of the Hulayfah-Ad Dafinah-Ruwah suture.
Nuqrah area

Terrane-forming rocks in the Nuqrah area, in the northwestern part of the Afif terrane, are tentatively interpreted as representing a separate volcanic arc older than the Siham arc in the south.  The area is underlain by greenschist-facies basalt, andesite, and subordinate rhyolite flows and tuffs, and volcaniclastic and epiclastic sedimentary rocks assigned to the Isamah formation (~840 Ma) and intruded by diorite and quartz diorite, granodiorite, tonalite, and gabbro.  The exposures are discontinuous because they are covered by younger Ediacaran volcanic and sedimentary deposits and interrupted by Ediacaran granites.  The rocks are bounded on the west by the Bi’r Tuluhah ophiolite and mylonite along the suture at the western margin of the Afif terrane, and unconformably covered in the east by sedimentary rocks of the Murdama group.  The name “Isamah formation” was introduced by Johnson (2005) for volcanic and sedimentary rocks exposed in the northwestern part of the Afif terrane area east of the suture zone to replace the earlier names “Nuqrah formation” and “Afna formation”, because the rocks appear to be much older than rocks traditionally assigned to the Nuqrah and Afna formations.  They are dated at about 840 Ma, on the basis of a U-Pb zircon age of 839±23 Ma obtained from rhyolite in the Nuqrah area (Calvez and others, 1983), and ages of 847-823 Ma obtained from the Bi'r Tuluhah ophiolite, which is structurally intercalated with and overlain by the Isamah formation along the suture zone.  The Isamah formation is notable for polymetallic and nickel-copper sulfide deposits at Nuqrah and Jabal Mardah, and disseminated and massive chromite in the Bi’r Tuluhah ophiolite.  The Jabal Mardah nickel-copper deposit is in a sequence of interbedded pillow basalt, turbiditic sediments, lahah deposits, and basaltic and rhyolitic tuff stratigraphically above the Darb Zubaydah ophiolite (Carten, 1989; Bosch et al., 1989; Quick, 1990).  Further details are given in the section on the Darb Zubaydah ophiolite in Chapter 5. 

Suwaj arc

The Suwaj arc is an assemblage of Cryogenian plutonic rocks (~695-685 Ma) along the eastern margin of the Afif composite terrane (Cole and Hedge, 1986).  The assemblage includes metamorphosed and locally deformed gabbro, diorite, granodiorite, and tonalite and is inferred to be the magmatic core of a deeply eroded arc broadly coeval with the younger phase of the Siham arc.  The contact between the Suwaj and Siham arcs is presumably beneath the Murdama group and not exposed, although the strong linear magnetic anomalies described in the southern part of the Murdama group basin in Chapter 3, in the section on Magnetic and gravity anomalies on the Arabian shield, may identify the location of the concealed contact.  Amphibolite-grade metavolcanic and metsedimentary rocks, variously referred to as the Dhiran, Nafi, and Hillit formations or Ajal group and Dukhnah gneiss, crop out as roof pendants and on the margins of the Suwaj plutonic rocks and may be remnants of arc-related supracrustals.  Hornblende 40Ar/39Ar cooling ages obtained from amphibolite in the metamorphic sole of the Halaban ophiolite indicate rapid exhumation of the Suwaj terrane at about 680 Ma, broadly contemporaneous with obduction of the Halaban ophiolite at the eastern margin of the Afif composite terrane (Al-Saleh and others, 1998).  The abundance of amphibolite-facies rocks and local occurrences of mafic granulite suggest that the Suwaj terrane contains some of the deepest exhumed crustal rocks in the Arabian Shield.  Mineral occurrences are relatively sparse in the arc.  The most extensive grouping is a cluster of more than twenty-five pits and trenches in the southeastern extremity of the terrane in the vicinity of Wadi al Khushaybiyah in the Wadi al Mulayh quadrangle (Manivit and others, 1985) that expose low-gold and minor copper-zinc-silver quartz veins in amphibolite gneiss and metagabbro.  Chemical analyses reveal as much as 10 g/t Au, 5 g/t Ag, and slight Cu, Pb, and Zn anomalies (Brosset, 1974).
6.10     Arc Rocks in the Hijaz Terrane

The Hijaz terrane is made up of the Birak and Al Ays groups and associated pretectonic intrusive rocks.  The Birak group (>800 Ma), immediately north of the Bi’r Umq suture, is part of the first magmatic episode recognized by Hargrove (2006) along the suture (M1), and has been discussed above in connection with arc magmatism along the Bi’r Umq suture.  Rock types include greenschist-facies basaltic, andesitic, dacitic, and rhyolitic flows and pyroclastic deposits intercalated with wacke, siltstone, marble, quartzite, and chert.  Neither the Birak supracrustal nor plutonic rocks host known metallic mineral occurrences.

The Al Ays group (~745-700 Ma) is a widespread assemblage of volcanic and sedimentary rocks in the northern part of the Hijaz terrane.  Its age is not well defined.  Structural relationships suggest that the group was already deformed prior to intrusion by the Salajah batholith (~700 Ma), which implies that it is older than ~700 Ma.  A maximum age is suggested by the age of the ophiolitic rocks of the Jabal Wask and Jabal Ess complexes (775-745 Ma).  Recent SHRIMP zircon dating yields crystallization ages for rhyolite in the easternmost exposures of the group of 736±5 Ma and 745±2 Ma (Kennedy and others, 2004; in press), and in general, the group is reasonably treated as between 745 Ma and 700 Ma.  The group includes a large amount of volcaniclastic and epiclastic sedimentary rocks and smaller concentrations of volcanic rocks.  They include basaltic to rhyolitic flows, breccias, and tuffs, volcaniclastic sandstone, siltstone, and limestone.   As with the Birak group, neither the Al Ays group nor associated plutonic rocks host metallic mineral occurrences of significant size, although underexplored iron-copper-gold occurrences (oxide-facies copper?) containing 1.1 percent Cu and 3.5 ppm gold are reported by Boddington (1981) in the northern part of the Al Ays group, and gold anomalies are present along the Yanbu suture that joins the Hijaz and Midyan terranes, south of Jabal Ess.

6.11    Arc Rocks in the Ar Rayn Terrane

The Ar Rayn terrane, at the extreme eastern edge of the shield, comprises a complex of supracrustal and arc-related intrusive rocks and large amounts of syn- to posttectonic intrusions that make up an arc assemblage referred to as the Al Amar arc.  The terrane has been extensively investigated because of its high metallic-mineral potential, and a large amount of data has been published in reports of the DMMR and SGS and in the international literature.   Al Amar arc supracrustal arc rocks are assigned to the Al Amar group, composed of tholeiitic to calc-alkaline basaltic to rhyolitic volcanic and volcaniclastic rocks with subordinate tuffaceous sedimentary rocks and carbonates (Doebrich and others, 2007).  They are variably deformed and metamorphosed and, in the eastern part of the terrane, crop out as amphibolite-facies paragneiss and schist.   Supracrustal rocks in the east are higher in Rb and Sr, lower in Nb, and enriched in immobile trace elements (Y, Zr, Yb, and La) relative to supracrustal rocks in the west.  Subvolcanic felsic intrusions, comprising porphyritic trondhjemitic rocks such as soda rhyolite and keratophyre protrusions and domes are present in the northern half of the terrane (Felenc 1983).  They are metallogenetically important because they are spatially and presumable genetically related to epithermal-style Au-Ag-Zn-Cu-barite mineralization.  The Al Amar group is not directly dated, but has a minimum age constrained by the Jabal Umm Sharzah trondhjemite, dated at 689±10 Ma (Doebrich and others, 2007).  A younger Rb-Sr age of 651±43 Ma obtained from Al Amar group rhyolite (Calvez and Delfour, 1986) is not considered a robust crystallization age but affected by later isotopic disturbance.

Arc plutonic rocks belong to one of three groups.  This grouping was originally made by Le Bel and Laval (1986) using the terms: (1) arc-related tonalite-trondhjemite; (2) synorogenic calc-alkaline granodiorite-granite; and (3) post-orogenic alkali-feldspar granite.  Doebrich and others (2007) recognize a broadly similar grouping, but make a new interpretation of the relative timing and tectonic classification of plutonism, so introduce new terms of Group 1, Group 2, and Group 3.  Group 1 plutonic rocks are a suite of low-Al tonalite-trondhjemite-granodiorite (632-616 Ma) along the western margin of the terrane.  They have a strong lithogeochemical affinity with felsic extrusive and felsic porphyritic subvolcanic intrusive rocks of the Al Amar group and both sets of rocks appear to be comagmatic, consistent with supracrustal and infracrustal settings in a single arc system.  Group 1 plutonic rocks are characterized by weakly fractionated REE patterns with moderate to no Eu anomalies.  When normalized to ocean-ridge granite they show the geochemical pattern of volcanic-arc granites (Pearce and others 1984), and classify as low-Al tonalite-trondhjemite-granite (TTG) of Arth (1979) (Fig. 6-22).   Relatively low Sr and high Y contents differentiate Group 1 plutonic rocks from the other two groups, and they belong to the tholeiitic and calc-alkaline arc series of Defant and Drummond (1990).  Group 1 rocks are directly dated by conventional and SHRIMP U-Pb methods at 635±6 Ma, 632±5 Ma, 629±7 Ma, and 616±7 Ma (Stacey and others, 1984; Doebrich and others, 2007).
FIG 6-22 ABOUT HERE AR RAYN DATA

Group-2 plutonic rocks are a suite of high-Al/adakitic-affinity tonalite-trondhjemite-granodiorite (689-617 Ma) cropping out in the central and eastern parts of the terrane.  They form the most voluminous plutonic rocks in the Al Amar arc.  They show depleted HREE patterns with no or positive Eu anomalies, in contrast to Group-1 rock, and are, on average, enriched in Rb, Sr, and depleted in Y and Yb. They plot as volcanic-arc granites of Pearce and others (1984) (Fig. 6-22), partially plot in the high-Al TTG field of Arth (1979), and have very high Sr/Y ratios relative to all other plutonic and volcanic rocks in the arc and plot as adakites (Doebrich and others, 2007).  Geochronologically, Group-2 rocks have a much larger range than Group-1plutonic rocks, yielding ages of 689±10 Ma, 650±9 Ma, 631±7 Ma, and 617±5 Ma (Stacey and others, 1984; Doebrich and others, 2007), but are interpreted as a coeval part of the Al Amar arc.
Group-3 plutonic rocks represent the most evolved and youngest phase of magmatism in the arc.  They are late- to posttectonic alkali-feldpsar granites.  They have strongly fractionated REE patterns with strongly negative Eu anomalies (Doebrich and others, 2007).  They have distinctive geochemical enrichment-depletion patterns, with Rb and Th peaks, resembling those of syn- to postorogenic granites (Pearce and others, 1984).  In a Y-Nb diagram, Group-3 rocks plot mostly in the volcanic-arc granite/syn-collisional granite field (Fig. 6-22C).  Group-3 plutonic rocks are directly dated by the SHRIMP method at 607±6 Ma and 583±8 Ma (Doebrich and others, 2007) and by the Rb-Sr method at 581±6 Ma (Abdel-Monem and others, 1982). 
Overall, the Al Amar arc ranges in age from older than 689 Ma (the minimum age for supracrustal rocks of the arc) to about 580 Ma.  The arc is relatively long lived, coeval in its initial phase with middle Cryogenian arcs in the Afif terrane, but younger than any other arc in the shield with a continuation of arc activity into the Ediacaran.  The arc extends at least 300 km north of the edge of the shield, continuing beneath the overlying Phanerozoic rocks to about latitude 27°N, and as shown in Fig. 1-9 forms part of a structure, a suspect suture zone, than can be traced north to the Bitlis convergent zone at the northern margin of the Arabian Plate.  Together with the parallel Ad Dadawadimi terrane, the Al Amar arc is the leading, western edge of the Ar Rayn microplate recognized by Al-Husseini (2000), which is an inferred basement block beneath the central part of the Arabian Plate.  The Ar Rayn terrane has an isotopic signature suggesting a mantle source for arc material that was less depleted than the sources of the juvenile oceanic terranes in the west of the shield, or a mantle source that had an admixture of continental material (Stoeser and Frost, 2006).  On the basis of geologic, structural, and metallogenic characteristics, Doebrich et al. (2007) model the terrane as a continental-margin assemblage developed above a west-dipping subduction zone.  West-dipping subduction is not agreed however, and other geologists model easterly subduction (Al-Husseini, 2000) (see Fig. 10-5).  Metallogenetically, the terrane is distinctive as the host of epithermal gold, porphyry copper, and iron oxide-copper-gold occurrences (Doebrich and others, 2007).  Epithermal gold is mined at Al Amar; and an enigmatic type of stratiform volcanic-hosted Zn-Cu-Fe-Mn resource is known at Khnaiguiyah.

6.12    Arcs in the Midyan Terrane

Arc-related supracrustal and plutonic rocks are widespread in the southern half of the Midyan terrane extending from the Yanbu suture, the contact with the Hijaz terrane, as far as the region north of Duba.   Farther north, toward the Gulf of Aqaba and the Jordan border, the dominant rock type is late- to posttectonic granites, and arc rocks are only preserved as small to large roof pendants and screens between granitoid plutons.  Conventionally, the arc supracrustal rocks are divided into the Zaam group, Bayda group and other units such as the Ghawjah, Silasia, Hegaf, and Zaytah formations.  Because of intervening intrusions, cover by post-amalgamation basins such as the Thalbah group, and disruption by the Qazaz, Ajjaj and Hanabiq shear zones, structural relationships among these disparate supracrustal bodies are not certain and their stratigraphic correlations are in doubt.  What geochronology is available suggests that the supracrustal rocks are broadly coeval, and they may be considered as constituting one arc assemblage referred to here as the Midyan-terrane arc.  The supracrustal rocks range in age from ~775 Ma to 700 Ma; the arc-associated plutonic rocks range in age from ~745-650 Ma.  Ophiolites along the Yanbu suture dated between 775 Ma and 745 Ma belong to the arc system as does 774 Ma gabbro north of the Yanbu suture that may be a structural outlier of the ophiolite suite.  The Zaam group contains pillow basalt (Fig. 6-23), andesite, abundant mafic tuffs and volcanic wacke, lithic arenite, siltstone, shale, pyritic and graphitic shale, chert, and limestone.  A distinctive rock type is coarse-grained diamictite of the Nuwaybah formation (~750 Ma), comprising cobbles, boulders, and large rafts of sandstone, rhyolite, limestone, and granite in an argillaceous matrix that may be a Sturtian glacial deposit (Fig. 6-24) (Ali, 2008).  The Bayda group (age uncertain; between ~780-725 Ma) is a volcanic and sedimentary assemblage, mostly northeast of the Zaam group, composed of andesitic tuffs, breccias, and lava, basaltic sills and dikes, rhyolite porphyry, dacite, trachyte flows, well-bedded tuffs, and abundant volcaniclastic wacke.  Arc-related plutonic rocks range from gabbro to granite.   They are divided into pre-tectonic, syn-arc low-K calc-alkaline plutons of gabbro, diorite, quartz diorite, tonalite and trondhjemite (Muwaylih suite) and syntectonic, late syn-arc to syn-amalgation low-K, calc-alkaline plutons of diorite, granodiorite, and granite (Hamadat suite).  The pretectonic plutons have an age of ~745-695 Ma; the syn-tectonic plutons ~685-650 Ma.  On balance, the minimum age of the Midyan terrane-forming magmatic rocks is constrained by the age of the Jar-Salajah batholith (~700 Ma) that intrudes the Yanbu suture, and the terrane is treated here as ~780-700 Ma.
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The Zaam group is host to many small mesothermal and shear-zone gold-quartz veins, the Bayda group hosts the Ash Shizm copper-zinc VMS deposit, and the broadly coeval Silasia formation in the northern part of the Midyan terrane is distinctive as the host of banded-iron formation (BIF).  Some of the mafic arc-related plutons contain small showings of titaniferous magnetite.  The largest BIF occurrence is at Wadi Sawawin, which contains an estimated resource of 96 Mt grading 42.5 percent Fe, in a belt of occurrences that total some 428 Mt of BIF.  BIF is unique to the Midyan terrane and the equivalent Eastern Desert terrane in the Nubian Shield.  The occurrences are Arabian-Nubian Shield representatives of the resumption of  banded-iron formation deposition that occurred worldwide for a brief interval during the Cryogenian.  For some authors, deposition of BIF is an aspect of Snowball Earth theory (Hoffmann and Schrag, 2002; Ilyin, 2009). 

6.13    Late Cryogenian-Ediacaran Plutonic Rocks

Relatively undeformed, late- to posttectonic felsic and subordinate mafic intrusive rocks are some of the most conspicuous components in the Arabian Shield (Fig. 6-2).  They range in composition from layered gabbro-dunite complexes, to evolved and specialized alkali-granite plutons, to bimodal gabbro-granite complexes, and range in age from the late Cryogenian to the late Ediacaran.  The rocks have been a focus of interest for many reasons.  They are targets of exploration for REE, U, Sn, W, Au, Ag, PGM, and Ti; they constitute a major crustal component of the shield; they raise fundamental questions about the generation of magma in the late stages of orogeny.  The felsic rocks in particular–the granites–were studied by USGS, BRGM, and DMMR for many years and are described in a major synthesis by Drysdall et al. (1985, 1986) providing detailed information about petrology and chemistry, reports on individual plutons and batholiths, and an extensive summary of granite-related mineral deposits in the shield.

6.13.1 Plutonic rock terminology and classification

Rock names and lithostratigraphy

Plutonic rocks can be named and classified in many different ways.  For the purpose of mapping, plutonic rocks in the Arabian Shield are mostly named under the terms of the Saudi Arabian Code of Lithostratigraphic Classification and Nomenclature (DMMR, 1984), and classified under the terms of the IUGS recommendations (Streckeisen, 1976).  Thus, on most maps in the GM 250k series of geologic maps of the Arabian Shield, the plutonic rocks are divided into lithostratigraphic units of formation rank, done on the basis of lithology and relationships with adjacent rocks.  Units characterized by lithologic uniformity may be named after a suitable geographic feature and the predominant lithology, for example the “Qunnah gabbro”, the “Julayhi tonalite”.  Lithologically heterogeneous units are termed “complexes”, for example, the “Lawz complex”.  Plutonic rocks of a particular general lithology that are considered to be broadly coeval may be grouped into a higher rank of lithostratigraphy.  In layered rocks the next rank up from formation is group; for plutonic rocks the next rank up is “suite”.  Thus the 250k geologic maps of the shield refer to the Ifal suite or the Haql suite, for example (Clark, 1987).  Suites in turn, may be grouped as “supersuites’, covering broadly coeval plutonic rocks of a similar lithology over a large area.  It should be pointed out that naming a plutonic rock the “Hada granodiorite” as a lithostratigraphic unit is not the same as naming a pluton or batholith.   Pluton and batholith refer to the size of intrusive bodies; a batholith has an aerial extent of 100 km2 or more: a pluton is a smaller body of plutonic rock.  Any given pluton or batholith may constitute a single lithostratigraphic unit, or may be one of several intrusions that together make up an intrusive lithostratigraphic unit, or may be composite and contain representatives of more than one intrusive lithostratigraphic unit.  But plutons and batholiths, by themselves, are not lithostratigraphic units.
The standard IUGS plutonic rock names are shown in Fig. 6-25 (Streckeisen, 1976) and, with some modification, were the names in most of the DMMR granitoid studies in the 1980s.  The diagram is based on the modal composition of plutonic rocks, concentrating on the quartz and feldspar contents.  A separate mirror-image type of diagram is used for mafic plutonic rocks.  Quartz, alkali feldspar (including plagioclase An00-05), and plagioclase (An05-100) are normalized to 100 percent and plotted on the ternary diagram.  DMMR geologists working on the shield found that the IUGS scheme provided a rational consistent nomenclature but there are limitations.  In the field, for example, any one natural rock group, on the scale of an outcrop for example, commonly overlaps two or more fields of the Streckeisen diagram, leading to complex, unwieldy petrographic names.  Other problems related to the exact meaning of granitoid, granite, alkali granite, trondhjemite, and alkali granite.  Detailed discussion of these problems is given by Ramsay and others (1986).  “Granitoid” is a general field and petrologic term for plutonic rocks that, with reference to QAP normalized values, have 20-60 percent quartz, irrespective of the feldspar content.  Thus the term includes alkali-feldspar granite, syenogranite, monzogranite, granodiorite, and tonalite.  The original recommendations of Streckeisen (1986) confusingly use the term granite to refer to both only monzogranite and syenogranite, or to all three granite types– monzogranite, syenogranite, and alkali-feldspar granite.  DMMR usage was normally the latter, to use “granite” for any rock that had “granite” as part of their Streckeisen name (Ramsay and others, 1986).
FIG 6-25 ABOUT HERE IUGS CLASSIFICATION

Geologists working under the auspices of DMMR on the shield in the 1980s also used a number of granite modifiers.  The terms are widespread in the literature and are noted here for clarity.  “Alkali granite” is mostly used as a sub-class of alkali-feldspar granite, namely a granite that is characterized by hypersolvus texture and contains sodic-calcic amphibole (typically ferro-richterite or katophorite) or alkali-amphibole (typically arfvedsonite) and/or alkali-pyroxenite (typically aegirine, aegirine-augite or sodic ferro-hedenbergite).  This sounds very precise, but these distinctions are important in the Saudi Arabian context because the Arabian Shield, in contrast to many other granitoid terranes elsewhere in the world, contains an unusual abundance of “alkali granite” (Stoeser, 1986).   “Trondhjemite” is a leucocratic tonalite, but in Saudi Arabian usage mostly follows the definition of Barker (1979) as a quartz-plagioclase rock in which the plagioclase is albite or oligoclase.  Other name-modifiers are more chemical.  “Alkaline granite” is a granite that contains more alkali metals than is considered average for the group of rocks to which it belongs.  A “peralkaline granite” is one in which molecular Al2O3 is less than Na2O+K2O (Carmichael and others, 1974); peralkaline granites tend to be petrologically “alkali-feldspar granites”.  “Metaluminous granites” have Al2O3<CaO+Na2O+K2O) but Al2O3>Na2O+K2O (Carmichael and others, 1974).  “Peraluminous granites” are those with Al2O3>Na2O+K2O; in the southern shield they commonly contain garnet (du Bray, 1988).  Another modifier applied to granites in the Arabian Shield, particularly in discussion of their metallogenic potential, is “specialized” (e.g., Elliott, 1983; Ramsay, 1986; du Bray, 1986; Douch, 1986; Le Bel and Laval, 1986).  These are “metallogenically specialized” in the sense of Tischendorf (1977); they are commonly associate in the shield with Sn, W, Mo, and other rare metals.  They are characterized by highly evolved major oxide compositions and high contents on incompatible trace elements.  They are generally peraluminous, commonly contain Al-rich silicates such as muscovite, and occur in apical parts of plutons and batholiths.  Many, but not all, are alkali-feldspar granites; others range from syenogranite to monzogranite (du Bray, 1986).
Chemical classifications and tectonic settings

An important objective of studies of plutonic rocks is to determine their tectonic setting.  The standard classifications in this regard are based on chemical data acquired from Recent to Cenozoic volcanic and plutonic rocks with known plate-tectonic settings, plotting chemical compositions on discrimination diagrams.  Typical volcanic-rock discrimination diagrams include those of Pearce and Cann (1973), Pearce and others (1975); Pearce (1976, 1982); Pearce and Norry (1979); Meschede (1986) and examples of this use for volcanic rocks in the shield are referred to in the descriptions of arc assemblages above.  Similar diagrams are applicable to plutonic rocks (e.g., Pearce and others, 1984; Maniar and Piccoli, 1989).   Granites for example are divided by their trace-element contents, particularly in Rb-Y-Nb, Rb-Y-Ta, Y-Nb, Yb-Ta, Rb-(Y+Nb) ,and Rb-(Yb+Ta) spaces,  into ocean-ridge granite (ORG), volcanic arc granites (VAG), within plate granites (WPG), and collision granites (COLG) (Pearce and others, 1984).  Using major-element chemistry, Maniar and Piccoli (1989) divide granitoids into island-arc granitoids (IAG); continental-arc granitoids (CAG), continental collision granitoids (CGG), post-rogoenic granitoids (POG), continental-epeirogenic granitoids (CEUG), and oceanic plagiogranites (OP).  Harris and others (1986), on the basis of an extensive chemical database for intermediate and felsic intrusive rocks, classify intrusive rocks in continent-continental collision zones as pre-collision calc-alkaline (volcanic arc) intrusions, syn-collision peraluminous intrusions (lecogranites), late- or post-collision calc-alkaline intrusions, and post-collision alkaline intrusions.  Examples of uses of one or other of these types of classifications are shown above, for example, by Doebrich and others (2007) for granitoids in the Ar  Rayn terrane (Fig. 6-22C) and Hargrove (2006) for the Mahd adh Dhahab-Shayban area (Figs. 6-18C, D; 6-19C, D).  Moufti (2001) gives a discrimination diagram for A-type granitoids in the Ablah area.  A basic assumption in using such diagrams is that the present-day composition of the rocks resembles the original composition or, in other words, that the mobile and immobile elements have not been too drastically altered by metamorphism and metasomatism.  For this reason, analyses of the less mobile trace elements are generally preferred over the major elements.  However, because alteration can never be entirely ruled out, the practice of discriminating plutonic rocks on chemical grounds alone has been challenged.  Wang and Glover (1992) for example conclude that “the reconstruction of paleotectonic settings should not be done using geochemical data alone.  Tectono-stratigraphic analysis based on knowledge of field relation, structure and petrology of epiclastic, volcaniclastic and igneous protoliths is an essential adjunct to geochemistry in determining ancient tectonic environments” (pg. 111).  Another challenge is that the boundaries of most tectonic discrimination diagrams are drawn by eye, and that rigorous statistical analysis is missing.  Vermeesch (2006), in discussing a chemical dataset for oceanic basalts, highlights the need to reexamine such diagrams and advocates the use of discriminant statistics as being a more rigorous basis to determine tectonic affinity.  In fact, numbers of geologists working on the shield plutonic rocks in the 1980s anticipated this viewpoint and routinely applied stepwise linear multivariate analysis and Student’s t-tests to estimate multivariate distances between groups of chemical data and to establish matrices showing correlations along elements.  Drysdall and Odell (1981) is an example of the technique applied to distinguish granitoids with alkali/peralkalic affinities from calc-alkalic plutons in the northwestern part of the shield, and Douch (1986) and Ramsay (1986) are examples of cluster analysis applied to a range of granites.
Alphabet granites
Another means of classifying granites is to differentiate granites formed from igneous and sedimentary sources, resulting in I-type and S-type granites, named for their protolith composition (Chappell and White, 1974).  The terms arose out of research on Silurian-Devonian granites in the Lachlan belt, southeast Australia.  The Chappel and White paper applies to a particular geologic region, but the genetic concept gained wide acceptance, and the paper became one of the most cited in geology (Allen, 2001).  Lachlan I-and S-type granites are generally characterized by the opaque mineral assemblage magnetite+ilmenite+minor sulfide (pyrite>chalcopyrite>pyrrhotite) and ilmenite+sulfide (pyrrhotite>pyrite>chalcopyrite) respectively (Whalen and Chappell, 1988).  Both of these types of granite are formed by melting of high grade metamorphic rocks, either other granite or intrusive mafic rocks, or buried sediment, respectively.  M-type or mantle derived granite was proposed later, to cover those granites which were clearly sourced from crystallized mafic magmas, generally extracted from the mantle.  M-type granites are rare however, because it is difficult to turn basalt into granite via fractional crystallization.  Another alphabetic term is A-type granite, introduced by Loisell and Wones (1979) to describe granites that were generated along anorogenic continental rift zones, have mildly alkaline chemistry, and are interpreted to have crystallized under low-water fugacities.  A-type granites are enriched in lithophile elements and depleted in refractory elements relative to I, M., and S-type granites (Creaser and others, 1991).  They are considered to be derived from the fusion of high-grade, dry metamorphic rock (granulite) that had previously yielded a granite partial melt (Barker and others, 1975) or an I-type granite (Collins and others, 1982), or from the partial melting of crustal igneous rocks of tonalitic to granodiorite composition (Creaser and others, 1991).  In the broadest sense, A-type granites form by the melting of lower crust under extensional, usually extremely dry, conditions.
Th e alphabet terminology has not gained as wide currency in studies on the Arabian Shield as other granite classes, other than for I- and A-type granites.  Jackson and others (1984) refer to monzogranites in the Hijaz terrane  north of the Bi’r Umq suture as having I-type features representing partial melting of previously unfused (wet) crust and alkali and alkali-feldspar granites that have A-type features representing partial melts of previously fused (dry) crust.  Peraluminous A-type granitoids (syenite, quartz syenite, and syenogranite) are described from the Ablah area by Moufti (2001).  The granitoids are dated at 617±17 Ma and 605±5 Ma and are interpreted as the result of partial melting in a volatile and LIL-enriched metasomatized mantle triggered by shearing on the Umm Farwah shear zone.  It is inferred that shearing caused mantle flux to rise through arc-relate lower mafic crust and upper volcano-plutonic intermediate to felsic crust to produce A-type granitoids.  Kessel and others (1998) describe A-type rhyolite and granite in the Elat and Amran massif that possibly formed by the removal on an anhydrous mineral assemblage from water-poor basaltic magma at the end of the Pan-African orogeny.  
6.13.2 Granitoid petrogenesis

Petrogenesis is the aspect of petrology that deals with the origins of rocks.  It is different than the study of mineralogy, chemistry, phase reactions, or petrography, but takes these other aspects of petrology into account when considering the geologic processes that generated the rocks under consideration.  Comprehensive outlines of petrogenesis of felsic plutonic rocks in the Arabian Shield in the 1980s are given by Jackson (1986) and Stoeser (1986).  The petrogenetic models were developed around stages of tectonic development of the Arabian Shield involving (1) island-arc formation during which the formation and nature of plutonic magmas were controlled by subduction-related processes, (2) continental collision that resulted in the emplacement of synorogenic granitoids, and (3) a post-accretionary, or intracratonic stage that followed the main period of volcanic-arc terrane amalgamation and was dominated by granite magmas derived from massive crustal fusion.  As Stoeser (1986) comments, “The…distribution and ages of the Arabian Shield plutonic rocks clearly indicate that the evolution from intermediate plutonic rocks to unevolved granitic rocks to evolved granitic rocks is in the broadest terms similar to plutonic rock assemblages formed during the classic stages of orogenesis associated with the Wilson cycle (Dewey and Burke, 1973)” (pg. 39).  A slightly different tectonomagmatic model was presented in an earlier report by Jackson and others (1984), distinguishing an early immature arc stage, a mature arc stage, and a mature late- to posttorogenic stage (Fig. 6-26).   The trigger for crustal fusion/melting during the post-accretionary stage is not certain; it may be the effect of crustal thickening at the end of an orogenic event, as predicted by the Wilson cycle model; it may be the effect of continuing subduction, which certainly continued in the eastern part of the shield into the late Ediacaran; it may the effect of mantle gyres and upwelling caused by delamination and sinking of fossil subduction slabs, as suggested in Fig. 6-26;  it may be the effect of deep crustal transcurrent fault systems; or it may be the effect of mantle upwelling and therefore rising geotherms during extension related to orogenic collapse.
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Jackson’s (1986) petrogenetic model is based on mapping done in the Hijaz, Jiddah, northern Midyan, southern Afif, and Ar Rayn terranes, but not in the Asir terrane.  It is therefore biased toward these terranes, but the underlying principles are believed to apply to other parts of the shield (Jackson, 1986).  The island-arc stage is characterized calc-alkaline plutonic complexes–a broad TTG group of intrusions.  They are divided into (1) the granodiorite association composed of gabbro, diorite, quartz diorite, and tonalite, with subordinate granodiorite and monzogranite; (2) the tonalite association composed of quartz diorite and tonalite; and (3) a trondhjemite association composed of diorite, tonalite, and trondhjemite.  As described above, these types of rocks are present in all the volcanic-arc assemblages of the shield.  In the Asir terrane, they constitute the plutons in the Bidah belt, the very large An Nimas batholith, and the Tarib batholith in the Malahah basin.  In the Midyan terrane, such rocks are referred to as the Muwaylih TTG supersuite (Kozdroj and others, 2010); along the Bi’r Umq suture zone, the M1 and M2 magmatic episodes (Hargrove, 2006); and in the Ar Rayn terrane , the low-Al and high-Al TTG suites (Doebrich and others, 2007).  Whatever these rocks are called, they all have lithologic and chemical features consistent with oceanic island arc to continental-margin arc settings.  As discussed in Chapter 4 and reiterated in Fig 6-27, the strontium isotope data for the western arcs preclude involvement of significantly older crustal material in the protoliths that provided the raw material for their magmas; in other words, the felsic magmas were derived from juvenile material (the primary partial melts of Fig. 6-6) that had only a short residence time while differentiating in the crust.  The initial strontium ratios of TTG rocks (Sri, 87Sr/86Sr) are close to the strontium growth curves of both Peterman (1979) and Faure and Powell (1972).  The figure is plotted from a database of geochronologic ages and strontium data compiled by Johnson and Kattan (2007), without regard to the presumed tectonic setting.  Furthermore, the database includes both robust and nonrobust U-Pb as well as Rb-Sr ages, so that it is not reliable in all detail.  Nonetheless, the figure gives a useful general trend, reflecting growth of the initial strontium ratios in mafic and intermediate rocks with age.  The oldest rock represented is the Khasrah complex in the Al Lith area (Asir terrane), which has a suspect Rb-Sr age of 895-173 Ma; the youngest is a 569±6 Ma quartz diorite (U-Pb method) in the far northern Arabian Shield in Jordan, and the samples plotted extend into the Ediacaran, younger than the island-arc stage of Jackson (1986).

FIG 6-27 ABOUT HERE INITIAL STRONTIUM RATIOS

The post-accretionary stage of plutonic magmatism in the petrogenetic model of Jackson (1986) is represented by three associations: (1) monzogranite and granodiorite  with high Ca and Mg; (2) syenogranite and monzogranite with moderate Ca and Mg; and (3) alkali-feldspar granite and quartz-alkali syenite with very low Ca and Mg.  While it is commonly accepted that these types of granitoids derive from the melting of the lower crust, particularly previously fused or high-grade metamorphic crust, the actual origin of granitoid melts is still actively debated.  Many of the discussions on granite origins ignored the co-magmatic character of granites and mafic alkaline suites and had no explanation of magma mixing, both type of features found in the Arabian shield.  Furthermore, specifically in discussions on the origins of the “alphabet granites” there was a reliance on the concept of crustal melting.  Harking back to the beginning of this Chapter, the debate about granitoid origins is currently cast in the form of deciding whether the magmatic rocks originate by partial melting of juvenile lower crust due to mafic underplating or fractional crystallization mafic magmas (Pearse, 2010).
In this debate, it was recognized by geologists working on the shield in the 1980s that variations in the composition of the protolith have a critical affect on the bulk chemistry of the resulting granitoids (Jackson, 1986).  The temperature and degree of melting determines Ca content of the melt, and assimilation of or reaction with wall rocks or magma mixing is important in the formation of syenitic and anorthositic magmas (Barker and others, 1974).  The significant contribution of already fused crust to melt generation for post-accretionary magmas in the shield is evidenced by the strontium, lead, and neodymium isotopic data discussed in Chapter 4.  Fig. 6-27C, D shows initial strontium ratios for these late granites considerably elevated above the mantle growth curve, indicating that their protoliths had prolonged residence time in the crust.  The oldest monzogranite/syenogranite is the Fatima granite (773±16 Ma; Rb-Sr method); the oldest alkali-feldspar granite is the Hamra pluton (686±26 Ma: Rb-Sr method).  The regional pattern of lead isotope data illustrated in Fig. 4-16 is strong evidence of fundamental spatial variations in crustal composition across the shield.  While not as specific, initial strontium ratios form a comparable pattern (Stuckless and Futa, 1987).  Most of the highest Sri, with some exceptions, are from the same parts of the shield as the Type II and Type II leads, and all of the very low Sri plot in the area of Type I leads.  Stuckless and Futa (1978), considering these patterns in the context of granite magma generation, refer to two models accounting for variations in crustal bulk composition and isotopic variations.  One, the model that is most supported be a whole range of isotopic and geochronologic data (Stoeser and Frost, 2006), and favored in this book, is that the shield formed by the accretion of contrasting microplates or terranes and that the area of most evolved Pb and Sr isotopes is underlain by Paleoproterozoic crust (Khida terrane).  The other suggested by Stuckless and others (1984) is that isotopic variations result from laterally gradational changes in the protolith for the posttectonic granites attributed to mixing of sediments that were of dominantly oceanic affinity to the west and of dominantly continental affinity to the east.  Stuckless and Futa note that the Khida terrane is known to contain Paleoproterozoic granitic rocks, and that similar rock could have been the protolith for many of the granites in the southern part of the Afif terrane that have elevated Sri.   But they argue that the chemistry of the highly evolved peraluminous granites favor a sedimentary rather than a granitoid protolith.

Melting of previously fused crust may account for many of the granitic bodies in the shield, but some granites in the shield may be related to ongoing subduction because they are of the approximate same age and are geographically coincident with late Cryogenian and Ediacaran mafic-intermediate plutonic rocks of undoubted arc affinity.  Such is the case in the Ar Rayn terrane, the youngest arc system in the shield.  The arc-related TTG rocks of the Al Amar arc range from  689 Ma to 617 Ma and plot on discrimination diagrams in the field of volcanic-arc and syncollisional granites (Fig. 6-22C) (Doebrich and others, 2007).   Postorogenic alkali-feldspar granites in the Al Amar arc (Group 3 plutons) are only slightly younger than the arc-related plutons (607-583 Ma) and plot in the field of volcanic-arc and syncollisional granites, suggesting they may have been generated by the onset of extension while subduction continued.  Extension during or immediately after subduction may occur as a result of roll-back, a steepening of the subduction angle (Yang, 1993), or the development of transtensional and extension conditions because of unusual circumstances such as the collision of a spreading ridge with the subduction zone (Espinoza and others, 2008).
Some workers on the Arabian-Nubian Shield see a temporal transition between calc-alkaline and within-plate A-type magmatism that may have occurred at about 610 Ma (Beyth and others, 1994), but in places calc-alkaline and alkaline granite suites appear to be coeval, and the case for temporal and, by implication, tectonic transition is not clear cut.  In Sinai, for example, Ali and others (2009) sampled granites that have previsouly been interpreted as representing separate magmatic episodes, with a transition to alkali granite at ~610 Ma taken to marking the cessation of convergence and the onset of crustal extension.  The suits have intrusive relationships but new precise SHRIMP dating shows that the two suites are coeval and all formed within a restricted time span of 594-579 Ma.  On this basis, Ali and others conclude that some calc-alkaline rocks were also likely generated during the late extensional phase.  In the northernmost part of the Arabian shield, the Ghuweir Mafic suite and Feinan-A-type granites were both emplaced between 603 Ma and 587 Ma (Jarrar and others, 2010).   The Ghuweir Mafics were derived from a subduction modifies lithospheric mantle by partial melting, whereas the Feinan granites were derived from the Ghuweir mantle-derived mafic magma by fractional crystallization (Jarrar and others, 2008).    

An alternative petrogenetic model for A-type granite magmatism in the shield is given by Moufti (2001), with reference to peraluminous granitoids in the Ablah-Shwas pluton in the west-central part of the Asir terrane.  The granitoids are Ediacaran (617±17 Ma, 605±5 Ma: Rb-Sr isochron ages), but in contrast to the Ediacaran granites considered by Stuckless and Futa (1987), for example, have low Sri values of 0.7035-0.7038, close to the value for the mantle at an age of ~615 Ma.  As mentioned above, A-type granites are generally considered to derive from the melting of dry, lower-crustal material.   Moufti (2001), however, infers that the low Sri indicates either a mantle origin of a Rb-depleted crustal source, and because of the chemistry of the granites in the Ablah-Shwas pluton, unusual for A-type granites, favors a mantle model.  Moufti proposes that movement on the Umm Farwah shear zone, reactivating the long-lived extensional regime evidenced by the middle Cryogenian-Ediacaran growth of the Ablah belt, facilitated partial melting in a LIL-enriched metasomatized mantle.  Kessel and others (1998) studied rhyolite and mafic dikes in the Elat-Amran massifs in the Sinai Peninsula, noting that the rhyolite has the character of A-type granites with compositions that fall on the trend of the felsic tholeiitic dikes.  They concluded that the rhyolite and dikes had a cogenetic relationship and argued that at least some A-type felsic magmas are anhydrous fractionation products from basaltic magmas.  Be’eri-Shlevin and others (2009) argue that post-collisional 635-590 Ma calc-alkaline granitoids and  608-580 Ma alkaline- to peralkaline granitoids in the northern part of the Sinai Peninsula reflect coeval derivation from anatexis of variable sources during within-plate crustal extensional. 

6.14    Late- to posttectonic granite provinces
The Midyan region contains about 80 large late- to posttectonic late Cryogenian-Ediacaran felsic plutons, divided into suites of regional extent (Fig. 6-2).  They range in age from ~638 Ma (Ra’al alkali granite) to ~575 Ma (Haql suite), and include abundant alkali-feldspar granite, alkali granite, monzogranite, granodiorite, and trondhjemite.  Specialized alkali granite and alkali-feldspar syenite plutons and stocks are notable as the host of Mo, Nb, REE, Sn, Ta, U, W, and Zr, such as Ghurayyah, Jabal Tawlah, and Jabal Hamra.  Late- to posttectonic granites are typically steep sided with sharp discordant contacts representing diapiric intrusion (Agar, 1986).  Many are subcircular or coalescing plutons, and are commonly recessively weathered (Fig. 6-28).

FIG 6-28 ABOUT HERE GHIRAH GRANITE
Late- to posttectonic granitoids in the Ha’il region are divided into five suites and have a similar petrologic range to those in the Midyan.  They include granodiorite, large amounts of monzogranite, syenogranite, alkali-feldspar granite, and alkali granite.  Unlike the Midyan region, however, few granite-associated metallic-mineral occurrences are known.  The Akash granite is anomalous in Sn, W, and Zn and has a tin-fluorite greisen along its margin.  Niobium-bearing pegmatite veins are present on the east side of the Aja batholith.

The Haml Batholith is a vast assemblage of late Cryogenian-Ediacaran granitoids in the eastern part of the shield in the core of the Khida terrane.  It is these rocks that contain the inherited low initial Nd ratios and elevated Type III radiogenic Pb that isotopically define the Khida terrane as a region of cryptic older crust.  The Haml batholith correlates with the regional-scale gravity low shown in Fig. 3-15, testifying to a large amount of granitic magma in the subsurface in this part of the shield.  High-frequency magnetic anomalies in the same region reflect the surface expression of multiple, nested plutons that make up the batholith, swarms of west-northwest-trending dikes, and numerous northwest-trending Najd faults.  As mapped by Thieme (1988), the batholith rocks are divided into two suites.  The predominant Haml suite includes a complex of monzogranite to granodiorite (~640-625 Ma) and a younger complex of monzogranite to syenogranite with local alkali-feldspar granite (615-600 Ma).  The less extensive Nasaf suite composed of scattered plutons of tonalite, granodiorite, and gabbro is present close to the northeastern margin of the batholith.  “Specialized” lithium-mica granites crop out in the central part of the batholith.  They are anomalous in Li, F, Rb, and Y, and have high concentrations of Sn and W.  The Huqban pluton has a significant radiometric signature and has been appraised for Sn and REE minerals; the Dahul pluton is anomalous in Sn, Ta, Mo, and W.

Late to posttectonic granites in the southern part of the shield, in the Asir region, are mostly older than those farther north.  They are compiled by Johnson (2006) as the Ibn Hashbal suite (~640-615 Ma) and the smaller Wadbah suite (605 Ma).  Both suites are clearly posttectonic with respect to the major 680-640 Ma brittle-ductile, greenschist- to amphibolite-facies orogenic event marked by the development of the north-trending Nabitah fault and belts of orthogneiss on either side of the fault (see next section).  Offsets of some granite plutons by strands of the Nabitah fault demonstrate that brittle deformation continued in the southern shield after 640 Ma, but with considerably less intensity and structural effect than the Nabitah orogeny.  The Ibn Hashbal suite comprises plutons of monzogranite, alkali-feldspar, and local alkali granite.  The Jabal Tha (Jabal al Gaharrah) muscovite syenogranite is a small tin-bearing pluton of the Ibn Hashbal suite along the Asharah fault zone, east of and parallel to the Nabitah fault. 

6.15    Late- to posttectonic gabbro complexes

Among the 6 percent of the shield made up of gabbro, late- to posttectonic gabbros are commonly distinguished by prominent layering (Coleman and others, 1972).  Notable examples include gabbro intrusions in the central part of the shield assigned to the Thalath complex (Al-Muallem and Smith, 1987), the Jabal Sha’i’ gabbro in the southern shield (Coleman et al., 1977), and the Al Ji’lani layered intrusion at Ad Dawadimi, in the eastern shield (Al Shanti, 1975).  The Thalath complex gabbros are as much as 50 km across; several are circular to ovoid.  Some have prominent inward-dipping layering of gabbro and dunite and at least one has a core of gabbro and rim of anorthosite suggestive of a ring dike; but most are uniform in lithology. 

The Lakathah complex in the southwestern part of the shield (Martin et al., 1979) is a nearly circular ring-dike intrusion 10 km across.  It has a core of pyroxenite-hornblendite, an intermediate zone of diorite-gabbro, and an outer ring of syenite.  Concordant lenses of titaniferous magnetite are present in the core ranging in thickness from a few centimeters to 3 m and as much as 50 m long.

The Wadi Kamal complex, northwest of Yanbu’ al Bahr in the northwestern part of the shield, is an irregular body of norite, anorthosite, gabbro, and leucogabbro forming southern and northern lobes connected by a trail of scattered intrusions in surrounding schist and amphibolite.   Gabbro and anorthosite predominate; norite forms an outer margin to the southern lobe.  The complex is a target for titaniferous magnetite and samples of magnetite contain as much as 26 percent Ti and between 0.30 and 1.21 percent V2O5.  A smaller body of dunite, amphibole-rich gabbro, and an ultramafic-mafic layered complex immediately south of the Kamal complex is a target for nickel and PGM.

The Ad Dawadimi (Harrat al Ji’lani) gabbro intrudes the Ad Dawadimi granite batholith as an oval ring structure 7 km across.  It comprises inward dipping layers of norite, gabbro, and some layers of amphibolite.  The exposed layers add up to a thickness of more than 3 km.   Plagioclase-pyroxene gabbro cumulate predominates.  The complex contains minor chromite and is host to some silver veins belonging to the Ad Dawadimi silver district, but has no reported titaniferous magnetite or other metallic minerals.
6.16     Bimodal granite-gabbro complexes
Bimodal late- to posttectonic plutonic complexes are not common in the Arabian Shield, but three such complexes are prominent in the central part of the Asir terrane, 25 to 75 km north of Bishah.  The two southern bodies are subcircular plutons 15 km in diameter composed of biotite-hornblende syenogranite and subordinate diabase.  The southernmost Jabal an Naqi’ pluton has a distinct concentric structure formed by alternating thick dikes of fine- to coarse-grained syenogranite and curvilinear lenses of diabase.  Abundant inclusions of hornfelsed volcanosedimentary wall rocks are common (Simons, 1988).  Schmidt (1985) proposed that the pluton is the deeply eroded root zone of a caldera. The Jabal Munirah pluton, to the north, is a concentric structure composed of alternating layers of fine- and coarse-grained syenogranite with lenses of diabase toward its southeastern margin.  Diabase is also associated with syenogranite at the Jabal Khashram pluton farther north.  Diabase in these plutons consists of about 50 percent calcic plagioclase and 50 percent pyroxene, green hornblende, and reddish brown biotite.  Because diabase occurs almost exclusively with syenogranite in the area, Schmidt (1985) envisaged that diabasic and syenogranitic magmas coexisted at depth, were mutually hybridized, and were intruded penecontemporaneously.
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