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Geologic investigations – history and ideas
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Modern geologic investigations in the Arabian Shield, including the earliest mapping programs and stratigraphic interpretations, began before the development of Plate Tectonics, the radical concept that transformed thinking in the mid-1960s about geologic processes on Earth; later mapping and geologic interpretations were done after Plate Tectonics.  This transition in Arabian geologic activity mirrors a global transition, and reflects the most fundamental change in geologic thinking that has taken place in the last 100 years.  The transition led to an outburst of geologic papers describing and interpreting the volcanic and plutonic rocks of the shield, their geochemistry, and tectonic settings–describing them in terms of volcanic arcs above subduction zones, sutures between colliding arcs, and evolving magmatic systems at arc-arc and arc-continental margins.  The past 30 years has seen a continued evolution of geologic interpretation of the shield, drawing on concepts of terrane amalgamation developed in the Western United States; utilizing models of orogenic exhumation, extension, and collapse; applying microstructures to establish the sense of movement along shear zones; and doing fundamental work on isotopes and geochronology.  Geology deals with the ancient past, but scientific inquiry is a dynamic pursuit in the present.  Even though the rocks do not change our understanding of their history and relationships do.  And working with, and adding to, this changing body of data and interpretation is the challenge and delight facing the modern geologist.  This Chapter traces the history of evolving geologic thought on the Arabian Shield, providing a conceptual background for contemporary interpretations of shield geology presented in later chapters, and describes current, emerging lines of inquiry and outstanding problems in the Shield. 

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

2.1    Earliest explorations
Geologic observations have been made in Arabia and adjacent areas for thousands of years.  The oldest know geologic map in the World is a papyrus document from the Nubian Shield, found in 1824 and now housed in Turin’s Museo Egizio (Fig. 2-1).  The map, dating from about 1160 BC, was prepared for Ramesses IV’s quarrying expedition to Wadi Hammamat.  The purpose of the expedition was to obtain blocks of metamorphosed, immature sandstone (wacke) to be used in statuary.  The map shows a 15-km stretch of Wadi Hammamat that includes the gold mine and settlement at Bi’r Umm Fawakhir.  It depicts different rock types and wadi gravels with such detail and accuracy that the rock units and structures can be identified on modern maps.  Modern equivalents of the rocks mapped are Upper Cretaceous Nubia Sandstone, and Neoproterozoic Fawakhir granite, Hammamat Group siliclastics, Dokhan Volcanics, and the Atalla sepentinite.  Six thousand years ago, copper was mined at Timna, in southern Israel, exploiting chalcocite, chrysocolla and malachite ores in Lower Paleozoic sandstone close to its contact with the Precambrian basement.  The mine was opened by Egyptian miners, continued under the Romans, and was periodically worked into modern times.

FIG 2-1 ABOUT HERE TURIN MAP
The Arabian Shield in Saudi Arabia contains hundreds of ancient mine sites.  None is known to be as old as Timna, but several were in operation over 3000 years ago (Table 2-1).  Mahd adh Dhahab, a major gold deposit, has evidence of mining activity at 3000 BP, given by 14C dating of charcoal, and Jabal ash Shizm copper mine was in operation at nearly 1300 BP. The metals sought included gold, silver, copper, and lead.  Additionally, there is evidence of ancient use of carbonate-talc altered serpentinite in the Arabian Shield for the manufacture of cooking pots, and of exploitation of highly silicic fine-grained tuffs and chert for the manufacture of stone tools and projectile points.  Grinding stones for ore processing, abundant at many mine sites, are commonly of Neoproterozoic granite or Cenozoic vesicular basalt; in many cases they are far from any obvious rock source and are evidence of sustained logistical planning and provisioning of mining operations. 

TABLE 2-1 ABOUT HERE ANCIENT MINES

A later phase of pre-modern mining occurred between about 750 and 1258 AD, during the Abbasid Caliphate.  This was the period when the Arabian Peninsula was controlled from Baghdad.  Mining and exploration were well developed in the Arabian Shield.  Libraries in Makkah and Istanbul have descriptions of exploration techniques from this time. Judging by the relative sizes of trial excavations, the ancient miners effectively differentiated between bull and gold-bearing quartz veins; exploration was so comprehensive that it is almost a truism that an ancient trial pit or excavation can be found at any outcrop of quartz vein in the shield.  Mining was by means of pits, trenches, and stopes, in the oxide zones; the deepest stopes at Mahd adh Dhahab descend 50 m beneath the surface.  Activities, moreover, were not confined to bedrock ores, but extended into alluvial (placer) deposits in wadis (intermittent drainages) surrounding bedrock mine sites.  In recent years, excavations at numbers of mining sites have been made by archeologists working for the Saudi Arabian Department of Museums and Antiquities and the Department of Archaeology at King Saud University in Riyadh in an attempt to date mining activities and to document the sophistication of the mining and metallurgical techniques employed.

Observation of a volcanic eruption at Madinah in 654 AH (1256 AD) were made by Al-Qastalani, who reported that “a fire burst out in the direction of Al-Hijaz; it resembled a vast city with a turreted and battlemented fort, in which men appears to be drawing the flame about, as it were, while it roared, burned, and melted like a sea everything that came in its way.  Presently a red and bluish stream, bursting from it, ran close to Al-Madinah”.  The remains of the “red and bluish” streaming lava flow are seen today on the eastern outskirts of the city, as black, pristine lava.  More recent geologic observations were made by Charles Doughty, a British explorer who traversed the northern part of Saudi Arabia between Al ‘Ula, Ha’il, and Makkah between 1876 and 1878.  His observations were reported as a travel account, but more importantly from the perspective of this book, Doughty compiled a geologic map and made cross-sections covering the northern part of the Arabian Shield and adjacent sections of the Phanerozoic cover.  The map (Fig. 2-2), exhibited at the Royal Geographic Society, London, in 1883,  is not a complete record of the Arabian Shield geology, but shows areas of sandstone northwest of Al ’Ula, now referred to as the Siq Sandstone; an area of limestone east of Buraydah, now referred to as the Khuff Group; areas of granite and trap (an old fashioned term for metamorphic volcanic rocks) in a continuous tract from Ha’il to Jiddah corresponding to Neoproterozoic rocks of the shield; and lavas belonging to Harrat Uwayrid, Khaybah, and Rahat.  The cross sections record the profound regional unconformities located between the Phanerozoic cover and the Precambrian Arabian Shield and at the base of the harrats, as well as the gentle descent of lava flowing from the harrats toward the Red Sea.  During the same period, Richard Burton made an expedition to northwest Saudi Arabia, making geologic observations on the shield in an area that he called the Midian and is now referred to as the Midyan terrane (Burton, 1878).
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2.2   Early modern activity

Modern geologic investigations in western Saudi Arabia began in the 1920s and 1930s.  H.M. King Abdulaziz authorized investigations into the mineral potential of the Arabian Shield by the American geologist, K.S. Twitchell, as it was a region long known to contain ancient mines for gold, copper, lead, and other minerals, and the Red Sea Petroleum Company sponsored geologic mapping and fossil collecting in the Farasan Islands (Macfadyen, 1930).  Twitchell first came to Saudi Arabia in 1931 to assess the water resources of the Kingdom in an attempt to develop artesian wells and thereby encourage agriculture.  This endeavor was not truly successful, but he was subsequently contracted to visit various ancient mines in the shield and to assess their mineral potential.  Twitchell’s work formed the basis of the Saudi Arabian Mining Syndicate (SAMS), which was established in 1934 to explore for gold with a permit to reopen the Mahd adh Dhahab gold mine in the west-central part of the Arabian Shield.  SAMS utilized air and ground reconnaissance methods, as well as translations of old Arabian documents housed in libraries in Makkah and Madinah, and examined over 55 ancient mines including Nuqrah, Al Aqiq, Jabal al Azzah, and Mahd adh Dhahab, which Twitchell had first visited in 1932.  Mahd adh Dhahab was operated by SAMS as an open pit and underground mine between 1939 and 1954, extracting some 950,000 t ore for a recovery of approximately 22 t Au and 28 t Ag.  Records of exploration by SAMS include field reports in the form of letters to SAMS’s management, and drilling and sampling assay results.  Many of the documents are carbon copies of typed originals, and are typically fragile and fading.
Activity at this time in the shield was limited to mineral exploration, and no basic geology was attempted.  SAMS produced reports concerned with mining possibilities, grades, and estimated tonnages, but no regional maps or syntheses of geologic knowledge.  Nonetheless, SAMS prepared the first modern inventory of ancient mines and prospects in the country and quickened interest in the Precambrian rocks of the Kingdom, at a time when interest and money primarily focussed on the younger Phanerozoic strata in the east because of their potential for oil.  And SAMS work brought trained geologists to the shield in a process that would result 10-15 years later in the first systematic geologic reconnaissance in the shield under the auspices of the Directorate General of Petroleum and Mineral Affairs, later the Directorate General for Oil and Minerals, and the subsequent establishment of Missions of the United States Geological Survey and Bureau de Recherches Géologiques et Minières.

2.3   Early systematic geologic mapping programs
Systematic geologic activity in western Saudi Arabia began in the 1950s and continues to the present.  Following visits to Saudi Arabia in the 1940s, at the request of H.M. King Abdulaziz, to search, successfully, for water in the vicinity of Riyadh, G.F. Brown returned to Jiddah in 1950 to head up a program of technical assistance between the Kingdom of Saudi Arabia and the United States of America.  The objective was to undertake reconnaissance geology and to ascertain areas of mineral potential in the shield, reporting to the Directorate General of Petroleum and Mineral Affairs and Directorate General for Oil and Minerals, within the Saudi Arabian Ministry of Finance, precursors of the present-day Deputy Ministry for Mineral Resources (DMMR).  By 1958, the reports on work carried out were beginning to resemble the types of open-file reports that became common in the DMMR and later Missions and Saudi Geological Survey, containing discussions of geology as well as observations on mineral prospects and exploration.  During this period, iron-ore was discovered at Wadi Sawawin, and the first Saudi geologists became members of the exploration teams.  ARAMCO, headquartered in the Eastern Province, and concerned with the Kingdom’s petroleum resources, was little interested at that time in the Arabian Shield.  However, in 1955, under an agreement between Saudi Arabia and the United States Department of State, ARAMCO joined in a cooperative effort to begin a systematic program of geologic mapping of the Kingdom.  This cooperative agreement resulted in a ten-year program of photogeologic interpretation supported by fieldwork geologic mapping culminating in a series of 1:500,000-scale geologic maps covering the Arabian Peninsula, more than Saudi Arabia alone by the inclusion of Jordan, Oman, what is now Yemen, and UAE.  The mapping program was one of the most intensive geologic projects ever undertaken in any country, starting from a position in which the geology of the region was virtually unknown and resulting in a coordinated body of geologic data about the Arabian Shield that made possible the first stratigraphic and tectonic synthesis of shield history.
Concurrently, other geologic agencies and individuals were working on the shield under the auspices of the Directorate General for Oil and Minerals.  These include the Pakistan Geological Survey (1954-57), which assessed the uranium potential of selected granitic and mafic rocks and worked on other types of mineralization in specific areas within the shield.  German groups from the Amt fur Bodenforshung in Hannover, the precursor of the German Geological Survey, made reconnaissance surveys  and German geologists from the Gewerkschaft Exploration in Dusseldorf, conducted work on iron ore at Wadi Sawawin.  The French geologist, Roman Karpoff, was active in the western and central parts of Saudi Arabia between 1955 and 1960.  His primary goal was the study of water resources, but he published important papers (in French) on the Precambrian basement rocks on western Saudi Arabia.  His article of 1957 was the first to label the area a “shield” using the French term “le Bouclier Arabe”.  Based on a number of airborne and vehicle traverses across the shield, Karpoff described two Precambrian rock series: an older Madinah series, and a younger Fatima series (Fig. 2-3).  The Madinah series was the name given to the older schist, gneiss, and migmatites in the shield, which are intruded by pre- and syntectonic granites; biotite porphyritic granite; and posttectonic biotite-alkali granite and peralkaline aegirine- and riebeckite-bearing granite.  The Fatima series, described from Wadi Fatima but also recognized at Hanakiyah and Nuqrah in the northern shield, included strongly folded rocks now assigned to the Fatima and Jibalah groups, consisting of conglomerate, arkose, lava, calcareous schist, and stromatolitic marble.  The Fatima series, in a modified sense, was retained by the team conducting the cooperative USGS-ARAMCO mapping, and survives to the present as the Fatima group.  Other Fatima series rocks are separated out, at the present, as the Jibalah and Shammar groups.  Karpoff’s Madinah series, in contrast, is abandoned.
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Brown and Jackson (1960) presented results of the USGS-ARAMCO mapping program at the 21st International Geological Congress in Copenhagen.  Their publication included a summary geologic map of the Arabian Shield at a scale of 1:7,800,000 and a table correlating the Precambrian rocks of Saudi Arabia with the Red Sea Hills of Sudan and Egypt.  Although its conclusions were tentative the paper has been a major influence on all subsequent geologic work in the shield.  Many formation names utilized in the mapping program described by Brown and Jackson are retained to the present and the proposed time span of the Precambrian rocks is remarkably similar to what is accepted now for the Arabian Shield.   Belts of gneiss were inferred to be the oldest rocks in the shield, overlain by the Hali schist, a metasedimentary unit ranging from chlorite-sericite schist to amphibolites.  Metavolcanic and subordinate metasedimentary rocks, metadacite, gabbro, and amphibolites of the Baish greenstone and Lith complex were next in succession, followed by Syntectonic granodiorite.  Younger rocks include the Halaban andesite and Murdama formation, which were intruded by calc-alkalic granite, and the youngest rocks include the Fatima formation, the equivalent of Karpoff’s Fatima series, and the Ablah formation.  The youngest layered rocks, extensively developed in the northeastern part of the shield, were called the Shammar rhyolite, and they and older rocks are intruded by late-tectonic alkali to peralkalic granites, which in part may be intrusive equivalents of the Shammar rhyolite.  Using preliminary Rb-Sr dating, a technique only developed a few years earlier, Brown and Jackson reported that the rocks of the shield developed between about 1000 Ma and 530 Ma, broadly consistent with recent interpretations.  They also noted a prevalence of north-trending faults and shears in the southern part of the shield, and a system of northwest-trending sinistral wrench faults that they termed the Najd faults, after the traditional geographic name for central Saudi Arabia.

In 1960, the Ministry of Petroleum and Mineral Resources was established in the Kingdom, and in 1962 the Directorate General of Mineral Resources (DGMR) was set up as a subdivision of the new ministry.  The DGMR had a geologic staff to undertake mineral exploration and mapping, supplemented by technical assistance from the U.S. Geological Survey, which signed a contract with the DGMR in 1963, becoming the first of the geologic missions that operated in the Kingdom until 2000, followed in 1965 with the arrival of the French Bureau de Recherches Géologiques et Minières (BRGM) to form a second Mission.  With a substantial increase in geologic manpower resulting from the establishment of the two missions, geologic mapping and exploration accelerated.  There also came about a division of focus, whereby the DGMR tended to concentrate on the central part of the Arabian Shield and the northwest, the USGS Mission on the southern part of the shield, and BRGM on the northern shield in a broad belt from Al Wajh on the Red Sea coast to Wadi Ar Rayn in the east.  By 1963, early in this period, the 1:500,000-scale geologic maps of the Peninsula were recompiled as a single map at 1:2 million scale, and 1:100,000-scale half-degree quadrangle mapping started with the objective of unraveling the Precambrian geologic history of Saudi Arabia so that mineral exploration could be set up in a regional framework.

As 1:100,000-scale geologic mapping progressed during the 1960s and early 1970s, informal stratigraphic schemes evolved to facilitate fieldwork and  to permit what were thought to be viable correlations from area to area across the shield (Fig. 2-4).  The underlying premise of these schemes was that the stratigraphy of the shield was homogeneous and that a stratigraphic column erected for one part of the shield could be applied reasonably to another area, not taking into account what are now known to be structural and tectonic stratigraphic disruptions.  Although different stratigraphies came about in the northern and southern shield in the areas studied by BRGM and USGS geologists respectively, they shared a common feature, namely the inference of a pre-existing basement overlain by successively younger layers, one atop the other.   BRGM geologists adopted names such as J’Balah group for the youngest rocks they encountered; included the Murdama and Hibshi formations, Shammar rhyolite, and Ablah formation in the Fatima group; raised the Halaban formation to group status; and tended to regard older metamorphic rocks as the metamorphic equivalents of the Halaban or Fatima groups (e.g Eijkelboom, 1970) or Middle and older Proterozoic basement.  It is unclear when this basement hypothesis first came to be applied.  It was not used in the earliest 1:100,000 scale maps prepared by the BRGM Mission, but was applied to the 1975 edition of the Nuqrah 1:100,000 scale sheet, was more fully stated in a report on geochronology in 1976 (Baubron and others, 1976), and was explicit in the stratigraphy shown on the Nuqrah 1:250,000-scale compilation (Delfour, 1977) and in a subsequent paper by Delfour (1980).  Baubron and others (1976) reported that “an older metamorphic and granitic basement is thought to exist, which was consolidated about 1000 m.y.”  In this model, rocks of inferred Middle Proterozoic age assigned to the Ajal group, consisting of partially remobilized granodiorite gneiss and amphibolite, are intruded by mafic to ultramafic rocks of gabbro and serpentinite of the Rharaba complex. 
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A different stratigraphic scheme was developed by USGS Mission geologists working in the southern part of the shield.  In June 1971, a field conference was held, which brought together five of the six USGS geologists who were working on the 1:100,000-scale mapping program of the mission, together with Glen Brown, the Chief of Mission. The outcome was a publication by Schmidt and others (1973) summarizing the then current understanding of the stratigraphy and tectonism of the southern part of the shield (Fig. 2-5).  Orthogneisses in the Khamis Mushayt area were identified as the oldest rocks in the region, forming a basement complex similar to the Older Basement proposed by BRGM geologists in the northern shield.  Younger units included the Baish, Bahah, and Jiddah groups, and the Halaban group, a name extended with little control from the Halaban area in the northeastern shield, to define meta-andesite, rhyolite, and sedimentary rocks in the southeastern shield.  All younger sedimentary rocks in the southern shield were assigned to the Murdama group.  Ultramafic rocks were not identified in the southern shield, and so did not figure in the USGS stratigraphic scheme.
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Another feature of early stratigraphic schemes for the Arabian Shield was a tendency toward “layer-cake” stratigraphy–the notion that formations and groups crop out over large parts of the shield.  This notion was based on a belief that lithologies and packages of layered rocks could be correlated despite intervening shear zones and plutons, and formations recognized in one part of the shield could be legitimately continued into far distant other parts of the shield.  The tendency toward layer-cake stratigraphy has been criticized by numbers of authors, because such stratigraphy does not take into account geochronologic differences that are now evident, nor the implications of an acceptance of the terrane concept (Johnson and Kattan, 2008).  An example of unwarranted long-range correlation is the mapping of “Halaban group” rocks in the Najran area, at the southern margin of the shield in Saudi Arabia, taking the name from the Halaban area in the east-central shield (Sable, 1985).  In current interpretations of shield geology, the Najran area is in the Asir terrane whereas the Halaban area is in the Afif terrane north of the intervening Haulyfah-Ad Dafinah-Ruwah suture zone.  Furthermore, no “Halaban group” is recognized at Halaban, so the propose correlation is meaningless.  Another example of stratigraphic analysis that has been overturned by subsequent geochronologic and structural work is the division of the Neoproterozoic layered rocks of the shield into three sequences (sequences A, B, and C) (Fig. 2-4) (Jackson and Ramsay (1980).  The sequences were based on unconformities of inferred regional extent but more importantly on geochronology that existed at that time.   Sequence C included what were interpreted to be the oldestr arc rocks of the shield; Sequence B the rocks of intermediate age; and Sequence A the youngest deposits such as the Murdama, Shammar, and Jibalah groups.  The sequence stratigraphy concept derives from work by Sloss (1963) on the stable craton of North America referring to major rock-stratigraphic units greater than group or super group traceable of large areas of a continent and bounded by unconformities of interregional scope.  Given the depth of present-day information about the ages and different structural and tectonic settings of the layered rocks of the shield, dividing them into shield-wide sequences is an over-simplification.  The concept has been universally adopted for the Phanerozoic rocks of the Arabian Platform however (Sharland and others, 2001) and the concept is retained as a means of stratigraphically grouping some of the Ediacaran deposits on the shield and elsewhere in the Arabian Plate.  Thus, by definition, Tectonomegasequence AP1 comprises “the package of sediments lying above the basement and below the pre-Siq (Saq) unconformity in Saudi Arabia and the Angudan unconformity in Oman” (Sharland and othes, 2001, p. 61), and on the shield includes the Jibalah group.  

With ongoing work, it came to be realized, in both the northern and southern parts of the shield, that the basement concept had ambiguities.   One ambiguity arose from the practice, both in French and English, to utilize the term “older basement” (un socle Ancien) to refer to Precambrian rocks generally, whereas the more cumbersome term “a pre-existing basement” (un socle plus ancient) was reserved for partially remobilized and rejuvenated sialic material.  More seriously, however, the concept of an older basement could not be empirically demonstrated – metamorphosed and deformed rocks were placed at the bottom of the stratigraphic column because they were believed to be older than less metamorphosed or deformed rocks, but no geochronologic data were available to support the interpretation.

2.4    The impact of Plate Tectonics
Following the development of Plate Tectonics, in the mid 1960s, and the greater availability of geochronology, new stratigraphic models and tectonic interpretations were applied to the shield.  The first indication that plate-tectonics might apply to the shield appeared in 1971 in a review of work then in progress on the Tectonic Map of the shield prepared by Brown (1972).  In this review (DGMR, 1971) mention is made of thrusts, or high-angle reverse faults in the shield that may result from collision between two plates during Precambrian times.  In the Tectonic Map itself, Brown referred to the possibility that rotation of a proto-Arabian plate may have contributed to deformation in the shield.  More explicit reference to plate tectonics was made by Greenwood and Brown (1973) in a paper on the petrology and geochemistry of plutonic rocks in the shield.  It was proposed that the oldest dioritic, tonalitic, and trondhjemitic plutons and younger granodiorite, granite, and syenite represented a calc-alkaline to peralkaline differentiation trend of the type found in evolving subduction-related magmatic arcs, and proposed that an increase in K2O/K2O+Na2O ratios noted across the shield from southwest to northeast resulted from the production of melts above a north-east-dipping Benioff zone (the seismogenic term then used for a subduction zone).  The authors pointed out that the rocks of the shield are similar to those produced at recent convergent oceanic-continental plate boundaries and hypothesized that an oceanic plate had possibly lain to the southwest of the present shield. 

Work of this type relied on actualistic models of present-day volcanic arcs to identify arcs in ancient rocks, an identification that was helped by listings of some of the characteristic features of recent volcanic arcs that must be preserved in the rock record to help determine the magmatic affinities of metavolcanic rocks (Garcia, 1978).  Garcia noted that Ti, Zr, Cr and the rare-earth elements are generally only slightly affected by low-grade metamorphism in contrast to major element abundances, which are very susceptible to metamorphic modification and dewatering, and their relative abundances allow discrimination between volcanic rocks formed in different tectonic settings such as ocean spreading centers and subduction zones.  In this context, a growing body of analyses of modern basalts provided a template against which to determine the origin of basalts in the Arabian Shield, and a large number of discrimination functions are now in routine use allowing differentiation of magma types and their tectonic settings (Barker, 1979; Pearce and Norry, 1979; Pearce, 1982; Le Maitre, 1989; Pearce and others, 1984; Meschede, 1986; Harris and others, 1986; Defant and Drummond, 1990).  Another of Garcia’s identifying characteristics is the greater abundance of pyroclastic rocks than lavas in modern volcanic arcs, as well as interbeds of thick deposits of volcanic wacke and mudstones.  Such rock types in the ancient rock record, coupled with evidence of variations in the grain size of pyroclastic material, thickening and thinning of lava flow succession, and indications of aqueous (submarine) deposition such a pillow lavas and Bouma cycles in wacke and reworked tuffs, allow a confident identification of ancient volcanic arcs and volcanic centers.  A modern example of such analysis in the Arabian Shield is Roobol (1989).
2.5    Classic papers on the Arabian Shield
From the mid-1970s on, advances in geologic understanding of the Arabian Shield can be measured by the publication of seminal papers arguing the merits of plate tectonics in the shield and presenting evolving ideas about the stratigraphy and tectonics of the region.  East-, west-, or northeast-dipping subduction zones were variously proposed; other papers considered the role of ophiolites; some hypothesized the traces of suture zones; and some attempted to ascertain the number and original location of island arcs.  A key reference is the paper by Al-Shanti and Mitchell (1976), which argues that the Al Amar-Idsas fault zone is the trace of a subduction and suture zone.  A polarity across the fault was noted resulting with a juxtaposition of island-arc rocks to the east (the present day Ar Rayn terrane) and fine-grained ocean-floor sediments of the Abt formation (the present day Ad Dawadimi terrane) to the west (Fig. 2-6).  The Abt formation was interpreted as an accretionary outer-arc succession, and carbonate-altered ultramafic rocks along the fault were interpreted as tectonically emplaced upper mantle rocks.  During collision, the Abt formation became tectonically emplaced in an east-dipping imbricate thrust zone.  With closure of the ocean basin, a continental margin approached and underthrust the outer-arc Abt rocks from the west, creating a foreland basin in which posttectonic granite were emplaced.
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	A primary paper on ophiolites was published the same year (Bakor and others, 1976), dealing with mafic-ultramafic rocks at Jabal Wask, in the northwestern part of the Arabian Shield.  The complex consists of ultramafic rocks, gabbro, spilite, keratophyre, and metasedimentary rocks, and was identified as an Eocambrian back-arc ophiolite.  Although its contacts are structural (shear zones) it was proposed that the Jabal Wask complex originated in a back-arc basin behind an island arc and above a subduction zone.  One of a number of ultramafic masses extending in linear zones across the Arabian and Nubian Shield, the complex was suggested to be a remnant of a series of marginal basins that existed between various island arcs in the region.  Eocambrian is a now outdated term for the latest Precambrian rocks; a synonym is “Infracambrian”.  Both terms are nowadays superseded by Ediacaran.

	The following year, further discussion to ophiolites in the Arabian Shield, with particular reference to the Hulayfah-Hamdah belt, was made by Frisch and Al-Shanti (1977) who described five belts containing ultramafic complexes marking sutures between island arcs.   In this and other papers, the Jabal Wask belt (Bakor and others, 1976), the Hulayfah-Hamdah belt (Frisch and Al-Shanti, 1977) and the dismembered Bi’r Umq ophiolite belt (Rehaily and Warden, 1980) were all interpreted as suture zones and diagnostic of several subduction zones and volcanic arcs in the Arabian Shield that became juxtaposed as the island arcs were swept together and fused.  Support for shield-wide easterly dipping subduction was provided in a paper by Naseef and Gass (1980) that reported on an easterly increase in K2O/K2O+N2O ratios.  By comparing the geochemical features of granitoid rocks with those found in subduction zones elsewhere in the world, three subduction zones were identified in the shield.  The suture zones correlate with ophiolite belts and were interpreted as the remains of oceanic lithosphere obducted from between island arcs during a process of convergence and cratonization.
Plate tectonic concepts in the Arabian Shield between 1975 and 1978 were largely based on observed geologic relationships, analyses of geochemical trends in the volcanic and plutonic rocks, and the results of preliminary geochronologic studies.  A paper on the results of a Rb-Sr geochronology traverse across the shield (Fleck and others, 1979) added details to the plate tectonic interpretation.  The absence of an evolved Rb-Sr signature in the early formed volcanic and plutonic rocks demonstrated an absence of an underlying ancient sialic crust in the shield and implied an east-dipping subduction zone.  As a corollary, the Rb-Sr data forced a re-examination of the basement concept.
During the 1980s, it became firmly established that the Arabian Shield represents one or more intraoceanic island arcs that had formed in a juvenile oceanic basin.  Many models were proposed to account for the cratonization of the region with emphasis on progressive or recurrent island-arc deposition and collisional accretion to the African craton to the west.   Greenwood and others (1980), for example, presented chemical and isotopic data and a summary of ongoing geologic mapping that indicated the Arabian Shield was formed by basaltic to dacitic volcanism, associated sedimentation, and gabbroic to granitic magmatism in one or more intraoceanic island arcs between about 1170 and 550 Ma.  It was recognized, by this time, that the Khamis Mushayt gneiss was a recrystallized young granite, not part of an older basement.  The inferred arcs were interpreted as forming over north-east-dipping subduction zones and deformed and uplifted during subsequent collision with the African continent (Fig. 2-7).  Interpretations were fluid, however, and two years later, Greenwood and others (1982), in a detailed description of the age and facies relationships among rocks in the southern shield, concluded that the region consisted of two northwest-trending arcs developed above southwest-dipping subduction zones; an older ensimatic arc of about 1100-800 and a younger marginal-arc of about 800-690 Ma. 
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The ensimatic character of the Arabian Shield was firmly established by the early 1980s by analysis of trace elements stable under low-grade metamorphic conditions and of Nd, Sr, and Pb isotopes in igneous and sedimentary rocks.  Engle and others (1980) found that concentrations of Cr, Ni, Ti, and REE in ultramafic rocks and pillow basalt in Egypt are essentially the same as those found in similar rocks of contemporary oceanic crust, and that there was no evidence of older sialic roots beneath the Nubian Shield.  Duyverman and others (1982) examined Sr and Nd isotopic data to investigate whether “older” crust had been reworked during development of the Arabian Shield and to estimate the rate at which the shield crust had been generated.  Initial 87Sr/86Sr ratios were found to be in the range 0.7038-0.7023, which are sufficiently low to preclude significant contributions from a long-lived upper crustal source.  The initial 143Nd/144Nd ratios are all positive and high (+1.6-+6.9) suggesting that most samples were derived directly from the upper mantle and that any crustal sources for the remainder could not have separated from the depleted mantle before 1200 Ma.  The data discount any reworking of older crust and indicate that the shield represents rapid juvenile crustal growth during the Neoproterozoic.  Subsequent research on Nd isotopes demonstrated, however, that the crust of the Arabian Shield is heterogeneous and is divisible into regions of Nd derived from continental crust and regions of more juvenile character.   Lead isotopes measures in feldspar separates from granites and galena ores from mineral deposits gave a complementary data set, likewise indicating crustal heterogeneity and providing a rigorous means of dividing the Arabian shield into juvenile and more evolved crust (Stacey and others, 1980; Stacey and Stoeser, 1983; Stoeser and Stacey, 1988; Stoeser and Frost, 2006).  (See Chapter 4: Geochronology and the Isotopic Character of the Arabian Shield, for the theoretical background and more detail on these comments). 
The application of geochemical discrimination diagrams allowed Roobol and others (1983) to begin the process of establishing the tectonic setting of arc rocks in the shield.  They concluded that the older volcanosedimentary belts in the southern and central shield are chemically immature, bi-modal suites of low-K tholeiites and sodic dacite/rhyolite depleted in lithophile elements, and younger volcanic rocks are slightly more mature calc-alkaline and low-K tholeiites.  In comparison to volcanic arcs in Central America or Indonesia, the shield rocks are transitional between island arcs and continental-margin volcanic arcs.  Adopting the basic premise that the thick volcanic assemblages, associated calc-alkaline intrusions, and ophiolitic rocks of the shield indicate that it formed in response to arc magmatism and collision along one or more suture, Camp (1984) described two suture and volcanic-arc complexes in the western part of the shield.  The older Asir complex (900-700 Ma) crops out in the southern part of the region and is represented by remnant arc and forearc deposits exposed at a deep erosional level in the crust.  To the northwest, the Hijaz arc (800-700 Ma) contains a thick forearc sequence of turbidites overlying an accretionary prism of metamorphosed and fragmented volcanosedimentary and ophiolitic rocks.  The subduction zone which underlay both arcs dipped east or southeast.  About 700 Ma, Camp suggested both arcs collided and accreted along a suture through the Bi’r Umq ophiolite, reflecting the position of the Asir subduction zone.  A second suture tracing the Hijaz subduction zone underlies a tectonic accretion prism in the region of Jabal Wask dismembered ophiolite.  This paper is important because it provides an interpretation of an observed juxtaposition of rock units of varied composition and metamorphic grade and accounts for the prominent northeast-trend of the Samran fold belt.  It is fundamentally important however, because it immediately foreshadowed a profound modifying shift in the plate-tectonic paradigm in favor of analysis of the shield in terms of tectonostratigraphic terranes.

2.6    Indentor tectonics and orogenic escape

One very influential tectonic concept that affected geologic thinking in the 1980s about the Arabian Shield was developed in a series of papers by geologists working in China and Southeast Asia.  Their objective was to find an explanation for large strike-slip faults mapped in the Tibetan Plateau, and northeast and southeast China.  Based on material-science theory applied to plastic flow and the deformation of a rigid-plastic medium by a rigid die, as in metal working, they resolved the observed pattern of strike-slip faulting as the result of collision between the Indian and Eurasian plates.  India indented Eurasia and caused the lateral extrusion, or escape, of a vast region north of the Himalaya Mountains and the Tibetan Plateau by slip along transcurrent faults (Tapponier and Molnar, 1976; Molnar and Tapponier, 1977; Tapponier and others, 1982).  The concept was immediately by geoscientists in Saudi Arabia to account for the major system of Najd transcurrent faults traversing much of the central and northern Arabian Shield.  Schmidt and others (1979) modeled a continental collision between the Arabian Shield and Africa, proposing that indenting of Arabia by Africa would have created simultaneously north-trending compressional structures, represented by the shear zones abundant in the southern shield, and sinistral slip on northwest-trending transcurrent Najd faults (Fig. 2-8).  Davies (1984), conversely, proposed indentation by a rigid block from the east (see Fig. 9-36 in the Chapter 8: Structure).  As discussed in more detail in Chapter 8: Structural Geology, Stern (1985) criticized the application of the indentor model to the Arabian Shield because specific predictions fail in the case of the shield.  The model was modified in the Arabian Shield by adopting the concept of “tectonic escape”, involving the sideways extrusion of continental crust during continent-continent collision (Burke and Sengor, 1986), and by broadening the region of collision from a specific “indentor” of limited extent to encompass the entire 6,000-km long front between East and West Gondwana.  In this scenario, juvenile terranes would be extruded from in front of a “hard” collision between East and West Gondwana toward an oceanic free-face at the northern end of the East African-Antarctic Orogen (Stern, 1994).  The structural effect would be to generate northwest-trending strike slip faults oblique to the orogen axis accompanied by northward extension parallel to the orogen axis.  Berhe (1990) noted that the entire East African-Antarctic Orogen was affected by northwest-trending strike-slip faults and suggested that these resulted from oblique collision.  Bonavia and Chorowicz (1992) proposed that indentation of the Mozambique by the Tanzanian craton resulted in the northward expulsion of the Arabian-Nubian Shield.  Kusky and Matsah (2003) retained the concept of northward escape during collision of East and West Gondwana, but modified the model as oblique convergence resulting in a scissor-type closure of the Mozambique Ocean.  More recently, Jacobs and Thomas (2004) argued that escape occurred at the southern end of the East-African-Antarctic Orogen as well as the northern end, accounting both for Najd faulting in the Arabian-Nubian Shield and comparable strike-slip faulting in southern Africa and Antarctica (Fig. 2-9).
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 2.7    Orogenic cycles and orogeny 

A common feature of the older structural and tectonic literature on the Arabian Shield is the analysis of shield events in terms of orogenic periods or cycles (Fig. 2-10).  These orogenic schemes depend, of course, on geochronology and structural information that was available when they were proposed; they also tended to assume any given orogenic event affected most of the shield at a time. With the advent of more reliable geochronology, the introduction of terrane concepts, and the beginning of detailed structural analyses in different parts of the shield, such interpretations have been modified and names such as the Tihama orogeny, Hijaz orogeny and Bishah orogeny abandoned.  At the present time, orogeny in the Arabian-Nubian Shield is seen not as a series of punctuated events but as a continuum of geologic processes starting with initial oceanic magmatism leading on to later sedimentation, volcanism, granitic magmatism in a framework of progressive arc amalgamation, suturing, shearing, uplift, exhumation, and orogenic collapse (Stern 1994; Ghebreab, 1999; Blasband and others, 2000; Genna and others, 2002; Johnson and Woldehaimanot, 2003).
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2.8    Terranes, amalgamation, and accretion
It is nowadays universally accepted that orogenic belts comprise diverse assemblages of rocks of different ages and tectonic settings that are juxtaposed because of frontal and(or) oblique convergence along a subduction zone or because of lateral transport along major transcurrent faults.  Such packages of rocks have different geologic histories and developed to lesser or greater degree independently of each other.  Their present day juxtaposition is the result of orogenic processes, not the result of original depositional or intrusive relationships.  Such packages are referred to as tectonostratigraphic terranes.   Formally, a tectonostratigraphic terrane is defined as “a fault-bounded package of rocks of regional extent characterized by a geologic history which differs from that of neighboring terranes” Howell and others (1985, pg.4).  The definition by itself is nongenetic, in as much as it says nothing about the age of the rocks, where they originated, and how they came to be juxtaposed.  The “geologic history”, on the other hand, is entirely genetic, involving differences in lithology and degree of volcanism or magmatism, differences in metamorphism and structure, differences in tectonic settings, and, if the rocks possess fossils, differences in faunal contents, resulting in a more general characterization of terranes as packages of rock that have present juxtaposed spatial relations incompatible with their inferred geologic histories.  Terranes converge and join together by the process of amalgamation and in some cases eventually accrete to older continental crust.  Post-amalgamation basins and stitching granites are emplaced at various stages during this tectonic sequence and constrain the timing of terrane suturing (Fig. 2-11). 
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The Arabian Shield has been analyzed in terms of tectonostratigraphic terranes since initial work by Stoeser and Camp (1985), Johnson and Vranas (1984), and Vail (1985), building on the earlier paper by Camp (1984), mentioned above, describing how island arcs in the shield came to be juxtaposed because of suturing along subduction zones.  At the present time, terranes in the shield are recognized on the basis of variations in isotopic characteristics across the shield and on structural, geochronologic, and lithostratigraphic differences suggesting different geologic histories in different parts of the shield.  The terranes were amalgamated because of suturing by convergence and collision above subduction zones.  They are bounded by serpentinite-decorated shear zones, which mark the sites of suturing, or by major transcurrent shear zones, and “stitched” together by granitic plutons that intrude rocks on either side of the suture zones and constrain the minimum age of suturing.  The number and locations of terranes and terranes boundaries are the subject of ongoing debate.  Stoeser and Camp (1985) defined five terranes; Johnson and Vranas (1984), Johnson and Woldehaimanot (2003), and Genna and others (2002), for example, map eight terranes; and Stoeser and Frost (2006) suggest as many as 14 terranes (Fig. 2-12).  A core question about terrane identification is how to correlate and join up the ophiolitic bodies of the shield along sutures (Church, 1986).  Separate terranes, of course, are recognized also in the southernmost part of the Arabian Shield, in Yemen, and in the Nubian Shield, as described, for example by Windley and others (1996), Vail (1985), Johnson and Woldehaimanot (2003).  The terrane model that underlies the geologic history described in this book is shown in Fig 10-2, based largely on Johnson and Woldehaimanot (2003) with additions from Stoeser and Frost (2006).

FIG 2-12 ABOUT HERE TERRANES IN THE SHIELD

Terrane analysis is not simply a “numbers game”.  Outlining different areas in the shield that appear to have different geologic histories is relatively easy; demonstrating that such areas truly have different histories is extremely difficult, requiring painstaking stratigraphic, structural, geochronologic, and isotopic; but outlining tectonostratigraphic terranes has profound impact on how the tectonic evolution of the shield if described and, in practical terms, on how the metallogeny of the shield and exploration targets are established.  Given the reconnaissance nature of much of our geologic knowledge of the Arabian Shield, most of the terrane analysis in the shield done to date is subjective.  This does not mean that terrane analysis is pointless, however because, as clearly demonstrated for other orogenic belts in the world, adopting the concept of terranes forces geoscientists to question previous tectonic interpretations, to search for new information, and to consider the impact that real differences make to mineral exploration strategy.  Stoeser and Frost (2006) write about these issues, and comment on the difficulty, but importance, of undertaking terrane identification.  They point out that it is easy to identify and name terranes, but difficult to prove that such crustal blocks are in fact allochthonous crustal units.  It is relatively easy, furthermore, to construct plate-tectonic models of the subduction polarity and relationships of fore-arc, main-arc, and back-arc crustal units that make up the so called terranes, but difficult to support such interpretations.

Terranes differ from the structural belts or domains described by earlier workers on the shield.  Referring to a structurally bounded package of rocks as a terrane implies a certain difference in geologic history from adjacent packages – such as differences in origin, ages, and stratigraphy – whereas referring to a package of rocks as a structural belt or domain may imply nothing more than a difference in structural style and(or) metamorphic grade superimposed on rocks that may have the same origin and age.

The lithostratigraphic terranes of the shield are small to large crustal blocks that are bounded by major shear zones, some of which represent sutures – that is regions in which oceanic crust was consumed during the process of subduction and magmatic-arc convergence (e.g., the Bi’r Umq suture between the Jiddah and Hijaz terranes), others of which are transcurrent faults that may reflect the original locations of sutures but are structurally zones of late Neoproterozoic strike-slip strain (e.g., the Ad Damm fault between the Asir and Jiddah terranes, and the Al Amar fault between the Ad Dawadimi and Ar Rayn terranes).

The terranes comprise the earliest formed rocks in any given part of the shield and mostly originated in a juvenile Neoproterozoic ocean.  As a result of ongoing subduction and the consumption of the intervening oceanic crust, the terranes in the shield converged, amalgamated, and sutured, reflecting an orogenic process characterized by metamorphism, deformation, and syntectonic intrusion.  As discussed in more detail in Chapter 10: Synthesis and Tectonic History, the ages of metamorphic and intrusive events in the terranes and along the suture zones between the terranes make it evident that orogeny was not synchronous across the shield.  The oldest amalgamation event is along the Bi’r Umq suture (780-760 Ma); the youngest along the Al Amar suture (~560 Ma).
Most of the terranes in the shield appear to be “composite”, that is, they internally contain what appear to be separate packages of rocks and have their own internal amalgamation history.  The two largest composite terranes are the Asir and Afif terranes.  Of these, the amalgamation history of the Afif terrane is perhaps the best established (Fig. 2-13).  The amalgamation history of the Asir terrane is the least well known, because it is dominated by north-trending shear zones that in part may be sutures between the component magmatic arcs of the composite terrane or in part may be late Neoproterozoic zones of shear and shortening superimposed on and largely obscuring original relationships between the magmatic arcs.
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The rocks that constitute the terranes in the shield–the terrane-protoliths or “terrane-forming rocks”–typically comprise assemblages of calc-alkaline volcanic and intrusive rocks such as basalt, andesite, rhyolite, diorite, tonalite, and granodiorite that developed as magmatic arcs at convergent boundaries.   The Ad Dawadimi terrane is uniquely sedimentary in origin, and the Afif terrane contains a microplate of Paleoproterozoic continental crust separately referred to as the Khida terrane.  The suture zones are characteristically linear belts of obducted ophiolitic material, commonly serpentinized peridotite and gabbro, intruded by syntectonic granite-granodiorite gneiss.
2.9    Current issues and problems

Geologic investigations in the Arabian Shield are ongoing.  As is all scientific disciplines, there is no such thing as a “final answer”.  The history of inquiry in the shield outlined in this chapter underscores the evolving nature of geologic thought.  Work on the shield began prior to the development of Plate Tectonic theory, and rapidly increased in extent and methodology thereafter.  A limitation to developing geologic syntheses of the shield is the quality and quantity of data.  A fundamental requirement is high-quality geologic mapping that correctly identifies lithologic units and shows structural relationships in reasonable detail.  Equally important for modern geologic investigations are high-quality geochemical data, isotope analyses, and reliable age determinations.

Our present understanding of the geology of the shield has serious limitations in a number of aspects, because of lacking or inadequate data.  About 50 percent of the surface of the shield is covered by plutonic rocks.  The general stratigraphic relationships and tectonic settings of the plutonic rocks have been known for many years, but relatively little is known in detail.  Relatively few of the mafic to intermediate (TTG) intrusions associated with volcanic arcs in the shield have been dated by up-to-date single grain (SIMS, SHRIMP, Pb-Pb evaporation, LA-ICP-MS) or TIMS methods.  Trace-element geochemistry is largely lacking.  Details of the temporal and petrogenetic relationships with the enclosing volcanic rocks are virtually unknown; the relationship between intrusion, volcanism, and deformation in the evolving arcs, in terms of possible feedback relationships between magmatism and shearing, and the true identification of “syntectonic” plutons have not been established.  The vast granitic batholiths that characterize much of the eastern and northern parts of the shield were extensively studied during the 1980s, but knowledge of them has not significantly advanced during the past two decades other than for studies along the Bi’r Umq suture (Hargrove, 2006) and in the Ar Rayn terrane (Doebrich and others, 2007).  There is quite a large geochronologic database for the granites, although some are difficult to date because of metamyct damage to zircons, but the geochemistry and tectonic settings of the granites are not well established.  A fundamental outstanding question about the origin of granitic magma in the shield is whether it is the product of anatexis at the base of a crust overthickened by orogeny, of mantle upwelling during the onset of orogenic extension and collapse, or of enduring subduction.  Trace-element geochemistry is lacking for most of the volcanic arcs in the shield, and detailed geochronology is absent.  It has, in fact, proved surprisingly difficult to establish robust crystallization ages for many of the volcanic rocks in the shield using up-to-date single zircon methods, either because zircons are scarce, have suffered lead loss, or are impacted by inheritance.

Despite realization for five decades, furthermore, that the rocks of the Arabian Shield are part of an orogenic belt, few detailed structural studies have been published.  Qari (1985), for example, described complex structures in the Khamis Mushayt gneiss in the southern part of the shield; Genna (1994) conducted structural mapping the Samran-Shayban mineral belt; Johnson and Kattan (2001) synthesized information about the Hulayfah-Ad Dafinah-Ruwah fault zone; and Blasband (2006) described the structure of the Bi’r Umq and Tabalah-Tarj shear zones.  But information about folding and faulting in many parts of the shield is inadequate in terms of the types of data expected in modern structural investigations.  Particular problems concern the temporal and kinematic relationships among north-trending and northwest-trending shear zones in the southern, eastern, and northern parts of the shield (Fig. 8-4).  These include the Nabitah, Junaynah, and Umm Farwah shear zones in the southern shield, the Al Amar fault in the east, and shear zones belonging to the classic Najd fault system.
2.10   Emerging trends and topics 

As a final section of this chapter, it is worth considering a number of emerging topics on the geology of the shield that are likely to become items of major interest in the near future.  Many authors have written on the tectonic evolution of the shield (Kroner, 1985; Stern, 1994; Genna and others, 2002; Johnson and Woldehaimanot, 2003) emphasizing common themes of (1) the formation and accretion of island arcs; (2) orogenesis resulting from terrane amalgamation and collision with Gondwana domains on the east and west; and (3) post-collisional extension, magmatism, and sedimentation.  The extensional collapse of orogens has been a prominent topic in discussions about the tectonic development of collisional belts for the past two decades (Dewey, 1988).  It has been described in the Arabian-Nubian Shield in conjunction with structural analyses of gneiss domes in the Eastern Desert of Egypt and Sinai (Blasband and others, 2000) and figures in tectonic models of the shield by Genna and others (2002).   Extension is seen as a fundamental feature of the terminal collision between East and West Gondwana, which caused uplift of the Arabian-Nubian orogenic belt and eventual gravitational instability that led to the extension and collapse of the orogen, allowing the exhumation of a gneissic infrastructure.  Such exhumation is widely described in the Eastern Desert of Egypt and is suspected in the Arabian Shield.

Another topic of growing interest in the Arabian Shield is the presence of diamictites of possible glacial origin and their stratigraphic relationship with banded iron formations and environmental relationship with excursions of Sr, C, and O isotopes reflecting abrupt changes in the chemistry of atmosphere and ocean during the Neoproterozoic.  Such glacial deposits and isotopic excursions are well known in Cryogenian and Ediacaran sedimentary rocks in Oman (Leather and others, 2002), Eritrea (Beyth and others, 2003, Miller and others, 2003), and the Eastern Desert of Egypt (Ali, 2006), have been described from the Midyan terrane in the Arabian Shield (Ali, 2006), and are suspected in the Jiddah terrane (Stern and others, 2006; Hargrove, 2006) and in the Edicaran Jibalah group (Miller and others, 2008).  Because the Arabian Shield represents one of the larger blocks of Neoproterozoic juvenile rocks on Earth, it is expected that additional examples of possible glaciogenic diamictite and evidence of isotopic excursions will be found in the future.  It is also expected that there will be increasing application of chemostratigraphy to the Arabian Shield.  A start has been made with correlation of the Jibalah group chemostratigraphy in the Antaq basin with the Shuram-Wonoka anomaly as found in the Shuram Formation, Oman (Nettle, 2009), discussing the (13Ccarb excursion in the Dhaiqa formation of the Jibalah group (Miller and others, 2008). 
The advent of single-grain, point geochronologic techniques (SIMS, SHRIMP) has revealed that rocks in several parts of the Arabian Shield contain zircon grains significantly older than the inferred age of crystallization or formation of the rocks.  The rocks themselves, on the basis of their crystallization ages and isotopic signatures are known to be juvenile Neoproterozoic crust in the shield, whereas the older grains are Mesoproterozoic, Paleoproterozoic, and even Archean in age.  The analytic data indicates that these old ages are truly the ages of crystallization of the zircons, not artifacts, implying that the Neoproterozoic rocks have “inherited” the old grains from some source.  The immediate question therefore concerns the nature and location of the source(s) of the inherited grains.  Inheritance in the Arabian Shield was reported first by Calvez and others (1985), but the growing significance of the phenomenon is described by Hargrove (2006) and Kennedy and others (2004, 2005); for further details see Chapter 4: Geochronology and Isotopic Character of the Arabian shield.  Stern and others (2009) summarized current information about the distribution of inherited grains in the Arabian-Nubian Shield and discussed possible sources, suggesting that the zircons were, by some as yet unknown mechanism, present in the mantle from which the Neoproterozoic rocks of the shield originated.  The presence of such inherited grains has profound implications for magmatic processes in juvenile environments.  The Arabian Shield is a world-class laboratory in which this issue may be further explored, with results that will likely impact understanding of crustal growth worldwide.
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