CHAPTER 9

Mineral occurrences and metallogeny
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Because of its geologic history, the Arabian Shield is favorable for metallic mineralization. Its rocks developed at convergent margins during a 300-million year period of crustal growth involving the subduction of juvenile oceanic crust, the formation of early-mid Neoproterozoic intraoceanic and continental-margin volcanic-magmatic arcs, the deposition of mid-late Neoproterozoic sedimentary and volcanic successions, and the emplacement of an enormous amount of late- to posttectonic granitic and lesser mafic magma.  The Arabian Shield therefore hosts gold, copper, zinc, lead, iron, nickel, rare-earth element, nickel and other metallic mineral deposits of the types associated with active plate tectonics and evolving orogenic systems.  Metallic mineral resources have been exploited in the Arabian Shield for more than 3000 years.  Gold mining is currently active, and polymetallic VMS and epithermal deposits are being intensively explored.  The occurrences tend to cluster in mineral belts because of underlying geologic controls.  The aim of this chapter is to describe some of these occurrences, to consider their lithostratigraphic, structural, and crustal controls, to comment on the deposit types represented, and to consider some of the factors that would contribute to a metallogenic analysis of the shield.
……………………………………………………………………………………………………………….
Reflecting the origins of the shield by subduction at active plate margins and subsequent sedimentary and plutonic events, the Arabian Shield contains a large array of metallic mineral occurrences similar to those found in Phanerozoic convergent-margin and late- to posttectonic magmatic and volcanosedimentary settings.  They include polymetallic volcanic-massive sulfide (VMS) deposits; epigenetic gold deposits; mesothermal gold-quartz veins in intrusions, adjacent country rocks, and shear zones (a subset of orogenic gold); banded-iron formation; tin-tungsten-REE deposits in late- to posttectonic granitoids; and Ti-PGM in mafic plutons.  These occurrences are widely distributed over the shield (Figs. 9-1, 9-2, 9-3, 9-4, 9-5) controlled by host rock lithology and structural and tectonic setting.  Geographically, and for convenience and descriptive purposes, the occurrences are commonly grouped as mineral districts (Fig. 9-6).
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Although the Precambrian rocks of the Arabian Shield are the principal currently viable source of metallic minerals in Saudi Arabia, the geologic features of the Phanerozoic rocks suggest that they too are favorable for the discovery of sediment-hosted metallic deposits (Hayes and others, 2000).  Small lead-zinc deposits are currently known to be present at the contact between the Arabian Shield and Mesozoic-Cenozoic sediments in the Red Sea basin, copper and zinc minerals are locally exposed or intersected in drill core in the Phanerozoic rocks on the north and east of the shield, and a major zinc deposit (Jabali) is known in Mesozoic sedimentary rocks in Yemen.  But for the present, economically exploitable metallic mineral occurrences in Saudi Arabia are effectively confined to the shield.

As of 2010, four gold mines are operating in the Saudi Arabian part of the shield – Mahd adh Dhahab, Bulghah, Al Amar, and Jadmah.  Following exhaustion of their ore, two mines closed in 2008-9–Sukhaybarat, and Al Hajar– but their plants are being used to process ore from Bulghah and Jadmah, respectively.  The shield has a number of gold deposits under active exploration (Ad Duwayhi, Mansourah, Masarrah, Jabal Shayban); contains an iron deposit at Wadi Sawawin, small by world standards, but significant in the Saudi Arabian context; has a VMS deposit under development at Jabal Sayid (Cu); has other significant VMS deposits at Al Masane (Cu-Pb-Zn), Jabal Baydan, Umm ad Damar and elsewhere; and has pending development of a major REE-U-Y-La deposit at Ghurayyah.

9.1    Historic background

Gold, silver, and copper have been extracted from the Arabian Shield for the past three thousand years as part of the Middle East region of ancient mining activity and metallurgical invention (Poss, 1980).  The oldest mines in the region, more than 6000 years old, worked gold and copper in Egypt, Sudan, and southern Israel.  In the Arabian Shield, 14C dating of charcoal shows that the Mahd adh Dhahab gold mine was in operation about 3000 BP, and the Jabal ash Shizm copper mine was in operation at nearly 1300 BP.  The metals sought during this early phase of mining in the shield included gold, silver, copper, and lead.  Additionally, there is evidence of use of carbonate-talc altered serpentinite for the manufacture of cooking pots, and use of highly silicic fine-grained tuffs and chert for the manufacture of stone tools and projectile points.
A later phase of pre-modern mining occurred after about 750 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; and 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 that shows promise for gold.  Mining was by means of pits, trenches and stopes, in the oxide zones; the deepest stopes at Mahd adh Dhahab, for example, descend 50 m beneath the surface.  Activities, moreover, were not confined to bedrock ores, but extended out 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.

Ancient mine sites are widespread, and the size and depth of excavations, the volume of waste material and slag, and the size of associated mine villages indicate well-organized and sustained activity.  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.  The distribution of ancient mines correlates with what are now known to be geologic environments favorable for mineralization and with ancient trade routes (Sabah xxxxx). – reference to be supplied. 
Modern exploration started in the mid-1930s, when the Saudi Arabian Mining Syndicate was given a license to reopen the ancient gold mine at Mahd adh Dhahab and to explore for gold in the northern half of the shield.  The scale of exploration increased in the 1950s, with teams established by the Directorate General of Petroleum and Mineral Affairs, the precursor of the present-day Deputy Ministry for Mineral Resources (DMMR), to explore for gold, copper, zinc, silver, iron, and uranium, and to start reconnaissance geologic mapping.  Exploration was undertaken by Glen Brown and other USGS geologists in conjunction with the mapping program in the shield in the 1950s, and D.F. Schaffner supervised a team examining ancient mine sites.   Between 1954 and 1957, the Pakistan Geological Survey assessed the potential of granitic and mafic rocks in the shield for gold and asbestos.  At about the same time, groups from the Amt für Bodenforschung in Hannover, the precursor of the German Geological Survey, made reconnaissance surveys, and geologists from Gewerkschaft Exploration in Dusseldorf, conducted work on iron ore at Wadi Sawawin. 

Systematic, shield-wide exploration and detailed geologic mapping began in the 1960s after the establishment of Missions to Saudi Arabia by the US Geological Survey (USGS) and Bureau de Recherches Géologiques et Minières (BRGM), and in the 1970s by Rio Tinto Zinc (Riofinex Limited).  In the 1970s to mid 1980s, DMMR also contracted with other organizations to conduct specific, limited work.  The Japanese Geological Survey explored for copper, Minatome for uranium, and the British Steel Corporation, continuing into the 1990s, explored and tested banded-iron formation at Wadi Sawawin.

One of the earliest discoveries by the U.S. Geological Survey was of phosphate in the northern part of Saudi Arabia in 1965, a discovery that spurred ongoing exploration and underpins the present development at Al Jalamid.  The USGS Mission explored Mahd adh Dhahab (gold) and located the blind gold mineralization south of the SAMS mine that formed the basis for the start-up of the present mine now operated by Ma’aden.  The Mission also explored at Umm ad Damar (copper and zinc), At Ta’if (tungsten), Wadi Bidah (polymetallic VMS and gold), and Wadi Wassat (pyrites).  By 1965, ground geophysical surveys were conducted at Jabal Samran (copper) and Mahd adh Dhahab (gold), and drilling had begun in the Wadi Bidah mineral district, at Wadi Wassat in the southeastern part of the shield, and at Samrah, in the Ad Dawadimi silver district close to the eastern margin of the shield.  Later efforts included appraisal of small gold deposits along the Ishmas-Tathlith belt; renewed drilling and sampling at Ad Duwayhi, which delineated gold mineralization of size and grade sufficient to justify further work by Ma’aden; and a study of the metallogeny of the Ar Rayn terrane in the eastern part of the shield.
Bureau de Recherches Géologiques et Minières (BRGM: the French Geological Survey) began work in the Arabian Shield in 1965, and within the first few years had conducted exploration at  Jabal Sayid, Mahd adh Dhahab, Umm ad Damar, Al Amar, and Umm Lajj (Umm Lujj). Rapid reconnaissance or prospecting was undertaken, providing an inventory of mineral occurrences with a view to selecting occurrences for further work.  Early effort particularly concentrated on copper mineralization at Jabal Sayid and gold mineralization at Al Amar, aided by the development of declines and underground exploration, leading discoveries that underpin present-day development at Jabal Sayid and mining at Al Amar.  Expanding from the Al Amar occurrence, BRGM engaged in persistent regional exploration in the Ar Rayn terrane and adjacent eastern parts of the shield.  The Mission located significant VMS mineralization in the Samran-Shayban district, and found gold mineralization in the Wadi Shwas area, including the orebody mined until recently by Ma’aden at Al Hajar.  An enduring legacy of BRGM is the Mineral Occurrence Documentation System (MODS), now maintained by SGS, and GIS Arabia.  MODS is a comprehensive dataset about metallic and non-metallic mineral occurrences in Saudi Arabia, and has wide GIS applications in developing exploration strategies and targets. GIS Arabia is an online review of shield geology, geochemistry, geochronology, and mineralization, incorporating compilations of previous and new data and interpretations of the tectonics and metallogeny of the shield (http://gisarabia.brgm.fr/).
The Riofinex Geological Mission (Riofinex) (1977-1986), worked concurrently with the USGS and BRGM Missions, but concentrated on regional reconnaissance and prospect evaluations, whereas the other two missions had broader mandates that included geologic mapping and basic geologic investigations in addition to exploration.  Riofinex focused on exploration for metallic minerals in the shield, but also conducted intensive work on the phosphate potential of Mesozoic rocks in the northern part of Saudi Arabia (Riddler and others, 1986), culminating in drilling and a pre-feasibility study at Al Jalamid phosphate deposit.  Riofinex also undertook a long-lived reconnaissance for stratabound lead-zinc mineralization in the Phanerozoic rocks on the eastern margin of the shield, and made an evaluation of the paleobauxite deposit at Az Zabirah (Watson, 1984).

The Saudi Arabian Mining Company (Ma’aden), established in 1997, is the principal mining developer in the country.  The company grew out of Petromin Mahd adh Dhahab, a company set up to reopen Mahd adh Dhahab Mine in 1983, following a joint-venture project at Mahd adh Dhahab by Consolidated Gold Fields and Petromin.  As of 2010, Ma'aden's gold activities were focused on Mahd adh Dhahab, Al Hajar, Sukhaybarat, Bulghah, and Al Amar.  Mahd adh Dhahab is an underground mine producing gold doré and gold in Zn and Cu concentrates; Al Hajar and Sukhaybarat are recently closed open-pit mines, with current activities confined to reprocessing stacked ore and treating ore from nearby mines.  The carbon-in-leach plant at Sukhaybarat is used to process ore from Bulghah, some 65 km to the southwest; the heap-leach pad at Al Hajar is treating ore from Jadmah.  Bulghah is an open-pit mine that extracts lower grade ore for processing at the Bulghah heap-leach facility and higher grade ore that is trucked to the Sukhaybarat CIL plant.  Al Amar is an underground mine extracting gold-rich polymetallic ore and producing gold doré and copper and zinc concentrates that are sold to third parties for toll smelting.  Significant exploration projects at the time of writing are at Ad Duwayhi, Mansourah, Masarrah, Ar Rujm, As Suk, and Zalm (Zalim), in the central part of the Arabian Shield.  Other prospects are being examined at Bulghah North and Humaymah, in the northern part of the shield.  In non-metallics, Ma’aden is operating the Al Jalamid phosphate mine and is developing the Az Zairah bauxite mine.
At the present time, a number of private companies are engaged in exploration for metallic minerals in the shield.  In the 1970s, Gränges (Sweden) explored the Nuqrah polymetalic VMS deposit and developed the Sukhaybarat mine in joint venture with Petromin.  Boliden (Sweden) did underground work at Jabal Sayid.  The Arabian Shield Development Company pioneered VMS exploration in the southeastern part of the shield and did extensive development work at Al Masane, although the deposit has not been brought to production.  Consolidated Gold Fields (UK), in joint venture with Petromin, explored Mahd adh Dhahab in the late 1970s and early 1980s by drilling, pilot plant testing, and developed a 1,160-m decline, until Petromin secured sole ownership of the property in 1982.   Utah International Inc. (USA) explored for stratiform gold in the Ablah basin in the southwestern part of the shield, and Noranda Inc. (Canada) explored the Kutam VMS deposit in the southeastern part of the shield between 1976 and 1978.   Currently, Petro-Hunt Middle East is exploring for gold and base metals in the Shield.  Citadel Resource Group, in joint venture with Bariq Mining Ltd, has conducted extensive drilling at Jabal Sayid copper mine, leading to a completed feasibility study and plans for development.  Tertiary Minerals plc has sampled and done testwork on the large tantalum, niobium, and rare-earth-element deposit at Ghurayyah in the northwestern part of the Arabian Shield.   Arabian Gold Corporation plc has focused attention on the Nabitah fault zone in the southeastern part of the shield and the Al Amar-Idsas region of the eastern shield. 

Exploration programs in the shield tend to be guided by what is known about the geographic distribution, geologic controls, and deposits types of mineral occurrences, and effectively concentrate on regions with evidence of ancient mining and gossans.  As most commentators have said, however, the majority of occurrences within these well-known regions are underexplored, particularly under-drilled, in comparison with the levels of exploration effort common in other parts of the world.  New understanding about deposit types in a given area is likely to increase the attractiveness of a given target, as may exploration along and across strike, either following geologic exposure or tracing magnetic and gravity anomalies into areas covered by Quaternary sediment.

9.2    Metallic mineral occurrences in the shield and deposit types

Metallic mineralization in the Arabian Shield can be described from several different points of view.  One approach is to describe occurrences in terms of mineral-deposit types as categorized in standard publications, for example the mineral deposit models of the U.S. Geological Survey (1992) and the Geological Association of Canada (Sheahan and Robert, 1988) or Canadian Institute of Mining and Metallurgy (Kwong, 2003).   Table 9-1 lists a number of occurrences in the shield in such terms.  Another approach is to focus on commodity, as done comprehensively in the Mineral Resources of Saudi Arabia (Collenette and Grainger, 1994) or in a more specialized way by Sangster and Abdulhay (2005) for Cu-Pb-Zn deposits.
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A third approach is to describe mineral districts (or belts), as is done in GIS Arabia, each one of which may have a particular set of controlling geologic features but may contain more than one commodity or deposit type.  Mineral districts are a practical method of describing mineral occurrences in the shield because they encompass readily observed geographic concentrations of occurrences without any inherent genetic connotations.  There are obviously underlying geologic/genetic factors that create such geographic concentrations, but knowledge of these factors is not a requirement in defining a belt.  The contents of mineral belts vary: some are basically monominerallic, for example gold or iron; others are polymetallic, for example Cu-Zn-Au.  The names of mineral belts in the shield have not been formalized, and vary between authors.  Some common names are included on the district map shown in Fig. 9-6.

The approach to describing mineral occurrences best suited to advance metallogenic understanding in the shield, is to categorize occurrences in terms of deposit types and plate tectonic setting.  An early example of such an approach is by Agar (1992), who categorized occurrences in terms of (1) Cu-Ni and Cr mineralization associated with oceanic crust or ophiolites; (2) arc-type volcanogenic base and precious metal deposits associated with formerly active plate margins; (3) shear zone hosted mesothermal gold mineralization related to accretionary and strike-slip tectonics; and (4) Sn-W-Ta-Mo-REE mineralization associated with post-cratonization alkali granite magmatism. 
Such an approach, with modification, is used in this chapter, describing occurrences in terms of deposit type or commodity; tectonic setting, where known; or in terms of over-arching geologic features, when the tectonic setting is uncertain or varied.  At the current time, a classification of mineral deposits in the Arabian Shield needs to be flexible in the sense that we do not always precisely know the deposit type or geologic setting of a given occurrences and the geologic controls may be multiple so that nondiagnostic groupings may be necessary.  It must be noted also that any classification is provisional because a comprehensive account of occurrences in the shield must wait for more complete and definitive information about the ages of the mineral occurrences, their genesis, their host rocks, their tectonic settings, their isotopic characteristics, and their metamorphism.

In the sections that follow, metallic mineral occurrences in shield are described from the points of view of those that have a clear tectonic setting; those that have multiple or overlapping settings; and those that have uncertain or obscured settings.  The first category includes occurrences that are spatially and(or) genetically associated with (1) convergent margins and arc assemblages; and (2) late- to postectonic intrusions.  The second category comprises the gold-quartz-carbonate mesothermal veins that are found throughout the shield in a variety of structural and tectonic environments.  The third category includes gold and sulfide rich occurrences in shear zones, for which the exact deposit type is uncertain either because shearing obscures original features or because shearing may be a genetic, but presently ill-defined factor.

Mesothermal gold-bearing quartz veins are in a class by themselves because they are occur in a great variety of structural and lithologic settings.  Some mesothermal gold quartz veins are abundant for example in a broad zone along the north-south axis of the shield spatially and possibly genetically related to the Nabitah mobile (orogenic) belt.  This orogenic belt is a zone of deformation and metamorphism trending north-south across the shield made up of the suture zone along the western edge of the Afif terrane (the Hulayfah-Ad Dafinah-Ruwah fault zone), in the north, and the suture zone between the Asir and Tathlith terranes (the Nabitah fault zone, sensu stricto), in the south.  Details about the extent of the orogenic belt are debated, and some question its existence as a through-going geologic feature (Johnson and Kattan, 2001).  However, many authors infer a genetic relationship between mesothermal gold mineralization and orogeny on the basis of the proximity of the gold occurrences to the strike-slip and transpressional shear zones common in this part of the shield.  In this respect, mesothermal-gold occurrences in the shield belong to the class of “orogenic gold” (Groves and others, 1998;Goldfarb and others, 2001).  In other respects, the mesothermal quartz veins may be considered as “intrusion-related” occurrences because the veins are commonly hosted by or are on the margins of intrusions, as at Sukhaybarat.  In other respects, the occurrences grade into shear-zone-associated deposits, in as much as discrete shear zones contain some of the occurrences along the broader Nabitah orogenic belt, as at As Siham and Lugatah; and in other respects, mesothermal gold-bearing quartz veins are a feature of volcanic-arc assemblages.

9.3    Arc-associated, convergent-margin mineralization

The juvenile volcanic-arc assemblages of the shield are highly favorable for polymetallic sulfide and gold deposits.  To lesser extent the convergent margin settings in the shield also contain: (1) Fe(oxide)-Au deposits; (2) Ni-Co and Cr-mafic/ultramafic-associated occurrences in local extensional or back-arc settings; (3) BIF deposits; and (4) indications of porphyry deposits.
With the exception of the Al Amar arc, which originated at an oceanic-continental margin, the polymetallic sulfide deposits are in the western juvenile arc-terranes in the shield that originated at convergent margins in intraoceanic settings.  The host rocks are mostly Cryogenian, ranging from about 850 Ma in the Bidah and Shwas districts to 700 Ma in the Al Amar district (Fig. 9-7).  Many deposits are classic examples of volcanic massive sulfide (VMS) mineralization but some are highly sheared and are of unknown or uncertain deposit type.  The VMS deposits are hosted by mafic to felsic volcanic rocks, particularly where the volcanic sequences contain packages of exhalative carbonates and chert, and range in size from a few million to more than 150 million ton.  Classic VMS occurrences include Al Masane and Jabal Sayid.  Smaller, but underexplored VMS deposits are at Umm ad Damar, Ash Shizm, Farah Garan, and Jabal Baydan.  Weathering zones of some VMS deposits, enriched in supergene gold, have been worked at Al Hajar and are being worked at Jadmah.  Spreading center/back-arc basin Ni-Co deposits occur at Jabal Mardah and Cr is widespread in many of the obducted ophiolites in the shield that mainly originated in forearc-arc basins.  Among the other types of arc-related mineralization in the shield, epithermal polymetallic deposits include Mahd adh Dhahab and Al Amar; and iron (oxide-facies)-gold occurrences and a porphyry-copper system have been recently tentatively identified in the easternmost Al Amar arc assemblage in the shield.  Depending on their age, these occurrences may be metamorphosed and folded together with the volcanic host rocks, sheared, or intruded. 
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9.4    Convergent-margin polymetallic (base±precious metals) VMS deposits 

VMS deposits in the northern shield
VMS deposits in magmatic-arc assemblages are found in many parts of the shield.  In the north-central shield, they occur in the Nuqrah district at Nuqrah North and Nuqrah South.  The district is in the northwestern part of the Afif terrane, east of the suture between the Afif and Hijaz terranes.  The occurrences are hosted by rocks believed to be about 840 Ma and assigned to the Isamah formation (Johnson, 2006) as a separate, Nuqrah subterrane within the Afif composite terrane.  The site of the Nuqrah deposits is marked by ancient pits and trenches extending several hundred meters along strike (Clegg, 1994).  Nuqrah South consists of sulfide ore in a steeply northwest-dipping zone of carbonaceous-graphitic tuffite and chert enclosed in dolomitic marble.  The footwall consists of rhyolitic tuff; the hangingwall of andesite, basalt, and tuffite (Fig. 9-8).  Nuqrah North is hosted by similar rocks, including basalt, rhyolitic tuff, graphitic tuff, dolomitic marble with graphitic intercalations, and lenses of black chert, and dacite.  Mineralization at both deposits consists of silver- and gold-rich massive, stringer and disseminated sulfides. Sulfide minerals include sphalerite, pyrite, chalcopyrite, galena, arsenopyrite, and pyrrhotite.  Resource estimates for Nuqrah South range from 0.241 Mt grading 13.8% Zn, 2.0% Cu, 6.3% Pb, 14.4 g/t Au, and 554 g/t Ag (Petromin-Gränges, 1981) to 1 Mt grading 7.6% Zn, 1.2% Cu, 3.44% Pb, 5.86 g/t Au, and 235 g/t Ag (Bournat, 1972).  Estimates for Nuqrah North range from 0.225 Mt grading 8.2% Zn, 1.0% Cu, 2.2% Pb, 2.3 g/t Au, and 303 g/t Ag (Petromin-Gränges, 1981) to 0.30 Mt grading 6% Zn, 0.75% Cu, 1.22 % Pb, 2.5 g/t Au, and 332 g/t Ag (Delfour, 1975).  Although the deposits have been compared to VMS deposits, the association with carbonate beds, the very high Ag content, and the polymetallic rather than Zn-Cu character of the ore, differentiate the Nuqrah ore from typical Precambrian VMS deposits, and Sangster and Abdulhay (2005) suggest that the deposits may be epigenetic carbonate replacements rather than classic VMS bodies.
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VMS deposits in the west-central shield
Sulfide deposits in the west-central part of the shield include Jabal Sayid, Umm ad Damar, Jabal Shayban, and Jabal Baydan.   They are located in the volcanic-arc rocks of the Arj, Mahd, and Samran groups described in Chapter 6, in the northern and northwestern parts of the Jidah terrane, south of the Bi’r Umq suture.  A similar zone of polymetallic-gold mineralization is present in the Ariab and Hassai areas, Sudan, representing a continuation of the Jabal Sayid-Jabal Samran-Jabal Shayban zone of mineralization along the Nakasib suture.

The oldest rocks in the mineral districts are represented by diorite-tonalite of the Kamil suite (in the Jabal Samran-Jabal Shayban area) (Fig. 9-9), the Dhukhr batholith (exposed south of Mahd adh Dhahab Mine) (Fig. 9-10), and by volcanosedimentary rocks of the Arj group, the host of Jabal Sayid copper deposit and Umm adh Damar.  Younger rocks, also important for mineralization, are the lower part of the Samran group (host to Jabal Shayban and Jabal Samran) and the coeval Mahd group (host to Mahd adh Dhahab).  As described in Chapter 6, these rocks represent an evolving island-arc magmatic sequence.  Ophiolitic material is represented by the Bi’r Umq and Thurwah complexes (see Chapter 5).  Adakitic plutonic and volcanic rocks are common 25-30 km south of the Bi’r Umq suture and may indicate subduction of a hot plate and slab melting, or melting of garnet-bearing lower crust in the evolving magmatic arc (Hargrove, 2006).  Both mechanisms would suggest elevated heat flow and hydrothermal activity in the overlying rocks, which would be conducive to metal transport and deposition.  The layered rocks have undergone multiple phases of tight folding and shearing (Johnson, 1998; Johnson and others, 2002), and are metamorphosed in the greenschist facies.  Suturing between the Jiddah and Hijaz terrane, to the north, occurred at about 780-750 Ma.

FIG 9-9 ABOUT HERE SAMRAN-SHAYBAN AREA

FIG 9-10 ABOUT HERE JABAL SAYID-MAHD ADH DHAHAB AREA

Jabal Sayid is a typical VMS deposits; Umm ad Damar a mixed epigenetic-VMS deposit (Sangster and Abdulhay, 2005).  The two deposits are north and south, respectively, of a set of northwest-trending Najd-related sinistral strike-slip faults, and may be displaced parts of a single base-metal VMS-type province.  Jabal Sayid, explored for many years by BRGM, and currently under development by Citadel Resources, has a resource (as of February, 2008) of 99 Mt at 1.2 percent Cu.  Umm ad Damar has no reliable resource estimate other than a SEREM/U.S. Steel (1976-1977) figure for two of its sulfide bodies of 1 Mt averaging 2 percent Cu and 1 to 2.5 percent Zn (Clegg, 1994). The host rocks at Jabal Sayid and Umm ad Damar belong to the Arj group.  They consists of several thousand meters of basaltic to andesitic lava, breccia, and tuff, laminated felsic tuff, pyroclastic rocks and volcaniclastic quartz keratophyre, chert, limestone, sandstone, and conglomerate.  The group is not directly dated but is older that the Hufayriyah tonalite (781±8 Ma: Hargrove, 2006) and older than the Mahd group (~770-770  Ma).
At Jabal Sayid, mineralization is at the top of a sequence of rhyolitic lavas and pyroclastic rocks, overlain by andesitic pyroclastic rocks and intercalations of flow rocks.  The rhyolitic unit is intruded by diorite, granite, and granodiorite.  The prospect consists of four sulfide bodies (referred to as Orebodies No 1-4, or by Citadel, as Deposit/Lode 1-4), spread over an area of about 1000 m southwest-northeast and 400 m southeast-northwest (Fig. 9-11).  Deposits 1, 2, and 4 are at the contact between footwall crystal tuff and felsic breccia intensely altered to chloritite, and hanging wall chert, rhyolite, and pyroclastic rocks.  The mineralization consists of (1) massive pyrite and subordinate sphalerite associated with chert; and (2) stringer/stockwork ore composed of pyrite and chalcopyrite.  Massive sulfides make up the upper part of Deposit 1 and 20 percent of Deposit 4; Cu-stockwork make up Deposit 2 and 90 percent of Deposit 4.  Deposit 3 comprises two massive-sulfide bodies about 10 m thick containing pyrite, pyrrhotite, chalcopyrite, and sphalerite.  Deposit 4 is the largest at Jabal Sayid, with a resource estimate of 69 Mt at 1.3 percent Cu (source Citadel Resources website).  It is blind and has no surface expression; the other deposits crop out and are marked by gossans.

FIG 9-11 ABOUT HERE JABAL SAYID PROSPECT MAP

Umm ad Damar, not as well exposed as Jabal Sayid, is spread over an area of about 6 km SE-NW and 3 km SW-NE, 20 km southeast of Jabal Sayid.  It is notable for the large size of its ancient workings, slag piles, and mining-village ruins and midden.  Host rocks include rhyodacite, dacite, and andesite flows and rhyodacitic, dacitic, and andesitic volcaniclastic rocks, with intercalations of jasper.  Four mineralized zones are known.  Of these, Jabal Sujarah and 4/6 Gossan are chalcopyrite-sphalerite-pyrite VMS deposits.  Umm ad Damar North has Cu-Zn vein-type and subordinate massive sulfide mineralization; Umm ad Damar South consists of Cu-Zn veins.   Grades vary from 35 to 2.17 percent Zn and 2.11 to 0.96 percent Cu.  Precious metal contents are mostly low (e.g., 0.4 g/t Au) but exceptionally reach >16 g/t Au and >440 g/t Ag.

Jabal Shayban, Jabal Baydan, and Jabal Samran are between 150 and 200 km along strike to the southwest from Jabal Sayid.  Bed rock consists of volcanic and volcaniclastic rocks assigned to the Samran group intruded by large arc-related plutons of diorite, quartz diorite, syntectonic tonalite gneiss, and posttectonic granite.  The Thurwah ophiolite, is in the hanging wall of the suture zone.  Jabal Shayban and Jabal Baydan are copper-zinc±gold deposits hosted by the Shayban formation (775 Ma), the middle of three formations assigned to the Samran group and correlative with the Mahd group. The formation consists of andesitic to felsic volcaniclastic rocks, felsic lava, pyroclastic rocks, lithic arenite and conglomerate, phyllitic to schistose metatuff, and is inferred to comprise the remains of a number of closely spaced, possibly coalescent, volcanoes in an oceanic arc or rift system (Roobol, 1989; Hargrove, 2006).   The rocks are strongly folded, faulted, and metamorphosed to the greenschist facies.  Jabal Shayban and Jabal Baydan have characteristics indicating that they are VMS deposits but Jabal Shayban is in strongly sheared dacitic tuff and quartz porphyry and, from a different point of view, could be classified as a shear-zone deposit.  Primary mineralization at Jabal Shayban consists of massive and disseminated sphalerite, lesser chalcopyrite, and finely disseminated gold.  The prospect was originally examined as a zinc prospect; its gold content came into focus as a result of work by BRGM in the 1990s.  It has a measured and indicated resource of approximately 1.8 Mt at 2.7 g/t Au, 23.1 g/t Ag, and 0.46 percent Cu (Citadel Resources Group website).  Drill intercepts reach depths of more the 200 m, but mineralization is open down dip to the west.

Jabal Baydan is also somewhat sheared but is clearly recognizable as an in situ VMS deposit (Bellivier and others, 1999).  It consists of: (1) lenses of massive sulfide, mainly sphalerite, with subordinate pyrite, tetrahedrite, chalcopyrite, galena, and possibly stannite , (2) stockworks, (3) disseminated sulfides, and (4) stratiform bodies and veins of barite-silica-carbonate containing disseminated pyrite, chalcopyrite, sphalerite, tetrahedrite, and galena.  The host rocks dip moderately west and from bottom to top are a sequence of (1) andesitic lava and lapilli tuff; (2) rhyolitic lava and felsic-porphyry quartz-eye tuff; and (3) epiclastic rocks.  Mineralization is in the felsic volcanic rocks.  The hanging wall of the deposit is intruded by a thick granodiorite-quartz diorite sill.  Jabal Baydan has a drill indicated resource of 0.5-0.7 Mt at 16-17 percent Zn and 1.5-2.5 g/t Au, plus copper and silver (Bellivier and others, 1999).  Jabal Samran) is a small copper occurrence of enigmatic deposit type composed of quartz veins and secondary copper-mineral fracture fillings in a quartz vein/stringer zone in volcaniclastic rocks strongly sheared by southeast-vergent thrusts.  The deposit was drilled in the 1960s and has an estimated resource of 0.9 Mt at 2 percent Cu with traces of gold (Meaton and others, 1969).

VMS deposits in the south-central shield
The south-central shield has two mineral districts hosted by north-trending structural belts of greenschist-facies Lower Cryogenian convergent-margin volcanic-arc rocks in the northern part of the Asir terrane.  They are the Bidah and Shwas districts (Fig. 9-12).   The rocks in each structural district are folded about north-trending isoclinal axes and cut by numerous north-trending shears.  Most mineral occurrences in the Bidah district are along or west of the Bidah fault (shear) zone, a prominent system of sinistral brittle-ductile shears along the axis of the Bidah structural belt.  The most prominent shear in the Shwas district is the Umm Farwah shear, a serpentinite-decorated subvertical brittle-ductile strike-slip shear along the western side of the district.  The shear zone has both dextral and sinistral sense-of-shear indicators and is the approximate contact between the Shwas belt and the long-lived extensional Ablah basin.   The Aqiq shear zone, another serpentinite-decorated structure, is a sinistral strike-slip shear between the Bidah and Shwas shears on the west side of the Ablah basin.

FIG 9-12 ABOUT HERE BIDAH AND SHWAS MINERAL DISTRCITS

The Bidah mineral district has been repeatedly explored (Earhart and Mawad, 1970; Kiilsgaard and others, 1978; Riofinex Geological Mission, 1979; Smith and others, 1983; Béziat and Donzeau, 1989; Koch-Mathian and others, 1994), but despite the abundant indications of mineralization, no significant deposit has yet been discovered.  The occurrences, many expressed as small gossans, extend discontinuously over 120 km along strike, from Mamilah in the north to the Wadi Fiq in the south.  The occurrences are of two types: (1) stratabound VMS-type sulfide bodies containing Cu-Zn±Au±Ag; and (2) gold-bearing quartz veins and stringers.  Sulfide bodies along the east side of the Bidah fault zone and east side of Wadi Bidah make up the Rabathan mineralized area; other mineralized areas (Shaib at Tare, Gehab, Mulgatah) are west of the main shear zone.  Volesky and others (2003) completed a structural analysis of the mineral district using ground and remote sensing data and concluded that deformation was post-mineralization; sulfide bodies are folded and sheared.  

Rabathan, and similar occurrences along strike for 17 km to the north, lie on the strike of the main Bidah shear zone.  They are hosted by sheared calcareous quartz (felsic) schist and cherty-ferruginous beds at the contact with Khumrah greenstone.  Metallic minerals include pyrite and chalcopyrite with variable minor amounts of sphalerite, pyrrhotite, rutile, and magnetite.  The mineral occur as (1) banded sulfide layers intercalated with beds of quartz-chlorite-dolomite schist, (2) clastic sulfides comprising pyrite aggregates and fragments cemented by chalcopyrite; and (3) microbrecciated sulfides composed of fractured pyrite healed by chalcopyrite, quartz, and chlorite (Koch-Mathian and others, 1994).  Resource estimates made at Rabathan on two sulfide bodies, amount to 1.5 Mt at 2.58 percent Cu, 0.03 percent Zn, 2.85 g/t Ag, and 0.16 g/t Au; and 0.6 Mt at 2.2 percent Cu, 1.51 percent Zn, 5 g/t Ag, and 4 g/t Au (Reference).  Sha’ib at Tare, Gehab , and Mulhah (Mulgatah) consist of stratiform lenses of massive and disseminated pyrite, sphalerite, and minor chalcopyrite, with minor barite, in chlorite-sericite-quartz schist and chlorite schist with beds of hematitic and pyritic chert and marble west of the main Bidah fault zone (Volesky, 2002).  The sulfides crop out as gossans, those at Sha’ib at Tare extending over a north-south strike length of about 600 m, where Riofinex Geological Mission (1979) estimated a resource of 2.4 Mt grading 0.37 percent Cu and 0.5 percent Zn.  Gehab, exposed as gossans over a strike length of 700 m, has an estimated resource of 1.4-1.9 Mt at 0.64-1.26 percent Cu, 1.45 percent Zn, 5.3 g/t Ag, and 0.09 g/t Au (Riofinex Geological Mission, 1979).  Mulgatah is a very small resource of 140,000 t to a depth of 100 m, grading 0.28 percent Cu, 0.87 percent Zn, 1.5 g/t Ag, and 0.75 g/t Au (Riofinex Geological Mission, 1979).

The Shwas district is in the Shwas structural belt, the narrow structural domain between the An Nimas batholith (815-795 Ma) on the east and the Shwas pluton and Ediacaran Ablah group on the west.  The layered rocks are similar in age to those in the Bidah belt, but the relationship between the two belts is not clear.  They may be parts of a common lower Cryogenian volcanic-arc assemblage, now separated by the younger Ablah group, or separate arcs that were juxtaposed during assembly of the composite Asir terrane.  The belt contains greenschist-facies flows and pyroclastic rocks of andesitic, dacitic, and basaltic compositions, green and red, feldspathic to lithic wacke, tuff, flat-pebble-to-boulder conglomerate, and thin gray marble.  As in the Bidah district, these rocks are the host for VMS-type precious- and base-metal sulfide deposits.  Exploration in the district initially concentrated on base-metal targets but BRGM, in the 1980s, located significant gold and silver values in gossans and supergene oxide zones.  The largest gold deposit at Al Hajar consists of two bodies of supergene ore in a weathered zone that extends to a depth of 70 m overlying primary sulfide ore.  A prefeasibility study completed by BRGM in late 1989 outlined mineable reserves of 5 Mt grading 2.6 g/t Au for a cut off of 0.6 g/t Au and led to a successful trial heap-leach test (Cottard and others, 1993).  Open-pit mining, and the production of gold by heap leaching began in 200 and ceased in 2006 on exhaustion of the supergene reserves (SRK Consulting, 2007).  The open-pit at the mine is now closed, but activity continues with use of the heap leach facility to re-process previously stacked and leached material, and to process new material from Jadmah, a similar VMS/supergene deposit some 4 km west of Al Hajar.  The primary (unworked) ore at Al Hajar consists of low-sulfide stringers and disseminations of pyrite (3-10 percent, locally 40 percent) with subordinate chalcopyrite.  The ore is hosted by porphyritic rhyolite and dacite. Weathering produced a variety of oxidized ores referred to as siliceous facies, ferruginous facies, and bleached facies.  During exploration there was some discussion about whether these facies were exclusively the result of weathering of sulfide ores (supergene) or reflected oxide-facies ores produced by fumerolic activity in an evolving volcanic arc.  The Jadmah deposit consists of gold-silver mineralization associated with siliceous-ferruginous gossan produced by the supergene oxidation of lenses of disseminated and massive pyrite, chalcopyrite, and sphalerite.  The host rocks include quartz-eye rhyolitic tuff, subordinate dacitic tuff, chloritized rhyolite ash flows, and jasper in a regional succession of felsic to intermediate volcanic flows and tuffs.   An estimate by Ma’aden in 1998 indicated an in-situ resource of oxide ore of 0.52 Mt grading 3.1 g/t Au and 40 g/t Ag at a cut-off of 0.5 g/t Au (Ma’aden Exploration Department, 1998). 

VMS deposits in the southern shield

Significant convergent-margin volcanic-related sulfide deposits are also present in the southeasternmost part of the Asir terrane, in the Wassat-Masane-Kutam mineral district (Fig. 9-13).  The belt is underlain by spreading-center and convergent-margin arc rocks in the Malahah basin, described in Chapter 6.  Al Masane is a classic polymetallic VMS deposit.  Al Halahila and Farah Garan have some of the characteristics of VMS deposits but their classification is not definitive (Sangster and Abdulhay, 2005).  Kutam may be a VMS deposits, but is highly sheared and in described in the section of shear-zone associated mineral occurrences. Wadi Wassat, which gives its name to part of the district, is a massive sulfide deposits in the possible extensional-related basaltic-andesitic assemblage in the northeast of the mineral belt.

Al Masane was discovered in 1967 by Hatem Khalidi as outcroppings of gossans in a deeply incised wadi in a sequence of steeply west-dipping sequence of mafic tuff and lava, felsic tuff and lava, lapilli tuff, and black shale (FIG 9-14).  Six sulfide bodies are known; four in the felsic tuff and lava unit; one at the contact between lapilli tuff and black shale; and one in the mafic tuff and lava.  The rocks are tightly folded and there is some debate about the structural relationships of the ore bodies (Elsass and others, 1983; Fernette, 1994; Sangster and Abdulhay, 2005).  Mineralization comprises stratiform lenses of massive pyrite, chalcopyrite, sphalerite, galena, and pyrrhotite, with subordinate to minor tellurides and sulfosalts.  The Houra-Sa’adah bodies are Cu-Zn rich, and sulfide layers are interbedded with Mg-Mn carbonate, chert, and pyrite-talc rock.  Metal zoning is reported at Sa’adah with Cu toward the footwall and Zn, Au, and Ag toward the hanging wall.  The Moyeth zone is Zn(Pb) rich.  A prefeasibility study by Arabian Shield Development Corporation in 1984 (Fernette and Al Tawil, 1984) reported: (1) proven reserves 4.533 Mt at 4.77 percent Zn, 1.60 percent Cu, 34.67 g/t Ag, and 1.17 g/t Au; (2) probable reserves 2.952 Mt at 7.17 percent Zn, 0.90 percent Cu, 58.56 g/t Ag, and 1.33 g/t; for (3) a total size of 7.486 Mt at 5.71 percent Zn, 1.32 percent Cu, 44.09 g/t Ag, and 1.23 g/t Au.

FIG 9-14 ABOUT AL MASANE DEPOSITS
Al Halahila, in the eastern part of the Wassat-Masane-Kutam mineral district, is exposed as north-trending gossans on the steep slope of a deeply incised valley.  It consists of three discontinuous sulfide lenses in a steeply east-dipping sequence of dolomite-sericite-chlorite schist and martitic ironstone composed of quartz and hematite pseudomorphs after magnetite, enclosed in chlorite-sericite-pyrite schist and andesitic-dacitic tuffs to the east, and andesitic metatuff to the west (Fig. 9-15).  The mineralization comprises (1) vein and disseminated pyrite and lesser sphalerite, chalcopyrite, galena, and tennantite replacing dolomite; and subordinate (2) banded to massive sulfide composed of pyrite  and lesser sphalerite, chalcopyrite, and galena; (3) disseminated and stringer pyrite and minor chalcopyrite in dacitic volcanic rock; and (4) massive pyrite with associated quartz veins.  The steep terrane makes drilling difficult so that the size of the deposits is not properly known, but an indicated resource of 1.04 Mt at 2.99 percent Zn, 0.44 percent Cu, 25.2 g/t Ag, and 0.45 g/t Au to a depth of 100 m has been estimated (Parker, 1982)

FIG 9-15 ABOUT HERE

Farah Garan consists of banded and disseminated pyrite, sphalerite, chalcopyrite, tetrahedrite-tennantite, and galena in a sequence of exhalative cherty dolomite, talc, chloritite, and chert, that interfingers with felsic and mafic metavolcanic, volcaniclastic, and subordinate metasedimentary rocks (Fig. 9-16).  The rocks are steeply dipping and strongly folded, and the stratigraphy is severely disrupted, but it is believed that the felsic-metavolcanic rocks were originally below and the mafic-volcanic rocks above the sulfides (Doebrich, 1989).  Drill holes intercepted sulfides over true thicknesses of as much as 31 m.  Doebrich (1989) reports that some drill holes indicate an upward metal zoning comprising an increase in Zn/(Cu-±Pb±Zn) ratios and decrease in Cu/(Cu+Pb+Zn) ratios.  The prospect has not been sufficiently drilled to yield an adequate resource estimate; based on two holes, Doebrich (1989) estimated 0.225 Mt at 2.5 percent Zn, 0.9 percent Cu, 33 g/t Ag, and 2.8 g/t Au.  The lack of and difficulty of drilling, inadequate sampling of fresh sulfides, and poor surface exposure make the deposit-type identification uncertain, but Sangster and Abdulhay (2005) tentatively class the deposit as VMS.

FIG 9-16 ABOUT HERE FARAH GARAN

9.5    Convergent-margin polymetallic epithermal deposits

The largest polymetallic epithermal deposit in the Arabian Shield is Mahd adh Dhahab (Fig. 9-10).  Mahd adh Dhahab is a Zn-Cu-Au-Ag deposit in a north-dipping succession of volcaniclastic and subordinate flow rocks assigned to the Mahd group (777-772 Ma) unconformably overlying the Dhukhr batholith (816-811 Ma) in the northern part of the Jiddah terrane.  The mine sequence includes andesitic tuff and flows, lower agglomerate, lower tuff, upper agglomerate, and upper tuff.  The current mine is working previously unknown, blind mineralization in the Lower Agglomerate and Lower Tuff discovered by USGS in 1972.   An earlier open-pit and underground venture by SAMS (1939-1954) and ancient mining activity were based on a separate zone of mineralization in the Upper Agglomerate and Upper Tuff, and in a body of intrusive rhyolite (Mine Hill), north of the present mine.
The base and precious metals are in fault-related quartz veins and stockworks.  The veins mostly tend north and dip steeply west forming a subvertical array inferred, by Huckerby and others (1983) to be related to a northeast-trending sinistral fault that crosses the mine area.  Veins range from hairline fractures to stockworks as much as 10 m across, but the majority are 0.1-1 m. The veins are composed of quartz, chlorite, potassium feldspar, calcite, and sulfides.  Several generations of quartz are evident, with banded, cockade, and cockscomb textures indicative of multiphase injection and incremental open-space filling under conditions of dilation.  Primary sulfides include sphalerite, chalcopyrite, galena, and pyrite.  In places, sulfides dominate and form pyrite-sphalerite veins (Sangster and Abdulhay, 2005).   Gold and silver are present as gold-silver tellurides (hessite, petzite, and rare sylvanite), and gold also occurs in native form as inclusions in sphalerite, along grain boundaries, and as small grains in quartz.  The distribution of gold and silver is erratic and grades in the mine are highly variable.  Propylitic alteration and silicification are widespread in and around the mine.  K-feldspar alteration is abundant at Mine Hill and close to mineralization, and pyritization (as disseminations) is in the vein wall rocks.   Oxidation penetrates as much s 50-100 m below the surface, and supergene enrichment is unevenly distributed between depths of 20 and 50 m as a zone a few meters thick. 

According to SRK Consulting (2007), in July 2007 Mahd adh Dhahab had an ore reserve of 347 koz of gold contained within 1.2 Mt and grading 8.7 g/t Au. This reserve includes a total of 232 kt of surface sources grading 0.8 g/t Au and containing 6 koz of gold. Total mineral resources comprise 643 koz of gold contained within 1.2 Mt and grading 16.1 g/t Au.  Production in 2007 amounted to 2.134 Mt at a grade of 1.3 g/t Au, for 75,000 oz Au, 149,000 oz Ag, 294 t Zn, and 425 t Cu.  Mineralization is directly dated by a Rb-Sr age of 675±20 Ma on vein-filling microcline that accompanies sulfide deposition (Stacey and others, 1980) and an age of 649±35 Ma on vein-filling microcline and calcite (Afifi, 1990).   Mahd adh Dahab is widely interpreted as an epigenetic deposit of the epithermal type (Sillitoe, 1993; IUGS/UNESCO, 1999; Sangster and Abdulhay, 2005).  As a general rule, epithermal gold deposits may be of similar age to their host rocks or much younger.  If the Rb-Sr age is reliable, the Mahd adh Dhahab deposit is of the latter type, and formed as much as 100 million years after deposition of the Mahd group host rocks, contemporary with convergence between the Jiddah and Afif terranes along the Hulayfah-Ad Dafinah-Ruwah suture zone and with the Nabitah orogeny.  Epithermal mineralization has been explored elsewhere in the region at Lahuf, in Mahd group rocks 12 km along strike west from Mahd adh Dhahab, where there are outcroppings of quartz-vein stockworks up to several meters wide, at the Jabal Ram Ram volcanic caldera, about 25 km west of Mahd adh Dhahab, and at Bari , a region of Au-Ag-Zn-Cu-quartz veins in tonalite and quartz diorite, some 30 km southeast of Mahd adh Dhahab.

The second largest polymetallic epithermal deposit in the Arabian Shield is at Al Amar , at the eastern margin of the shield.  The deposit is in the Al Amar arc, part of the Ar Rayn terrane, one of the most richly and variably endowed metallic mineral provinces in the shield (Fig. 9-17).  Other deposits in the terrane (Table 9-2) include another epithermal occurrence at Umm ash Shalahib, significant Zn-Cu mineralization at Khnaiguiyah, magnetite (±gold) at Jabal Idsas, and possible copper porphyry (Doebrich and others, 2007).  As described in Chapter 6 on magmatic arcs, the Al Amar arc is a late Cryogenian-Ediacaran (>689-615 Ma) continental-margin volcanic-arc assemblage, exposed over a strike length of about 200 km at the extreme eastern edge of the Arabian Shield and continuing at least 300 km to the north beneath Phanerozoic cover (Johnson and Stewart, 1995).  The Ar Rayn terrane is separated from the Ad Dawadimi terrane on the west by the Al Amar fault and is unconformably overlain on the east by Permian carbonates (Khuff Group).  Mineral occurrences are concentrated in the Al Amar group (>689 Ma) in the western part of the Ar Rayn terrane, mostly in low-grade tholeiitic to calc-alkaline basaltic to rhyolitic volcanic and volcaniclastic rocks with subordinate tuffaceous sedimentary rocks and carbonates (Doebrich and others, 2007). Plutonic rocks in the terrane belong to: (1) a low-Al trondhjemite-tonalite-granodiorite (TTG) group of arc affinity (632-616 Ma) in the western part of the terrane; (2) a high-Al TTG/adakite of arc affinity (689-617 Ma) in the central and eastern part of the terrane; and (3) syn- to posttectonic alkali granite (607-583 Ma).

FIG 9-17 ABOUT HERE AR RAYN MINERAL OCCURRENCES

The Al Amar deposit is made up of polymetallic and gold-bearing veins and subordinate massive sulfides hosted by beds and lenses of exhalative talc, barite, and Ca-Fe-Mn carbonates.  The country rocks include mafic to intermediate pyroclastic rocks and subordinate andesite flows; felsic volcaniclastic rocks and lava, subordinate red jasper, and polymict conglomerate; and felsic to intermediate tuffs and pyroclastic flows (Fig. 9-18).  In the north of the mine area, the beds dip to the southwest; in the central and southern part they are steep and overturned.  The vein systems are the main ore type, and chiefly occur as two subvertical northwest-trending structures referred to as the North Vein zone and the South Vein Breccia Zone. They extend on surface as much as 500 m along strike, discordant to the bedding, and to depths of at least 350 m.  In general, the veins are composed of quartz and subordinate Ca-Fe-Mn carbonates, barite, anhydrite, and sulfides, in parts submassive.  The latter include pyrite, sphalerite, chalcopyrite, and galena.  Free gold is locally present but mainly occurs as Au-Ag tellurides and electrum in the sulfides.  Massive sulfide ore consists of sphalerite, barite, chalcopyrite, talc, carbonate, and chlorite, and probably originated during a period of volcanic quiescence. Doebrich et al (2007) refer to the vein mineralization as epithermal, whereas Sangster and Abdulhay (2005) use the terms “structurally controlled, epigenetic”.  Pouit et al (1984) interpret the massive sulfide mineralization as a volcanogenic exhalative deposit coeval with the formation of volcanic unit vu3.  In mid-2007, Al Amar had ore reserves of 429 koz of gold (441 koz gold equivalent) contained within 1.4 Mt and grading 9.9 g/t Au (10.2 g/t Au Eq.), and total mineral resources comprised 722 koz of gold (742 koz gold equivalent) contained within 2.0 Mt and grading 11.2 g/t Au (11.5 g/t Au Eq) (SRK Consulting, 2007).

FIG 9-18 ABOUT HERE AL AMAR MAP

9.6    Iron oxide-gold occurrences

Worldwide, deposits of this type are characterized by an abundance of magnetite and(or) hematite in tabular bodies, breccias fillings, veins, disseminations, and replacements in dominantly felsic volcanoplutonic settings  (Ghandi and Bell, 1995).  The deposits range from essentially monomineralic (Fe) to polymetallic (Fe+Cu±U±Au+Ag+REE).  Large monominerallic deposits have been mined for iron alone (Kiruna) but in polymetallic deposits other metals (Cu, Au, U) are the main economic interest (Olympic Dam).  Deposits range in size from very large (100-500 million tones), to extremely large (2,000 million tones), to small (<10 million tones).  The deposits typically occur in a late tectonic or anorogenic continental environments, but occurrences that may belong to this type have been identified over the past 10 years in the Arabian Shield in convergent-margin settings in the Ar Rayn terrane and possibly the Hulayfah and Asir terranes.

The Ar Rayn terrane occurrences are typified by Jabal Idsas, the largest, but others are known along the western margin of the terrane.  They are either magnetite- or hematite-rich.  The occurrences are found along the western margin of the terrane, in Al Amar group volcanic and volcaniclastic rocks.  They formed as metasomatic replacement bodies of disseminated magnetite and smaller fault-controlled bodies of massive magnetite.  Magnetite cobbles found in Hamir group conglomerate in small sedimentary basins along the Al Amar fault constrain the minimum age of mineralization.  The deposit consists of magnetite, apatite, hematite(martite), actinolite, chalcopyrite, chalcocite,covellite, associated with amphibole (actinolite), tourmaline, epidote, and sericite (Doebrich and others, 2007).  Magnetite-rich deposits are enriched in LREE, whereas hematite-rich deposits are more enriched in copper and gold.  Jabal Idsas has been explored over several years as an iron-ore resource, but recent sampling suggests that it is Fe-oxide Cu-Au occurrence.  The magnetite deposits at the Jabal Idsas district represent the largest Fe-oxide Cu-Au resource in the terrane, and are characterized by fault-controlled massive magnetite lenses (1.3–6.7 Mt @ 64–65% Fe) and extensive areas of disseminated replacement magnetite in andesitic volcanics (300 Mt@ 18–20% Fe) (Ashworth and Abdulaziz, 1978).  Hematite-rich deposits exhibit a mineral paragenetic sequence of amphibole, followed successively by tourmaline, hematite, chalcopyrite, and gold. In mineralized breccias, tourmaline-altered fragments are cemented by specular hematite.
Possible Fe oxide-Cu occurrences in the Hulayfah terrane are in the Musaynah mineral district, west of the Bi’r Tuluhah ophiolite and Hulayfah fault zone, which marks the suture between the Afif and Hulayfah terranes (Johnson and Kattan, 2001).  The country rocks consist of low-grade basalt and andesite, basaltic breccia, andesitic tuff, sandstone, conglomerate, and marble of the Hulayfah group (>720 Ma), with intrusions of diorite, gabbro, and granodiorite.  Most of the occurrences in the district are underlain by a broad magnetic high that probably reflects a significant amount of intrusive material in the crust at this location.  Metallic mineralization in the district comprises small occurrences of copper and copper-gold-iron (magnetite) in volcanosedimentary rocks close to contacts with granite and diorite.  The occurrences were initially explored as sources of iron (von Gaertner and Schűrenberg, 1954), but it was quickly realized that the magnetite occurrences contain as much as 2.5 ppm Au.  Further trenching and drilling to assess copper, zinc, and lead resources were done by BRGM in the 1970s (Chaumont, 1973).  USGS included the district in a review of the geology and mineral resources of the wider Bi’r Tuluhah area (Johnson and others, 1989) and SGS mapped and resampled the district in the early 2000s (Jannadi and others, 2005).  Magnetite and low copper and gold occur in as many as eight of the mineral occurrences in the district.  Other occurrences have trenches and ancient workings showing malachite and chrysocolla in weathered hematite-rich bedrock.  Jabal al Hamra consist of massive magnetite lenses a few tens of meters in diameter and disseminations and veins of magnetite at a contact between marble and andesite and in cross-cutting faults.   Samra Tuluhah comprises hematite, quartz, limonite, malachite, and chrysocolla hosted by marble, samples of which yield as much as 52 percent Fe and 1.5 g/t Au.  The Jabal at Tin occurrence is hosted by basaltic agglomerate and a diorite-granodiorite intrusion.  It comprises a 50-m-wide zone of brecciated and sheared rocks in a west-northwest-trending fault containing magnetite-hematite veins and vuggy quartz. 

The possible Asir terrane Fe(oxide)-Au examples are in the Bidah mineral district along the main Bidah shear zone.  The occurrences were the sites of ancient gold mining developed on quartz stringers and stockworks within lenses of ferruginous chert or diorite and granodiorite intrusions (Worl and Smith, 1982) at Bani Sar , the largest, Umm ar Raha, and Shib an Nahl.  The ferruginous chert lenses appear to be in the same lithostratigraphic unit that hosts the Rabathan Cu-Zn occurrence.  Samples of quartz veins have gold contents from 0.1 to exceptionally 53.5 g/t Au, but mostly between 1.0 and 1.5 g/t Au.  Silver content is low, mostly between 0.9 and 1.6 g/t Ag.  At the north end of the mineral belt, the Mamilah group of ancient gold mines is associated with iron-rich rocks ranging from massive jasperitic chert to friable ironstone.  The occurrences include Mamilah, Mamilah North, and Mamilah South.  Gold grades reported by BRGM (Coumoul and others, 1989) in the Mamilah area are erratic, the highest value being present in pyritic carbonate altered schist in the footwall of one of the veins.  One trench averaged 19.2 g/t Au over 8 m, but drill intersections are in the range 9.2 g/t over 1.35 m to 0.7 g/t Au over 0.25 m.  BRGM estimates a measured resource in the area of 0.237 Mt at 4.11 g/t Au to a depth of 50 m. 

9.7    Spreading-center or back-arc-basin deposits

Spreading centers or back-arc basins develop in convergent-margin arc-assemblages as a result of local extension caused, for example, by subduction roll back and mantle upwelling.  These environments are identified partly by the chemical characteristics of the basalts extruded in such settings and the lithologic facies of the basalts and associated deposits.  Two areas with sulfide mineralization in such settings are tentatively identified in the shield.  One area is the Jabal Mardah nickel prospect in the southern part of the Nuqrah district; the other is Wadi Wassat-Wadi Qatan in the Asir terrane.

Jabal Mardah crops out as nickeliferous gossans in volcaniclastic sandstone and basalt overlying the early Cryogenian (820±30 Ma) Darb Zubaydah ophiolite.  The gossans result from the oxidation of disseminated primary pyrite and lesser polydymite and millerite.  Drilling by USGS (Bosch and others, 1989) revealed as much as 0.97 percent Ni over a stratigraphic thickness of 12-25 m.  The sulfides appear to be stratabound and extend along strike for 10 km within a 20-250 m thick sequence of basaltic turbidites.  The sulfides are interpreted to be volcanic exhalatives, formed contemporaneously with sedimentation in an active spreading ridge, or if not a ridge, a back-arc basin.  The largest occurrence has an estimated resource of 1.5 Mt at 0.8 percent Ni (Carten, 1989; Bosch and others, 1989). 
Wadi Wassat is a large massive sulfide deposit in the northeast of the Wassat-Masane-Kutam mineral district, where unpublished trace element geochemistry suggests an extensional environment (A. Bookstrom, written communication, 1993).  Similar, but smaller deposits, crop out in the Wadi Qatan area to the south (Fig. 9-19).  The geochemical data also suggest a transition southwestward across the mineral district, from an extensional setting at Wadi Wassat to a suprasubduction environment in the vicinity of Al Masane VMS deposit.  Wadi Wassat and similar sulfide deposits are expressed at the surface by prominent gossans developed from stratiform bodies of massive to disseminated iron sulfides.   Individual gossans extend along several kilometers of strike.  Those at Wadi Wassat are folded by a series of sub-horizontally plunging anticlines and synclines and, toward the southwest, are intruded by granite, in which they are preserved as a train of roof pendants.  At Wadi Wassat, the sulfides are in a sequence of black graphitic shale and thinly bedded pyritic and cherty quartzite and siliceous tuffs at the contact between andesite and andesitic tuff and interbedded sedimentary and pyroclastic volcanic rocks.  Drilling intersected a total thickness of 35 m massive sulfide in as many as three closely spaced bands.  The deposit is the largest volcanic-hosted sulfide body known to date in the shield, with a resource of 180 Mt at 38 percent Fe and 42 percent S.  But it has minimal base and precious metals–21 ppm mean Cu value, 16 ppm mean Zn, 60-100 ppm Ni, negligible silver, and gold below the detection limit–and is of little economic significance.  Gossans in the Wadi Qatan area (Sahah; Milhah) are similar to those at Wadi Wassat, overlying massive to disseminated iron sulfides or strongly pyritic graphitic shale, but are smaller.  As at Wadi Wassat, the base and precious metals content is minimal.

FIG 9-19 ABOUT HERE WADI WASSAT AREA
The Hadbah gossans are also similar to those at Wadi Wassat and Wadi Qatan gossans, in that they are developed from massive pyrite and subordinate pyrrhotite, but they differ by containing a significant amount of nickel.  Hadbah is in fact is said to be the largest and most extensively explored nickel deposit in Saudi Arabia (Kiilsgaard, 1995).  The primary mineralization consists of stratiform massive sulfide in one or more lenses in volcaniclastic rocks interbedded with basaltic and andesitic lava and agglomerate.  They amount to a resource of 2.5 Mt with an average grade of 0.92 percent Ni.  Nickel is in pentlandite intergrown with pyrrhotite, bravoite, and violarite.  The source of the nickel is uncertain; it may be contemporary with sulfide mineralization in a back-arc setting, or the result of later introduction of nickel, together with molybdenite, which is also present at the deposit.  In this context it is notable that a thin, discontinuous sliver of carbonate-altered serpentinite is present in the mineralized zone.  Also notable are a large number of nickel anomalies discovered by wadi-sediment geochemical sampling in gossans and black shale throughout the region (Riofinex Geological Mission, 1978).  The Yassan gossan, 25 km southwest of Hadbah, for example, contains up to 1000 ppm Ni.

9.8    Convergent-margin banded-iron formation

A special type of arc-related mineralization is banded-iron formation.  Worldwide, banded-iron formation (BIF) most common dates from the late Archean and early Paleoproterozoic, but it reappears briefly in the Neoproterozoic (0.85-0.7 Ga) in the Arabian-Nubian Shield (Simms, 1984; Goldring, 1990; Ali, and others, 2009; Ilyin, 2009) and a few other Neoproterozoic crustal blocks elsewhere.  In the shield, BIF is confined to the Midyan terrane and its counterpart, the Eastern Desert of Egypt.  Known outcrops in the Arabian Shield are spread over a strike length of about 25 km in the Wadi Sawawin area (Fig. 9-20) and as lenses in large roof pendants of metamorphosed volcanic and volcaniclastic rocks in granite to the northwest.  Observation of BIF float in wadi alluvium suggests that BIF is also present as much as 75 km southeast of Wadi Sawawin (Johnson, unpublished field observation).

FIG 9-20 ABOUT HERE WADI SAWAWIN AREA
The Wadi Sawawin BIF is an iron-rich Algoma-type unit within a thick succession of andesitic to felsic pyroclastic and sedimentary rocks assigned to the Silasia formation that overlies metavolcanic rocks assigned to the Ghawjah formation (Fig. 9-21).  The rocks are folded and metamorphosed in the greenschist facies.  The Ghawjah formation is dated at 763 Ma; the Silasiah is intruded by a felsic sill of 647 Ma, and by syntectonic diorite of the Duba complex (661 Ma) (Ali, 2008).   Deposition of the banded iron formation occurred therefore sometime after about 760 and is regarded as having formed in a convergent margin setting prior to collision of the Midyan and Hijaz terranes.   The iron formation is finely laminated hematite and magnetite alternating with dark-red jasper  (quartz and minor hematite) on a scale of millimeters to centimeters, building up to a unit 25-58 m thick at Deposit 3 (south) (Mukherjee and others, 2005).  It shows abundant penecontemporaneous deformation and many late fractures (Fig. 7-5).  Beds of fine-grained tuffaceous argillite as much as 1 m thick are interlayered with the BIF.    The large number of individual deposits in the Wadi Sawawin district is likely the result of fold-repetition of a limited number of iron horizons.  The folding, local brecciation, greenschist facies metamorphism, and intrusion by late- to posttectonic granites, are features favorable for the capture of mobilized gold in the BIF.  BIF deposits in the Eastern Desert of Egypt contain 0.41 to 1.124 g/t Au (Dardir and El Chimi, 1992), and testing of BIF in the Arabian Shield would be warranted.  A commonly quoted resource is 96 Mt containing 42.5 percent Fe, 28.3 percent SiO2, 0.31 percent P, and 0.11 percent S for the largest body of BIF (Deposit 3). A total resource estimate for the seventeen deposits listed by Dixon and Ashworth (1994) is 428.9 Mt.

FIG 9-21 ABOUT HERE SAWAWIN STRATIGRAPHIC COLUMN

9.9    Ophiolite-associated chromite deposits

Chromite is ubiquitous in the ophiolite complexes of the shield and moderately abundant in mafic layered complexes, but despite extensive searching has only been found to occur as small lenses and disseminations of no particular economic significance.  The most comprehensive recent review of chromite resources is by Al-Shanti and El-Mady (1988); a briefer review is by Collenette and Grainger (1994).   The main occurrences are podiform lenses of massive chromite in harzburgite and pseudostratiform lenses in dunite in the Jabal al Wask ophiolite, and lenses in serpentinite in the Jabal Ess ophiolite, both along the Yanbu suture separating the Midyan and Hijaz terranes.  At Jabal al Wask, 472 such lenses are recorded, as much as 60 m in length.  They contain massive chromite grading to disseminations at their margins.  The lenses in harzburgite contain from 54 to 58 percent Cr2O3 with a Cr/Fe ratio between 2.4 and 4.0; those in dunite are loinger but mostly less than 0.3 m thick, and contain up to 45 percent Cr2O3 with a Cr/Fe ratio of 1.95.  The Bi’r Tuluhah ophiolite along the suture zone between the Hijaz and Afif terranes contains small podiform chromite lenses 1-2 m wide; other lenses have been tested by trenching at the Jabal Tays ophiolite; and small occurrences are known in the Halaban ophiolite.

9.10    Suspect porphyry systems

Copper–gold prospects along the northwest margin of the Ar Rayn terrane, such as Al Eitaby and Umm ash Shash, are interpreted by Doebrich and others (2007) as the surface expressions of potential porphyry Cu systems.  These areas contain copper-bearing vein and stockwork zones associated with porphyritic quartz monzodioritic intrusions, porphyry-type alteration assemblages, and proximal porphyry-related deposit types.  Metallic minerals include malachite, chalcopyrite, magnetite, and hematite. 

9.11    Mesothermal quartz veins

Deposits of this type consist of simple to complex quartz-carbonate vein systems variably associated with brittle-ductile shear zones, volcanic and sedimentary rocks, and mafic to intermediate intrusions (Robert, 1995).  In these deposits, gold occurs in the veins or as disseminations in immediately adjacent wall rocks, and is generally the only or one of the most significant economic commodities.  The veins occur in structural environments characterized by low- to medium-grade metamorphism and brittle-ductile deformation.  This corresponds to intermediate depths within the crust and compressive tectonic settings.

Judging by the number of occurrences, gold-bearing quartz-carbonate veins constitute the most numerous metallic mineral occurrences in the Arabian Shield.  Such veins are present in significant numbers in all terranes apart from the Hijaz terrane, and in a variety of structural settings ranging from little or moderately deformed sedimentary and plutonic rocks, as in the Sukhaybarat-An Najadi gold district, to thrust systems, as in the Al Wajh district, to strongly sheared rocks, as along the Nabitah fault zone.  The latter are described in this chapter under shear-zone related mineralization.  Common alternative names for these types of quartz-carbonate gold veins are lode deposits, Homestake type, synorogenic gold, and low-sulfide quartz gold, but there is a trend nowadays to use the term “orogenic gold” (Groves and others, 1998) in recognition of a unifying theme of their tectonic setting.  This chapter is not the place for an extended description of the deposit model, other than to comment that critical aspects of the formation of mesothermal gold-quartz veins is the passage of hot water in large volumes through permeable channelways in a brittle structural environment or at the brittle-ductile transition.  The gold-bearing fluids tend to have a common composition–low salinity, aqueous, high CO2, and temperatures of deposition approximately 350°C.  The depth of deposition typically ranges from 4 to 12 km.  The reader is referred to Drew (1999) for notes on the deposit model in a Saudi Arabian context. 
The Sukhaybarat-An Najadi gold district (Fig. 9-22) is important because it contains Sukhaybarat Mine, the first mesothermal-gold occurrence of any significance developed in modern times in the shield.  Sukhaybarat is worked out, but the carbon-in-leach vats at the mine are being used to process some of the ore from Bulghah Mine (Ma’aden website). The district is in Late Cryogenian sedimentary rocks of the Murdama group and plutonic rocks of the Idah suite in the northern part of the Afif terrane.  The district is effectively bounded on the north by faults along the Hibshi formation; on the south by part of the Halaban-Zarghat fault zone; and on the east by contacts with the Suwaj subterrane and Kishaybi suite of granitoids.  Details of the geology and mineral occurrences are given by Albino (1995), Al-Dabbagh and Dowd (1996), Malmgren and Andersson (1994); Walker and others (1994), Lewis and Schull (1994); Cole (1988), and Williams and others (1986).  Sukhaybarat Mine is at the southern end of the district; other occurrences include An Najadi, Wadi Shabah, Meshaheed, and occurrences close to the Riah thrust zone.  The Sukhaybarat deposit was found by trenching and drilling over an area of ancient gold workings, focusing on the margins of intrusive stocks.  According to Al-Dabbagh and Dowad (1996) the total mineable reserve at the outset of mining in 1991 was 17.6 t contained gold at a cutoff grade of 1.1 g/t.   An Najadi and other occurrences in the northern part of the gold district have been explored by USGS and BRGM, but without the discovery of mineralization of any consequence.

FIG 9-22 ABOUT HERE SUKHAYBARAT-AN NAJADI DISTRICT

The host rocks comprise sedimentary units of the post-amalgamation Murdma group and small diorite, quartz diorite, and tonalite intrusions belonging to the Idah suite.  The sedimentary rocks unconformably overly deformed and metamorphosed Cryogenian magmatic units of the Suwaj terrane and are flanked and are overlain by basaltic, andesitic, and rhyolitic volcanic and volcaniclastic successions of the Hibshi formation (630 MA) and Jurdhawiyah group (610-595 Ma).  The Idah suite dates from ~620 Ma to 615 Ma, and was emplaced after folding of the Murdama group.   Mineralization is located close to the contacts between Murdama group and the Idah-suite intrusions and is therefore younger than 620 Ma.   Mineralization at Sukhaybarat consists of clusters of gold-bearing quartz veins from a few centimeters to about 1 m in thickness flanked by envelopes of arsenopyrite-rich, gold-bearing altered diorite/tonalite or hornfelsed Murdama group siltstone.  Individual vein samples carry as much as 30 g/t, and sometimes as much as 60 to 200 g/t (Albino, 1995).   The veins concentrate in two ore zones, the principle one of which is an east-west-trending system of conjugate veins developed along a structure that appears to be a north-northeast-directed thrust (Malmgren and Anderson, 1995) or zone of shortening (Albino, 1995).  At An Najadi, mineralization consists of gold-bearing quartz and quartz-carbonate veins, mostly 0.5-5 cm thick but ranging up to 1 m, flanked by thin, sulfide-bearing alteration selvages.  The veins mostly strike north-northwest and are arranged as an en echelon north-northeast-trending array of lenticular veins.
Veins at all occurrences in the district contain varying amounts of sulfides (arsenopyrite±pyrite± sphalerite±galena±chalcopyrite±stibnite) in the range of <1 to 5 wt% (Albino, 1995; Lewis and Schull, 1994).  Visible gold is not common.  Geochemically, there is a common positive correlation between gold, arsenic, silver, and antimony.  The Sukhaybarat-An Najadi gold district is located on a gravity high (Fig. 9-23) that is modeled as a block of mafic crust (Miller and others, 1989).  Sukhaybarat and other gold occurrences in the south of the district are situated close to the gravity gradient at the southern margin of the mafic block; An Najadi and other occurrences farther north are scattered across the northern half of the crustal block. 
FIG 9-23 ABOUT HERE SUKHYBARAT GRAVITY

A large group of mesothermal gold veins are present in the Zalm, As Siham, Bi’r Tawilah, and Ad Duwayhi-Umm Matirah districts along the western and southern margins of the Afif terrane.   They are conventionally associated with the trans-shield Nabitah mobile belt, but are described here in the context of mesothermal veins along the margin of the Afif terrane.  The occurrences are mostly deposited in fractures opened up along shear zones or in the wall rocks of shear zones and are examples of structurally controlled mesothermal veins, but some occurrences are at the contacts between plutons and country rock and may be viewed as intrusion-related veins.
The Zalm prospect is located in an area of ancient workings scattered over an area of 5x2 km. The main host rock is granite to gabbro of the Humaymah suite (630-560 Ma), and small hornfelsed enclaves of Siham group volcanosedimentary rocks and mineralization is therefore, at a maximum, younger than 630 Ma.  A gabbroic to granitic layered complex (647±6 Ma) intrudes the western part of the prospect area (Leistel and Eberlé, 1999).  The prospect is within a few hundred meters of the Ad Dafinah fault zone, the sinistral brittle-ductile, serpentinite-decorated shear zone that is part of the suture at the western-southern margin of the Afif terrane.   Quartz veins are controlled by an anastomosing system of normal faults, the main trend of which is N55°E with a dip of 35° to the SE.  The veins and their alteration halos form gently dipping lens-shaped orebodies parallel to the fault system.  Individual veins are as much as 20 cm thick, with strike and down-dip extents of a few hundred meters.  They consist of quartz and carbonate and small amounts of sulfides (pyrite and arsenopyrite±galena±sphalerite± chalcopyrite).  Native gold is frequently visible.  Alteration is characterized by sericite, carbonate, local epidote, rutile, and disseminated sulfides.  Gold is predominantly present in the quartz-carbonate veins but low to medium grades are found in the alteration halos (Leistel and Eberlé, 1999).
Gold-bearing quartz-carbonate veins in the As Siham gold district are hosted by weakly metamorphosed sedimentary and volcanic rocks of the Siham group, and by mafic to intermediate rocks pre- to posttectonic TTG and granite.  Overall, the district trends north, parallel to the ultramafic-decorated Lamisah thrust, which extends along the axis of the Siham group outcrops.   In places, the Lamisah thrust is marked by a series of lenses of listwaenite (carbonate-altered serpentinite) with gold-pyrite-quartz veinlets at the contacts between listwaenite and Siham group black shale and andesite.  Grades are in the range <1 g/t to >7 g/t Au for veins and 0.1 g/t to 3.0 g/t Au for wall rock (Gaukroger and Morfett, 1982;  Colliver and Fuchter, 1980).  Wall-rock alteration typically includes silicification, carbonatization, and ferruginization (both sulfide-pyrite, and oxide-hematite).  The specific structural control on the veins is not certain.  Gaukroger and Morfett (1982) refer to late-stage fracturing associated with sinistral strike-slip faulting on the Najd faults that cut the region but the spatial relationship with the Lamisah thrust suggests there may be other controls of the type found at gold-bearing ultramafic-decorated shear zones elsewhere..   

At Ad Duwayhi, gold occurs in quartz veins in fractures in mafic to felsic intrusive or volcanosedimentary rocks (Doebrich and others, 2004).  Drilling up to 2004 outlined a resource of 31 Mt ore (1Moz gold); the current drill indicated resource is unknown.  Gold mineralization is interpreted by Doebrich and others (2004) to be temporally related to a late- to posttectonic granite (659±7 Ma), a quartz porphyry (646±11 Ma), and a hypabyssal and perhaps younger phase of granite. The Ad Duwayhi mineralization consists of (1) gold-bearing quartz veins and breccia in and along the margins of the granite stock, and (2) a gold-bearing stockwork, sheeted quartz veins, and massive to banded quartz-rich tabular veins spatially associated with quartz porphyry.  An early phase of quartz-molybdenite veining appears to be devoid of gold.  The mineralized zones are low in sulfides and base-metal contents.  Hydrothermal alteration of the host rocks consists of early biotite overprinted by sericite.  Re-Os dating of molybdenite from a quartz-molybdenite vein and a tabular quartz vein with cogenetic gold yield robust ages of 655.6±2.7 Ma and 649±2.3 Ma, respectively (Doebrich and others, 2004), constraining the timing of gold mineralization and indicating that it was contemporary with emplacement of the quartz porphyry and, more distantly, with the early phase of emplacement of the Haml batholith.  The occurrence is thus an example of intrusive-related mesothermal gold veins.  The mineralization appears to be slightly older than that at Zalm and at least 30 million years older than mineralization at Sukhaybarat.   Ad Duwayhi prospect and other gold occurrences to the southeast are on a steep gravity gradient that correlates approximately with the western margin of the Haml batholith (Fig. 9-24) and is coincident with the western margin of the Paleoproterozoic Khida terrane.  The gravity highs south and north of the batholith correlate with the Ruwah and Ar Rika fault zones, respectively, and with zones of subsurface mafic crust along the axis of the faults. 
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Mesothermal gold veins in a different geologic setting are in the Murayjib-Umm Hafra gold district in the Midyan terrane, northwestern shield (Fig. 9-25).  This gold district is located in the As Sard/Yaqni synclinorium, the largest of the Hadiyah group basins east of the Yanbu suture described in Chapter 7.   The gold district comprises four ancient gold mines and placer workings in a general north-south alignment along a subsidiary anticline in the western part of the synclinorium.  Gold mineralization consists of low sulfide (<5%) quartz and quartz-albite-carbonate veins.  The veins have low to very low base-metal contents (<30 ppm Pb, <30 ppm Cu, <160 ppm Zn, <10 ppm antimony, <1,000 ppm arsenic).  They are in steeply dipping, east-west-striking joints that developed perpendicular to the main fold trends as a result of extension along the axis of the synclinorium during folding.  At Murayjib and Bil’iwy, fractures developed preferentially in pebbly wacke and massive mafic volcanic rocks; at Umm Hafra in diorite, basaltic-andesite and sedimentary rocks.   The timing of gold mineralization is not certain.  However structural evidence that the extensional joints were contemporary with folding, and that both Hadiyah and underlying Al Ays groups were folded together and intruded by Jar-Salajah tonalite (~745-695 Ma), is permissive of the gold being emplaced prior to 695 Ma.  This suggests that gold mineralization in this part of the shield was significantly earlier than the mesothermal gold mineralization present, for example, in the Sukhaybarat-An Najadi and Zalm-Ad Duwayhi areas.  Vein samples from Murayjib contain up to 236 g/t Au, but most samples of veins and drill core contain <1.5 g/t (Lewis and others, 1997).  At Bil’iwy, samples yield 0.5-1.1 g/t Au, with an average of 0.65 g/t Au (Al-Otaibi and others, 1995).   Umm Hafra  has a quartz stockwork in diorite containing <0.35 g/t Au t, which seems not to have been worked, and dump material with values between 0.62 and 20.5 g/t Au.
FIG 9-25 ABOUT HERE MURAYJIB-UMM HAFRA

Northwest of the Yanbu suture, the Al Wajh gold district consists of gold-bearing low-sulfide quartz-carbonate veins in a stack of thrusts superimposed by sinistral strike-slip shears (Johnson and Offield, 1994).  The veins are chiefly hosted by low-grade mafic to felsic tuffs, basalt, andesite, and volcaniclastic wacke belonging to the Zaam group (between 760-710 Ma) (Fig. 9-26).  As described in Chapter 6, the Zaam group is an early Cryogenian immature volcanic-arc assemblage made up of bedded to massive and pillowed basalt and andesite, mafic tuff and agglomerate, massive- to well-bedded volcaniclastic wacke, siltstone, and pyritic and graphitic shale.  Some veins, as at An Nahdayn, Ash Shuwaytah South #1,  and Ash Shuwaytah South #2  are located at S-bends in subvertical sinistral shear zones.  At Ash Shuwaytah , the veins are located in a sinuous thrust.  The largest ancient working in the district, at Umm al Qurayyat, is in  a stack of thick quartz sheets that are interpreted as emplaced in the hanging wall of a regional thrust in massive metabasalt.   At Umm al Qurayyat, 13 quartz samples gave an average of 3.12 g/t Au (range 0.4-20.5 g/t) and 16 sericite-pyrite altered rock samples gave an average of 3.91 g/t Au (range 0.3-7.4 g/t).  Gold resources for in situ quartz and dump material at the occurrence are variously estimated to range from 80,200 t grading 3.57 g/t Au to 155,634 t grading 3.8 g/t Au (cited in Johnson and Offield, 1994).  Overall, gold grades in quartz samples in the district range from <0.2 g/t to 7.0 g/t, with exceptional values of 20 g/t Au.  Sheared and altered wall rocks contain mostly low values (<1 g/t Au), but exceptionally 10 g/t Au or more.
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9.12    Shear-zone related mineralization

For the purpose of this Chapter, mineral occurrences are considered to be shear-zone related either because: (1) it is likely that shearing was a factor in reworking or concentrating pre-existing ore and in ground preparation and the creation of passage ways for metal-bearing fluids, or because (2) shearing is the dominant style of deformation in the host rocks and(or) mineral occurrence.  Such occurrences in the shield range from gold, Mansourah and Masarrah for example, to copper and zinc occurrences, at Kutam and Khnaiguiyah for example.  Mansourah and Masarrah are associated with sheared and carbonate-altered ultramafic rocks along the Bi’r Tawilah thrust; Kutam and Khnaiguiyah may be sheared, remobilized VMS deposits but their exact origins are uncertain.  In places, the mineralized shear zones coincide with prominent narrow, linear magnetic anomalies, and the presence of such anomalies is a useful guide to exploration in adjacent areas covered by alluvium and windblown sand.  (See, for example, the correlation between gold occurrences and magnetic anomalies shown in Fig, 3-15, and the obvious shear zones that can be inferred on the basis of the anomalies in areas away from known gold occurrences).

9.13    Shear-zone-related gold occurrences

The Bi’r Tawilah gold district is currently known for its gold mineralization but the area was initially examined as a tungsten target following the discovery of wolframite-bearing quartz veins in granite in the late 1980s (Labbé, 1994).  The gold occurrences are on the west-vergent listwaenite (serpentinite)-decorated Bi’r Tawilah thrust, a steeply dipping shear zone along the eastern margin of a north-trending belt of Bani Ghayy group rocks.  Most of the area east of the shear zone is covered by windblown sand and Quaternary alluvium, but small exposures of granite, granodiorite, quartz diorite, and gabbro intruding volcanosedimentary rocks of the Siham group give an indication of the crustal rocks present here.  Ancient gold workings were known on the thrust at the time of initial tungsten exploration, but emphasis shifted from tungsten to gold exploration after sampling by Ma’aden showed that major gold anomalies extended along the thrust south of the known workings.  Drilling at the ancient workings revealed gold-bearing quartz veins hosted by carbonate-altered serpentinite (listwaenite) (Elsass, 1983).  The veins average 28.5 g/t Au over a width of 1.5 m (Labbé, 1984).  At the time of writing, Ma’aden exploration focused on Mansourah and Masarrah prospects.  The Bi’r Tawilah thrust correlates with a conspicuous magnetic lineament.  As commented above, other lineaments reflecting possibly similar structures show up in the area of Quaternary alluvium to the east and southeast (Fig. 3-15) and constitute additional targets for gold exploration.
A large cluster of shear-zone related gold-quartz veins are found in the Ishmas-Tathlith gold district along the Nabitah fault zone in the southern part of the shield (Worl, 1980).  The district consists of veins hosted by strongly deformed rocks along the Nabitah fault zone proper, as well as occurrences to the east that are hosted by the high-grade metamorphic rocks of the Tathlith terrane or are associated with a serpentinite thrust sheet intruded by aplite at Hamdah.  Over 30 gold occurrences are known in the district ranging in size from isolated outcropping quartz veins with few ancient workings, to large workings on quartz vein systems, and placer workings in alluvium.  The northern part of the Nabitah fault zone is the suture between the Tathlith terrane and Asir composite terrane, and structurally consists of serpentinite-decorated anastomosing, subvertical brittle-ductile to brittle shears, individually as much as 0.5 km across, in a zone as much as 5 km wide.  Along or close to this northern part of the fault zone, occurrences consist of quartz veins and quart-rich breccias in zones as much as 1 m wide and 50 m long.  Other occurrences consist of quartz veins, pods, breccias, and stringer zones in sheared and altered rock spread over areas as much as 80 m wide and 600 m long.  Gold occurs as flakes in quartz and in vugs, as films along fractures in quartz, and as specks adjacent to or within chlorite, pyrite, chalcopyrite.  Gold is found in oxidized weathered zones, and at Jabal Mokyat was eroded and redeposited in adjacent alluvial channels that were worked as placers during ancient mining operations. 

In the south, the Nabitah fault zone continues into the Asir terrane as a brittle-ductile shear zone flanked by syntectonic gneiss domes emplaced during the Nabitah orogeny.  Al Lugatah in the southern part of the fault zone comprises quartz veins and pod-like bodies of altered and veined quartz porphyry in a lens of relatively unsheared rock, a hundred meters or so across.  This lens of rock is elongated along the axis of one of main shears of the Nabitah fault zone and is bounded on either side by shear zones.   Ishmas at the northern end of the fault zone is a series of quartz pods along a northwest-trending fault (the Ishmas fault) west of the main Nabitah fault.  The host rocks are gabbro, chlorite schist, carbonate-altered gabbro, and carbonate-altered schist (White and Doebrich, 1988).  Occurrences along the main Nabitah fault zone east of Ishmas, such as Al Suwaydah and Nabitah, are hosted by mylonite and sericitized mylonite in north-trending shears and small lenses of listwaenite.  Other occurrences (e.g., Umm Shat Gharb, Umm Shat Sharq) are groups of ancient workings aligned along north-northwest or northeast trending faults in dacite, quartz dacite, and monzodiorite.  Summing up the general structural controls on gold-bearing veins along the Nabitah fault zone, and reflecting the known reactivation of the fault and its deformation by Najd faulting, the Arabian Shield plc. website refers to (1) Nabitah-age mineralization represented by gold-bearing quartz pods in faults and shears that originated during the Nabitah orogeny and characteristically strike within 5° east or west of north;  and (2) post-Nabitah mineralization associated with quartz veins and fault breccias in igneous intrusions. 

The Hamdah (Hajr) occurrences are at the southern end of the Ishmas-Tathlith gold district as defined by Worl (1980), and east of the main Nabitah fault zone.  They are one of the largest groups of ancient gold workings in the southern shield and include excavations on lode deposits and placer-mine workings in alluvium.  The Hamdah geology is dominated by a folded thrust, with hornblende schist, altered to phyllonite, in the footwall and serpentinite, altered to listwaenite, in the hanging wall.  Aplite sills intrude the thrust plane, the underlying phyllonite, and overlying listwaenite; the sills postdate the thrusting and have been interpreted as the cause of carbonate-alteration producing the listwaenite and of mineralization (Bookstrom and others, 1994).  The mineralization comprises quartz-carbonate veinlets and sparse disseminations, most commonly in footwall phyllonite, but also in hanging wall listwaenite and in the aplite.  Gold is associated with magnetite, pyrrhotite, pyrite, minor arsenopyrite, and loellingite, together with traces of electrum, chalcopyrite, sphalerite, and galena.  Its exact deposit type is uncertain.  Bedrock sampled by Bookstrom and others (1994) yielded typical grades of >3 g/t Au, whereas the estimated head-grade of ore used in a pilot heap-leach test (Cassidy and Carten, 1992) was 8.05 g/t Au.  The test yielded 18.115 kg gold and 1.148 kg silver from a heap of 3,000 tons.

Gold occurrences east of the main Nabitah fault zone were included in the Ishmas-Tathlith gold district by Worl (1980), and many more were discovered by Riofinex during independent reconnaissance around the Ash Sha’ib Zn deposit (Riddler and others, 1983).  The occurrences are small quartz veins hosted by: (1) high-grade paragneiss and granitized metasedimentary rocks; (2) orthogneiss: (3) diorite and gabbro; and (4) ultramafic rocks.  Gold values as high as 41 g/t are reported from selected grab samples, but most samples yield < 5 g/t Au.

9.14    Shear-zone-related sulfide occurrences

Khnaiguiyah is a sulfide deposit of uncertain origin in strongly sheared rocks in the northern part of the Ar Rayn terrane.  It consists of four stratiform lenses (Fig. 9-27) of magnetite, hematite, pyrite, sphalerite, chalcopyrite, rhodochrosite, rhodonite, Ag-, Pb- and Bi-tellurides, and barite in carbonate-altered shear zones.  The ore bodies are hosted by discontinuous anastomosing bands of carbonatized rock in a sequence of rhyolitic tuff, lahars and pyroclastic flows, ignimbrite, and subordinate andesitic tuff assigned to the Shalahib formation of the Al Amar group.  Sub-volcanic dikes, sills, and rhyodacitic or andesitic domes (protrusions) and a post-volcanic granodiorite intrude the succession and also locally seem to cut the ore zones.  The rocks are pervasively affected by greenschist-facies metamorphism and locally develop skarn-type mineral assemblages at contacts with the granodiorite.  The central issue in understanding the deposits concerns the interpretation of the ore-hosting carbonate rock.  One interpretation is that the carbonates and its contained oxides and sulfides are the products of hydrothermal exhalation contemporary with the enclosing volcanic rocks (Testard, 1983; Pouit and Bournat, 1982).  Another interpretation is that the carbonates and mineralization are the result of hydrothermal alteration along post-metamorphic, posttectonic shear zones (BRGM Geoscientists, 1993).  Sangster and Abdulhay (2005) favor an epigenetic origin by “replacement of carbonates and volcaniclastic rocks controlled by post-metamorphic, post-folding shear zones” (pg. 57).  Mineralization is submassive to disseminated and commonly has a pseudo-stratiform appearance.  In massive mineralization, associated with a large amount of chlorite and referred to in the literature as “chlorite facies”, Zn grades range between 10 and 33 percent and Cu up to 1.5 percent.  Disseminated ore, referred to as “mottled facies” contains < 5 percent Zn and even less Cu.  Resource figures published by BRGM Geoscientists (1993) indicate a “drill-measured total resource” of 24.806 Mt grading 4.11% Zn, 0.56% Cu.  Deposit 3, the largest mineralized body at Khnaiguiyah, contains approximately 65 percent of the total Zn resource.

FIG 9-27 ABOUT HERE KHNAIGUIYAH

Kutam in the far southwest of the Wassat-Masane-Kutam mineral district is another example of a polymetallic sulfide deposit of uncertain origin that is structurally dominated by shearing (Fig. 9-28).  It consists of locally discordant but generally stratiform and stratabound bodies of disseminated and stringer chalcopyrite, sphalerite, and sparse pyrite, tetrahedrite, and galena.  The host rocks are steeply dipping, strongly sheared porphyritic metarhyolite, minor siliceous limestone, metabasalt and metaandesite, quartz-chlorite schist, quartz-sericite schist, and quartz-sericite-chlorite breccia. The protoliths are not always clear, and the rocks are variously interpreted as altered porphyry, sedimentary rock, submarine hot-spring deposits, or metamorphosed felsic volcaniclastic rock.  Metal zoning is present, with a low Zn/Cu ratio toward the structural footwall (northeast side) and a high Zn/Cu toward the hanging wall. The deposit has been variably classed as an epigenetic sulfide replacement of sheared rocks (Smith and others, 1977), and a sheared Cu-Zn rich volcanosedimentary (VMS) deposit (Legg, 1983).  Sangster and Abdulhay (2005) concur with a VMS origin.  Resource figures vary from 8 Mt at 0.95 percent Zn, 1.83 percent Cu, 6.13 g/t Ag, 0.31 g/t Au (Smith and others, 1977) to 9.4 Mt at 0.59 percent Zn, 1.06 percent Cu, 3.8 g/t Ag, and 0.14 g/t Au (Noranda Exploration company, unpublished data).
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9.15    Intrusion-related mineralization

Mafic-plutonic host rocks

Late- to posttectonic mafic-ultramafic complexes are not common in the shield, but are significant components of the final geologic evolution of the region.  In many localities, they are layered or form ring complexes.  The principle metallic-mineral occurrences associated with these rocks in the Arabian Shield are for: (1) titanium (Lakathah, Wadi Hayyan-Qabqab, Wadi Kamal); and (2) nickel (Wadi Kamal, Jabal Jedair). Other nickel occurrences in the shield, not associated with mafic plutonic rocks, are Hadbah and the nickel-bearing graphitic shale found in the Malahah mineral district, and Jabal Mardah in the southern part of the Nuqrah mineral district, both described above.  Mafic-ultramafic rocks have been also explored for chromium and PGM.  

The Lakathah occurrence is hosted by the posttectonic, late Cryogenian (?) Lakathah mafic-ultramafic layered complex emplaced in the Shwas structural belt in the southwestern part of the Asir terrane.  It comprises an outer ring of syenite, an intermediate zone of diorite-gabbro, and a core of pyroxenite-honblendite.  The mineralization is found as concordant lenses of titaniferous magnetite, mainly in the core, from a few centimeters to 3 m in thickness, and up to 50 m long.  Drilling of 4 holes totaling 998 m indicates an estimated resource of 175 Mt to a depth of 100 m averaging 6.2 percent TiO2 (Martin and others, 1979).   The layered complex crops out part way up the Red Sea escarpment, and the terrain is extremely rugged, making systematic drilling difficult.

The Wadi Hayyan-Qabqab titanium occurrence is located in the Hayyan gabbronorite and gabbro complex in the Midyan terrane.  The complex is described as contemporary with the main arc-forming volcanic and volcanosedimentary units in the terrane (Zaam and Baydah groups) (Grainger and Hanif, 1989)  but is more likely to be considerably younger than the arc-forming event.  It appears to be a lopolith, extending over some 155 km2, with primary layering inward dipping about 55° in the west and shallower in the east.  It is now in two parts, offset from each other about 9 km by a sinistral Najd fault.  The complex comprises norite and gabbro rhythmically interlayered with coarse-grained anorthosite in layers averaging 1 m thick containing lenses and pods of magnetite-ilmenite.  Titanium grades range from 5.3 to 17.9 percent TiO2, but only small amounts of low iron/high titanium material have been located.  Identified resources in the Qabqab area, at the northwestern end of the complex, are about 0.3 Mt averaging 8.5 percent TiO2 and a 4.5 Fe:Ti ratio (Kiilsgaard, 1994).

The Wadi Kamal area, at the time of writing, is under exploration for Ni and PGM by Citadel Resource Group.  The main part of the exploration area covers dunite, amphibole-rich gabbro, and an ultramafic-mafic layered complex belonging to the Nabt complex (gabbro, partly layered, with pyroxenite and diorite) and the southern end of the Wadi Kamal ultramafic-mafic layered complex  (Pellaton, 1979).   The target of exploration is nickel and copper mineralization in the Wadi Kamal central dunitic unit, which is inferred to be at the base of the layered complex.  A previous drill hole intersected 17 m between 20 and 60 m depth that averaged 0.53 percent Ni and 0.21 percent Cu, and yielded two grab samples that contained 0.36 and 1.13 g/t PGM.  Gossans close to the drill hole yielded 7.2 g/t Pt, 0.8 g/t Pd, and 6.2 g/t Au.  Further gossan sampling yielded 1 percent Ni and 0.4 percent Cu (Source: Citadel website June, 2009).  The area has also been investigated for titanium (Kiilsgaard, 1994), which is contained in discontinuous lenses of titaniferous magnetite a few centimeters to a few meters thick and up to 200 m long.  The lenses extend over a strike length of 35 km and contain 200,000 to 300,000 t at 12 percent Ti and 51 percent Fe.

Other nickeliferous mafic-ultramafic layered intrusions in the shield include Jabal Ruga’an, Jabal Jedair, and Jabal Gharabah.  Nickel-rich gossanous material weathered from mafic-ultramafic rocks is reported at Bi’r Umm ad Diba, Jabal Hakran, Wadi al Abyad, and Zalm.

Granitoid-related mineralization

Late- to posttectonic granitoids are important for gold, tin-tungsten, and niobium-yttrium-REE mineralization (rare-earth oxides REO).  The gold occurrences are systems of mesothermal quartz veins, within and at the contact zones of diorite, tonalite, and granodiorite plutons.   The veins may be controlled by faults or thrusts in the country rocks and plutons.  Small tin and tungsten occurrences are mostly associated with syenogranite and alkali-feldspar granite, for example at Silsilah and Ba’id al Jimalah.  The mineralization is concentrated in the apical parts of small plutons and stocks, although there is an unusual occurrence of tungsten in gabbro at Jabal Marya in the southern part of the shield.  Other small plutons and stocks of alkali-feldspar granite are enriched in niobium, yttrium, REE, and uranium.  In the 1950s, these intrusions were investigated for uranium, but are now important as potential sources of transition metals and rare-earth elements.  The largest known resource, amounting to 400 Mt grading 245 g/t tantalum pentoxide, 2.9 percent niobium pentoxide, and 8.9 percent zirconium oxide as well as yttrium and uranium, is in the Ghurayyah stock, in the northwestern part of the shield.  If successfully brought to production, the stock would be one of the world’s greatest sources of these metals. 
A comprehensive review of metallic-mineral occurrences associated with felsic-plutonic rocks in the shield is given by Jackson (1985), and descriptions of individual occurrences are provided in the DMMR Bulletin 29: Felsic plutonic rocks and associated mineralization of the Kingdom of Saudi Arabia (Drysdale and others, 1985).  As described in Chapter 6, these host granitoids are mainly late-to posttectonic, late Cryogenian-Ediacaran plutons .  They divide into five types (Jackson, 1985):


(1) Alkali granite associated with Nb, Zr, Y, REE, Sn, Ta, U, Th, and Fl


(2) Muscovite-bearing low-Ca granite associated with Sn, W, Ta, Pb, Zn, Bi, Ag, Mo, 
      Be, and F


(3) Biotite-bearing, high-Ca granite and granodiorite associated with Mo, W, Sn, Bi, 
     Cu, Pb, Zn, Ag, and As


(4) Diorite, tonalite, and granodiorite associated with Au, Ag, Cu, Pb, and Zn


(5) Low-Ca syenite associated with Nb, Zr, REE, and Fl.

 Alkali-granite association

The alkali-granite association includes most of Saudi Arabia’s Nb and REE resources, and a large amount of the U and Th resources.  The largest prospect is Ghurayyah, hosted by a circular stock of porphyritic albite-microcline alkali microgranite 0.9 km across in the northwestern part of the Midyan terrane.  Contacts are steeply dipping and adjacent wall rock is only locally altered.  Mineralization consists of uniformly disseminated columbite-tantalite, zircon, and thorite, and the elements of main importance are niobium, tantalum, uranium, tin, and some yttrium.  Ghurayyah is potentially a very large tantalum, niobium, rare-earths, zirconium and yttrium deposit.  In the 1980s, following the drilling of five holes, it was estimated to contain an inferred mineral resource of nearly 400 Mt grading 245 g/t (0.024%) tantalum pentoxide (Ta2O5), 2,840 g/t (0.28%) niobium pentoxide (Nb2O5), 8,915 g/t (0.89%) zirconium oxide (ZrO2), and 1,270 g/t (0.13%) yttrium oxide (Y2O3).   Current exploration by Tertiary Minerals plc maintains interest in the prospect.
Exploration for similar elements have been made at other alkali granites in the shield, concentrating on the apical parts of small plutons/stocks and on their hydrothermal derivatives (pegmatites, aplites, and silexites).  Occurrences include Jabal Tawlah;  Umm al Birak; Jabal Sayid (not to be confused with the Jabal Sayid copper deposit, 3 km to the northwest).

 Low-Ca granite association 

Low-Ca granitoids in the shield are notable as the host for most of Saudi Arabia’s tin and a large part of its tungsten resources.  Jabal Silsilah comprises low hills of greisenized granite in the apical part and cupolas of an alkali-feldspar granite pluton, surrounding by a large ring of alkali and alkali-feldspar granite (587±8 Ma) about 6 km in diameter.  The mineralization consists of hydrothermally altered alkali-feldspar granite with pods and disseminations of cassiterite in topaz-quartz and topaz-muscovite-quartz greisen.  The deposit has been tested by 80 percussion holes and contains an estimated resource of some 1.5 Mt at an average grade of 0.19 percent Sn.

Ba’id al Jimalah is located at a small intrusion of greisenized and quartz-veined porphyritic microgranite emplaced in Murdama group sedimentary rocks.  The occurrence is possibly at the apex of an intrusion composed of interconnected and merging sills and dikes that connect with a larger sill about 100 m below the surface.  Mineralization, comprising wolframite, cassiterite, scheelite, and sulfides, is in quartz veins and phyllic-altered microgranite, which in places is replaced by coarse-grained quartz-muscovite greisen.  Eighteen shallow percussion drill holes in the northern part of the occurrence outline a resource of 800,000 t of quartz-veined microgranite containing 0.090-0.117 percent WO3 and 0.007-0.012 percent Sn, and the whole occurrence is estimated to be about 10 Mt.

 High-Ca granite and granodiorite association

Well-known examples of mineralization associated with biotite-bearing, high-Ca granite and granodiorite are Kushaymiyah (Mo-W-Bi), Bi’r Tawilah (W-Mo-Sn), and the Ad Dawadimi silver district (Pb-Zn-Ag).  The Kushaymiyah (Uyaijah) batholith includes as many as ten mutually interfering subcircular plutons of monzogranite and granodiorite, each 10 to 15 km in diameter, making up a composite body 50 km across.  The batholith intrudes the Murdama group, and septa of Murdama rock are incorporated in the southeastern margin of the batholith.  Mineralization is focused on the Thaaban pluton in the southeastern part of the batholith.  The pluton is a ring complex with a core of quartz-monzonite, an outer zone of granodiorite, and an outermost ring of younger quartz-monzonite.  The core is cut by a quartz vein swarm emplaced in pervasively sericitized and greisenized quartz monzonite.  The veins carry disseminated pyrite, molybdenite, and scheelite with minor galena, chalcopyrite, and bismuthinite.  The margin of the pluton has veins with Pb, Zn, Cu, and Ag.  Metal values are low (averaging 80 ppm Mo in samples of quartz vein and host rock; and 430 ppm in veins alone), and no serious investigation has been conducted since the initial work by USGS (Dodge, 1979).

The Bi’r Tawilah intrusion is a polyphase body of quartz leucodiorite, porphyritic biotite granodiorite, microgranodiorite, fine-grained porphyritic granite, and veins of albite microgranite.  The intrusion was emplaced in sericite-quartz-chlorite schist immediately east of the Bi’r Tawilah thrust.  Mineralization consists of aggregates and disseminations of wolframite, cassiterite, traces of base-metal sulfides, and pyrite in quartz veins in the intrusion and wall rock.  Grades in the western part of the occurrence average 0.69 percent WO3, 0.13 percent Sn, and 26 g/t Ag.  Bi’r Tawilah tungsten was a primary focus of exploration in the area until the greater importance of gold was recognized, as described above. 

The Ad Dawadimi silver district comprises Pb-Zn-Ag mineralized quartz veins similar to mesothermal veins in other parts of the shield, but is unique in that silver is the metal of most interest.  The veins crop out in an area of about 30 km north-south and 10 km east-west, centered on the town of Ad Dawadimi, which gives its name to the entire district.  The district is in the heart of the Ad Dawadimi terrane in the eastern part of the shield.  Nearly 100 occurrences containing silver have been recorded, many the sites of ancient workings.  However, only eight occurrences yielded initial sampling results that justified drilling, and of the eight, only one (Samrah) is of any size.  Most of the mineralized veins in the district are hosted by a biotite monzogranite-granodiorite-quartz monzodiorite batholith, although Samrah itself is partly in a layered gabbro.  Throughout the district, the veins are in shear zones that cut the plutonic rocks.  The veins trend either northwest or northeast, and from a different point of view, could be classed as shear-zone-related mineralization.  For the purpose of description here, however, the focus is on their general setting in granitoid country rock.  Mafic dikes intrude along the shear zones and are also mineralized.  The main primary silver minerals are polybasite, pyargyrite, and freibergite, in association with galena and subordinate sphalerite.  The wall rocks are extensively brecciated and pervasively affected by propylitic and weak phyllic alteration.  The reason for such a concentration of silver-mineralized veins in this part of the shield is not known.  Al-Shanti (1976) concluded that the mineralization was controlled by: (1) emplacement of the granite batholith; (2) Najd faulting which produced suitable host structures; and (3) the presence of argillaceous sedimentary inclusions in the batholith.  The inclusions belong to the Abt formation, and are part of the vast late Cryogenian-Ediacaran sedimentary basin represented by the Abt formation.  The Samrah prospect has been repeatedly explored since 1954, and has been tested by 18 drill holes.  It has an estimated resource of 278,000 t grading 653 g/t Ag, 5.12 percent Zn, and 1.64 percent Pb. 

 Diorite, tonalite, and granodiorite association

Mineralization associated with these intrusive rock types is chiefly gold, and is discussed above in the section on mesothermal gold-bearing quartz veins.
 Low-Ca syenite association

Alkali-feldspar syenite, quartz alkali-felspar syenite, quartz syenite, and particularly their fine-grained apical variants, are associated with mineralized breccia pipes, REE-bearing pegmatites and silexites, and contact Fe-replacement deposits.  The rock types are not abundant in the shield but, to date, contain the largest known fluorite-Y (Ablah fluorite pipe) and the highest-grade REE (Jabal Hamra) occurrences.

The Ablah occurrence is in a breccia pipe up to 22 m in diameter containing massive fluorite and veins and pods of Cu-, Pb-, Zn-, and Ag-sulfides.  The pipe is emplaced in a pegmatite-aplite breccia 300 m long and 130 m wide, which in turn is emplaced in a diorite host.   Jabal Hamra is a lenticular vertical body of fine-grained silexite, an igneous rock composed essentially of primary quartz (60% to 100%), intruded into a quartz-alkali-feldspar syenite.  The pipe, some 300 m by 100 m, carries disseminations of Nb-, Ta-, Sn-, REE-, Y-, Th-, U-, and Zr-bearing minerals and the host syenite contains pegmatite with Nb, Zr, Y, and REE minerals.

9.16    Metallogeny
Metallogeny is the study of the genesis and regional to global distribution of mineral deposits, with emphasis on their relationships in space and time to regional petrologic and tectonic features of the Earth's crust.   The Arabian Shield developed during a prolonged period of active plate convergence and crustal accretion involving processes of subduction, volcanism, sedimentation, magmatism, terrane collision, suturing, mantle upwelling, anatexis, folding, shearing, and metamorphism operating at regional and local scales over a large area of newly forming continental crust.  Arc volcanism and hydrothermal activity, the creation of fluid passageways along shear zones, and the emanation of metal bearing fluids from plutonic intrusions, and the hydrothermal extraction of metals from wallrocks during this period of crustal growth resulted in the formation of a large range of metallic mineral deposits.  Some deposits are world-class in terms of size and grade, other small and economically unimportant, but all are geologically important as evidence of the metallogenic framework of the shield and part of its total geologic history.  A comprehensive metallogenic analysis of the shield requires adequate and reliable information about the ages of the mineral occurrences, their genesis, their host rocks, their tectonic settings, their isotopic characteristics, and their metamorphism.  Such information is not always available and the metallogenic analysis of the shield is therefore currently provisional.
Metallogenic models for the Arabian Shield and its counterpart in the Nubian Shield have been developed by numerous authors.  As discussed earlier in this chapter, the most useful starting point for such models is the plate-tectonic settings of the mineral occurrences. An early analysis was given by Carson and Shalaby (1976) for metallic mineral occurrences in the Nubian Shield, recognizing ophiolitic belts with associated chromite, talc, asbestos, and base-metal mineralization; areas of calc-alkaline and felsic volcanic rocks and intrusions with porphyry-type (Andean) Cu-Mo mineralization and Kuroko-type massive sulfides; ultramafic intrusions with Cu, Ni, Co, and Ti; shear zones containing talc, Zn, Cu, and Pb mineralization; and apogranites within large granite bodies with Nb, Be, Mo, and Sn mineralization.

A similar plate-tectonic-metallogenic analysis was applied to the Arabian Shield by Delfour (1980-81), describing polymetallic volcanogenic deposits associated with ophiolite belts (basically the volcanic arcs of the shield); gold, pyrite, minor molybdenite, scheelite, and stibnite in quartz veins; and sphalerite, galena, pyrite, and silver minerals in quartz-carbonate veins.  Delfour (1980-81) noted different proportions of zinc and copper in the volcanogenic deposits, and proposed that the zinc-rich deposits developed in environments where hydrothermal exhalations were contaminated by underlying felsic crust whereas copper-rich deposits are in volcanic assemblages that overlie mafic oceanic crust.   Agar (1992) described the metallogeny of the shield in terms of Cu-Ni and Cr mineralization associated with oceanic crust or “ophiolite”; arc-type volcanogenic base and precious metal deposits associated with formerly active plate margins; shear-zone hosted mesothermal gold mineralization related to accretionary and strike-slip tectonics; and Sn-W-Ta-Mo-REE mineralization associated with post-cratonization alkali granite magmatism.  The mineral deposits exemplify a systematic evolution in metallogeny, both within each of the tectonostratigraphic terranes of the shield, and across the shield as a whole, reflecting stages in crustal development and tectonics.  Nehlig and others (n.d.), as part of GIS Arabia, assessed the mineral potential of the Arabian Shield, describing mineral deposit types and their geologic settings in terms of an overarching geodynamic framework.   Deposits genetically related to the early oceanic-basin stage of shield development include Cr-Ti-Fe-Ni-Cu associated with ophiolites, some of the VMS deposits, and Cu orebodies.  Other types of mineralization are related to subsequent volcanic activity in island arcs, such as VMS deposits in submarine environments, epithermal bodies in subaerial environments, and porphyry stocks in the plutonic roots of arcs.   Remobilization of pre-existing mineralization led to the development, typically, of mesothermal gold.  Tin-tungsten mineralization is associated with posttectonic peraluminous plutons. 

More localized metallogenic studies have been done in the Ar Rayn terrane in the eastern part of the shield (Doebrich and others, 2007), presenting the temporal relationships between volcanic, plutonic, tectonic, and mineralizing events (Fig. 9-29), and in the north-central shield (Carten and Tayeb, 1990) describing the setting of nickel-sulfide deposits at a spreading center.  Other studies focused, for example, on the relationships between mineralization and structure (Moore and Al-Shanti, 1979); mineralization and felsic intrusions (Drysdall and others, 1984; Ramsay, 1986; Jackson, 1986); the tectonic control of mineralization on epithermal gold mineralization at Mahd adh Dhahab (Huckerby and others, 1983); and the formation of mesothermal gold-quartz veins at Sukhaybarat during a period of north-south compression that followed most of the deformation and metamorphism in the region related to the cratonization of accreted crust (Albino and others, 1995).

FIG 9-29 ABOUT HERE AR RAYN METALLOGENY

These and others metallogenic studies in the Arabian Shield may differ in detail–such as the particular deposit type of a given mineral occurrences, or the influence of later shearing versus original formation–but are remarkably similar in general approach.  This is not suprising, given the increasing consensus worldwide about the relationship of mineralization and tectonic setting.  Tectonic setting is a function of factors such as the rates and trajectory plate movements, the interaction between subducting slab and overriding crust, the rates of dehydration and melt generation, the presence of local extension by slab rollback, the presence or absence of older crustal material, the degree of chemical and petrologic heterogeneity of the crust, and the stage reached in the supercontinental cycle at the time of mineralization.

In the Arabian Shield, there is general consensus about the plate-tectonic environment of most of the mineral deposits, which is the primary consideration when making a metallogenic analysis.  On a simple diagram of typical convergent margin settings, for example (Fig. 9-30), VMS deposits develop above subducting slabs either in an arc-arc oceanic environment or an arc-continent environment.  Examples of such deposits include Jabal Sayid, Jabal Baydan, Al Masane, and the small VMS deposits in the Bidah district.  Nuqrah has some of the characteristics of VMS deposits but may have elements of epigenetic carbonate replacement.  Rollback and the development of local arc-extensional/back-arc basins may be the setting for some of the ophiolites in the shield that host chromite and nickel, for Ni-rich sulfide deposits at Jabal Mardah and Hadbah, and the pyrite-pyrrhotite deposit of Wadi Wassat; other chromite-bearing ophiolites likely formed in forearc settings.  The epithermal polymetallic deposits of Mahd adh Dhahab and Al Amar are typical of convergent margins.  The origins of Khnaiguiyah zinc and Jabal Idsas Fe-oxide-Cu-Au deposits are debated, but they are part of an arc-continent, Andean-type, convergent margin.  Likewise, the origin of the Wadi Sawawin banded-iron formation is debated, reflecting a worldwide debate about the mechanism of BIF deposition (Kapple, 2005).  Classic Archean-Paleoproterozoic BIF deposits are divided into Lake Superior and Algoma types.  Lake Superior type BIF is chemically precipitated sedimentary rock deposited along Paleoproterozoic cratonic margins, on marine continental shelves, and in shallow rift basins.  They are typically associated with mature sedimentary rocks such as quartz arenite, dolostone, black shale, and argillite; volcanic rocks are subordinate.  Algoma-type BIF, in contrast, is associated with volcanic rocks and greywacke, turbidite, and pelitic sediments in volcanic arcs and spreading ridge tectonic settings (Gross, 1996).  The Wadi Sawawin BIF has been identified as an Algoma type deposit (Goldring, 1990), but that was before the particular genetic circumstances of Neoproterozoic BIF was recognized.  It is now known that Neoproterozoic BIF, such as at Wadi Sawawin and correlative deposits in the Eastern Desert, Egypt, are associated with glacial deposits (Ilyin, 2009) and are part of a putative “Snow Ball Earth” story (Stern, 2006).  BIF in the Nubian Desert directly overlie diamictite of inferred glacial origin (Ali, 2006).   Diamictite is not in contact with the host rocks of the Wadi Sawawin deposits, but a glacial diamictite is known in the Zaam group, north of Al Wajh, that is of the same general age as the Sawawin BIF.  The specific location of the Sawawin BIF is in volcaniclastic rocks of the Gawjah and Silasia formations, and in this regard is part of a convergent margin.  But an origin by oxidation of an iron-rich ocean following cessation of Sturtian glaciation (750-730 Ma) and break-up of sea ice cover needs to be assessed in future work on the deposit.  
FIG 9-30 ABOUT HERE GEODYNAMIC SETTING OF MINERAL DEPOSITS 

As described above, mesothermal gold-quartz-carbonate veins occur in a variety of structural settings in the shield, reflecting the range of deformational settings that potentially creates pathways for the passage of hydrothermal fluids and space for the precipitation of veins.  Tectonically, however, the mesothermal deposits tend to be late to post-tectonic with respect to the most intense phases of deformation and metamorphism associated with terrane convergence and suturing in any given part of the shield.  The veins occur in zones of dilation at the margins of plutons that intrude already folded country rocks, in faults that cut plutons and volcanic and sedimentary bedded rocks, and in serpentinite-decorated shear zones and thrusts.  Post-tectonic alkali granites are the main host rocks for tin, tungsten, REE, and uranium.  The favored granites are Ediacaran in age, and these are mainly found in the north and northeastern parts of the shield.  Post-tectonic granites in the southern shield are somewhat older, mid-Cryogenian to Ediacaran, and are less favorable for such specialized metals.

The age of mineralization is a second important element in metallogenic analysis.  A general estimate of the ages of VMS deposits can be done on the assumption that the seafloor hydrothermal venting that created the deposits was broadly contemporary with the volcanism that created the volcanic and volcaniclastic host rocks.  Such an assumption underlies the diagram shown in Fig. 9-7, which suggests that most VMS and other volcanic-associated mineralization in the shield is Cryogenian.  The only dated, volcanic-associated mineralization however, is polymetallic veining at Mahd adh Dhahab, which suggests that epithermal gold mineralization at this deposit post dated volcanism by as much as 100 million years.  Geologic consideration suggest, in fact, that the mineralization is related to a rhyolite intrusion that brecciated already lithified volcanic host rocks and to a system of fractures related to a sinistral strike-slip fault (Huckerby and others, 1983).   Mesothermal gold mineralization may be dated broadly by the age of the host rocks and by the age of cross-cutting structures, should any be present.  More diagnostic age control is provided by dating vein material, but this is not yet widely available for deposits in the Arabian Shield.  Gold mineralization is estimated to be younger than 620 Ma at Sukhaybarat, younger than 630 Ma at Zalm, about 650 Ma at Ad Duwayhi, and possibly older than 690 Ma in the Murayjib-Bil’iwy area.   The ages of post-tectonic-granite associated mineralization is likewise done in terms of the ages of the host rocks.  A problem is that the commonly high uranium content of the granites causes metamict damage of zircons that would be used for dating and results in imprecise ages.  In general, however, the favorable host rocks appear to be late Ediacaran, about 580-560 Ma.
A third consideration in metallogenic analysis is the spatial distribution of mineralization and an assessment of whether the distribution results from underlying geologic controls.  As mentioned above, Delfour (1980-81) postulated fundamental chemical inhomogeneities in the Arabian Shield crust as a factor controlling the regional distribution of Cu- and Zn-rich VMS deposits.  Also noted above are the apparent correlations between the locations of mesothermal gold veins in the Sukhaybarat-An Najadi district and the Ad Duwayhi area and gravity gradients or the margins of unique crustal blocks in the shield such as the Khida terrane.  The Sukhaybarat-An Najadi district coincides with a regional gravity high that is interpreted as a mid-level mafic crustal block.  The Ad Duwayhi occurrences are on the gravity gradient that marks the edge of the Haml batholith and its extension to the northwest and is coincident with the southwestern margin of the Khida terrane.  In other cases, there is a clear correlation between mineralization and shear zones, an associated noted by many authors and explained in terms of the favorable control on hydrothermal mineralization by transpressive strike-slip faulting (Moore, 1979; Agar, 1992).  A fundamental inhomogeneity in the Arabian crust is represented by its division into tectonostratigraphic terranes and subterranes.  The Khida subterrane is underlain by Paleoproterozoic crust; the Ar Rayn terrane is an arc-continental convergent margin; regions to the west are oceanic-arc terranes; the Ad Dawadimi terrane, in contrast to all other terranes, is dominantly sedimentary.  Although the nature of the controls are not every understood, these differences correlate with differences in mineral endowment.  The Midyan terrene, for example, and its equivalents in Egypt uniquely contain BIF.  The age of BIF formation overlaps with volcanism and sedimentation in other terranes in the shield and the fundamental question, consequently, is what was special about the Midyan and Eastern Desert terranes at that time that allowed oxide iron minerals to be precipitated in the part of the Mozambique Ocean represented by the terranes but not in the ocean elsewhere.  As mentioned, a glacial event is postulated to be a critical control on the formation of the Wadi Sawawin BIF, but why did glaciation have this effect only in the northwestern part of the Arabian Shield?  Another terrane distinction is that no VMS deposits are known in the Hijaz terrane, nor in the Gebeit terrane, which is the correlative in the Nubian Desert.  And another distinction, of unknown cause, is the abundance of silver occurrences in the Ad Dawadimi terrane, but not elsewhere in the shield.

………………………………………………………………………………………………….

A reliable metallogeny of the shield requires ongoing geologic investigations.  Fluid inclusion studies, for example, have been done rarely, those at Silsilah providing important evidence of the nature of the hydrothermal system that created the deposit (Kamilli and Criss, 1996).  Isotopes studies for Pb in galena have been done at many deposits, forming the basis of the Pb isotopes data base of the shield, and O and Sr isotopes have been studied at Silsilah and Wadi Sawawin,  but not elsewhere..  The structural controls on mineral occurrences in the Arabian Shield are widely reported, but precise information about the timing of deformation and its relationship to metamorphism and alteration of the mineral occurrences is not adequately available.  Robust information about the deposit type of most, let alone all, of the mineral occurrences in the shield is not available.  Likewise, the ages of mineralizing events in the shield are note well documented. Clearly geoscientists face a challenge in developing a robust metallogeny for the shield, requiring research on many fronts.  But the results will contribute to an expanding database that will provide answers to fundamental questions and guide exploration to the benefit of the Kingdom and the wider community outside.
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